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Executive Summary

The Task Force on Hemispheric Transport of Air it@h was established by the Executive Body of
the UNECE Convention on Long-range TransboundaryPalllution in December 2004. The Task
Force was mandated to obtain a better understamdiimjercontinental transport of air pollution and
to provide estimates of source-receptor relatigpsstior intercontinental air pollution. The 2007
interim assessment report provides a first repantnfthe Task Force, which aims to provide the
Convention with necessary information for its fireview of the 1999 Gothenburg Protocol. The
Gothenburg Protocol addresses emission sourcesdhaitbute to tropospheric ozone, acidifying and
eutrophying deposition, and fine particles. Theerimh assessment report is based on written
contributions from some 50 international expertd #re deliberations of the Task Force at its third
meeting, held from 30 May to 1 June 2007 in Readldgited Kingdom. The Task Force will
produce a more comprehensive assessment repo0®, 2vhich will also address mercury and
persistent organic pollutants, substances alsomfern to the Convention.

Major findings
Key processes driving intercontinental transport

Observations from the ground, aircraft and sagalljfrovide a wealth of evidence that ozone
(O5) and fine particle concentrations in the UNECEioagand throughout the Northern
Hemisphere are influenced by intercontinental agmhibpheric transport of pollutants.

The processes that determine the overall pattdrtramsport at this scale are relatively well
understood and our ability to quantify the magretwad transport is improving. Figure E.1
(below) illustrates the primary intercontinentalartsport pathways in the Northern
Hemisphere. Our improved understanding comes fronmereasing body of observational
evidence, including new information from intensifield campaigns and satellite-borne
instruments, improved emissions inventories andajland regional chemical transport
models. The better models can reproduce much oblikerved spatial and seasonal patterns
of intercontinental transport, as well as deschitzhvidual transport events. However, there
are differences between models with respect to tijative estimates of source-receptor (S-
R) relationships. The Task Force’s hemispheric gpant of air pollution (HTAP) model
intercomparison has provided the first set of comple estimates of intercontinental S/R
relationships from multiple models. Continuing effo will enable us to assess, and
ultimately reduce, the variability and uncertaiimtymodel estimates.

Estimates of source-receptor relationships

For ground-level ozone, there is a hemispheric ¢paind concentration of 20-40 ppbv

(parts per billion by volume) that includes a largathropogenic and intercontinental

component. As part of the HTAP model intercomparjsa set of emission perturbation

experiments were conducted to compare model egtsmat how emission changes in one
region of the world impact air quality in other m@gs. The preliminary results of these

experiments suggest that, under current conditioea)] and regional emission changes have
the greatest impact on surface air quality, but thenges in intercontinental transport can
have small yet significant effects on surface catregions. The benefits of measures to
decrease intercontinental transport would be tisted across the Northern Hemisphere.
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Figure E.1 Intercontinental transport pathways in the Northern Hemisphere. The
coloured boxes indicate the four source and receptpons used in HTAP intercomparison
Experiment Set 1. The arrows approximate the madeiiof main transport pathways in
summer (June, July, August) and winter (Decemtzsmdry, February), based on modelled
average carbon monoxide transport over 8-10 daggeerLight arrows indicate transport
generally near ground level (less than 3 km abbeesurface) and dark arrows indicate
transport higher in the atmosphere (more than 3akmve the surface). Adapted from
figure 2 of Stohl and Eckhard®004), with kind permission of Springer Scienced an
Business Media.

For fine particles, the impact of intercontinerttainsport on surface air quality is primarily
episodic, especially associated with major emissieents such as fires or dust storms. The
intercontinental transport of both ozoméd fine particles has large impacts on total
atmospheric column loadings, which have signifidgarglications for climate change.

The first set of coordinated experiments underHA&P model intercomparison examined
the global impacts of 20 per cent emission reduastiof relevant anthropogenic pollutants in
four model regions, approximating North Americaf&pe, South Asia, and East Asia (see
figure E-1). The model experiment results suggéstt ta 20 per cent decrease in
anthropogenic emissions of nitrogen oxides in amgd of these regions together would
achieve a 30 to 70 per cent reduction in annuahn@®@aoncentrations in the fourth region as
compared with a 20 per cent decrease of emissiorthat region itself. For the mean
concentration in the peaks@eason, this import-to-domestic response ratit0igo 30 per
cent. The perturbation experiments also suggestctienges in anthropogenic emissions of
carbon monoxide and non-methane volatile organiopounds also have significant impacts
on hemispheric Qlevels. Perturbation experiments focused on metisaiggest that a 20 per
cent decrease in global methane concentrations hmagg as large, or larger, impacts on
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surface @ concentrations as decreases in the intercontiniatesport of other @precursors,
as well as decreasing climate forcing of both nethend Q.

For fine particles, the perturbation experimentggest that a 20 per cent change in
anthropogenic emissions in any three world regmormebined would achieve between 4 and
18 per cent of the change in annual mean anthropo§jee particle concentrations (sulphate
plus carbonaceous aerosols) that would result &d?f) per cent decrease in these emissions
within the fourth region. The import-to-domesticspense ratios for surface deposition of
sulphate, reactive nitrogen, and carbonaceous @er@se similar to those for surface
concentrations. The import-to-domestic response i@t the annual mean aerosol column
loading is significantly larger than that for therfeice concentrations: 30 to 59 per cent for
sulphate and 13 to 30 per cent for carbonaceowsalsr

These results represent the average of the ensemfbparticipating models. There are
differences between the models, as well as potednitiaes introduced by the experiments
design, that have yet to be investigated.

Future changes

The significance of intercontinental transport the achievement of environmental policy
objectives may change in the future due to vanmaitiothe magnitude and spatial distribution
of emissions. Such changes could be caused byotitéging implementation of pollution
control measures, regional differences in the pdoeconomic development, the growth in
shipping and aviation emissions, and the implentemaof climate change mitigation
measures. In addition, shifts in transport patteaind emissions sources due to climate
change, as well as changes in health and envircain@niectives based on new knowledge
about the impacts of air pollutants, may affectdigmificance of intercontinental transport.

Necessity of further research

The variability in current model estimates of tamg magnitudes and the inability to explain
some of the observed trends suggests that morarchsis needed to satisfactorily assess the
significance of intercontinental transport. In parar, further efforts need to improve the
accuracy and spatial and temporal resolution ofssimis estimates; the spatial, temporal,
vertical and chemical resolution of the currenteshational system; and the description of
some chemical and physical processes in currenéifiod

Recommendations

Improving our assessment of intercontinental anahiigheric transport will require an integrated

approach in which the best available knowledge frobservations, emissions and models is
combined. A robust observational system using mpleltobservational platforms and methods is
needed to provide data for the evaluation and ingrent of chemical transport models and

emissions inventories. Further analytical effortenped by the Task Force over the next few years
are expected to decrease the range of current nestielates for S-R relationships and improve our
confidence in the assessment of intercontinen®lr8lationships.

Key Challenges

Some of the key challenges that we face are odtlvelow. Addressing each of these challenges
requires the linking of information across the arefobservation, emissions and modelling:

To improve the modelling of transport processeagisiisting and new field campaign data.
Focused evaluations of models using field campdaga are needed to improve descriptions
of small-scale boundary layer venting, atmosphsulzsidence, wet scavenging and transport
processes in the tropics.

To improve global emissions inventories using éxgstinformation at the national and
subnational scale and using inverse modelling athéromethods to compare emissions
estimates to ground-based, aircraft and satelisevations.
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To identify and explain observed long-term trengsfiing gaps in the observing system,
developing reliable emission trends and improvingdel descriptions. The current
observational system has limited coverage and ugsolin most regions of the world and
provides limited information about the verticaltdisution of pollutants. Better observational
information is essential for improving the abilitydetect and explain long-term changes.

To develop a robust understanding of current sergceptor relationships using multiple
modelling techniques and analyses of observatidige initial results of the HTAP
intercomparison provide some useful informationwbbe significance of intercontinental
transport, but further detailed analyses are needed

To estimate future S-R relationships under changimissions and climate. Such scenarios
should consider future years from 2020 to 2050 2h@0 and be coordinated with efforts
under the Intergovernmental Panel on Climate Change

To improve organizational relationships and infotiora management infrastructures to
facilitate necessary research and analysis. Effrtaild further the implementation of the
strategy for Integrated Global Atmospheric Chemi€bservations, building upon the World
Meteorological Organization’s Global Atmospheric dfaprogram and contributing to the
Global Earth Observation System of Systems.

Role of the Task Force

Addressing the challenges outlined above will regjuthe combined effort of many individual
scientists, national research organizations, iat@ynal research programmes, (e.g. the Interndtiona
Geosphere-Biosphere Programme and the World CliniResearch Programme) as well as
governmental authorities. In this community efféine Task Force can continue to play an important
role as a forum:

For identifying scientific consensus concerning thierent understanding of intercontinental
and hemispheric transport and the priorities fourfe research and development as well as a
forum for fostering information exchange and codledtion.

For raising awareness of transboundary and intéireental air pollution in regions where the
concept is less well known and for facilitating @al links among institutions both within
countries and across regional and hemisphericscale

References
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1. INTRODUCTION

Current emissions create pollution levels that escair quality standards and other
environmental objectives at many locations throughime Northern Hemisphere. While

local or regional emissions and environmental ciiona are responsible for most of these
problems, air quality and pollutant deposition also influenced by emissions, transport and
transformation processes at the intercontinentdlgdobal scales. There is well-documented
evidence for the intercontinental transport of agofine particles, and their precursors, as
well as mercury and some persistent organic poltatdPOPs). The significance of this

intercontinental influence for the design of aidlpion control policies, however, has not

been well understood.

This interim report summarizes the current stateumderstanding of the significance of
intercontinental transport and hemispheric polluttm ozone and fine particle concentrations
and sulphur and nitrogen deposition in the Nortidemisphere. This report was produced
by the Task Force on Hemispheric Transport of AfllRion of the 1979 Convention on
Long-range Transboundary Air Pollution, primarilgr finforming the first review of the
Convention’s 1999 Gothenburg Protocol to Abate Adtion, Eutrophication and Ground-
level Ozone; it may also be informative for otheternational organizations and national
administrations. This is an interim report, prepaire anticipation of a more comprehensive
report planned for 2009 aimed at addressing inhdephumber of policy-relevant science
guestions adopted by the Task Force at its firsting (see box 1). The 2009 report aims to
include intercontinental transport of mercury ar@dPB, which are also of concern for the
Convention.

This report builds on written contributions fromoaib 50 experts and addresses important
aspects of assessment of intercontinental transpait pollution. The authors of the report
were drawn from a roster of experts set up follgrangeneral invitation to nominate authors.
Draft chapters of the report were posted on the sitebof the Task Force
(http://www.htap.org) with a general invitation pyovide comments. The chapters were
updated in the light of comments and the revisedtsivere presented to the Task Force at
its third meeting held from 30 May to 1 June 2087Reading, United Kingdom. At that
meeting, all main elements of the report were afjrdde Co-Chairs of the Task Force
finalized the executive summary for submission he Convention’s Steering Body of
EMEP" in September 2007. Amendment and alignment otkaters took place during the
summer of 2007.

The report begins, in chapter 2, with a conceptaaerview of hemispheric and
intercontinental transport of ozone and fine patian the Northern Hemisphere. Chapter 3
summarizes the observational evidence from surfies and networks, aircraft and field
campaigns, and satellite instruments for hemisphand intercontinental transport; it
discusses the current state of observational sgsten characterizing intercontinental
transport. The status and implications of availablentories and future projections for
anthropogenic and natural emissions are discusselgaipter 4. Chapter 5 describes different

! The Cooperative Programme for Monitoring and Eatibn of the Long-range Transmission of Air Polhtsa
in Europe.
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approaches using models for characterizing hemigphmllution and intercontinental
transport and summarizes available modelling redaltozone, fine particles and deposition,
including the initial results of the ongoing modatercomparison and evaluation effort
organized under the Task Force. Each chapter iasladdiscussion of recommendations for
future research and analysis. Chapter 6 summatimesnain conclusions of this interim
assessment and key recommendations for future arklated to the seven policy-relevant
science questions in box 1. An overview of the lgacknd and activities of the Task Force
between 2004 and summer 2007 is given in appendApfendix B provides definitions for
some of the transport-related terms used in thertep

Box 1: The Task Force on Hemispheric TransportiofP®llution’s
Policy-relevant Science Questions

1. How does the intercontinental or hemispheringpart of air pollutants affect ajir
pollution concentration or deposition levels in tHerthern Hemisphere for ozone
and its precursors, fine particles and their preats; compounds that contribute|to
acidification and eutrophication, mercury, and POPs
- What evidence do we have of transport pathwaysvatchanisms from intensive field

studies? From observations? From model predictions?

How do the transport pathways differ by pollutaBy?source region? By season?
What processes need to be better understood taliketre relative significance of
intercontinental transport?

How do processes at the intercontinental or hersisplscale affect processes at the Igcal
or global scales? (Synoptic scale meteorologieahts/cycles, Hadley circulation, etc.

2. More specifically, for each region in the Nortnélemisphere, can we define sourge-
receptor relationships and the influence of intetc@ntal transport on the
exceedance of established standards or policy iNgsdor the pollutants of intereél?

- What observational evidence exists for attribupogutant concentrations or depositio
levels to source regions or countries?
Using predictive chemical transport models, what@ssible methods for calculating
S/R relationships? At what spatial resolution @gephic region, individual countries)
can such methods be reasonably applied?
How can models with different spatial resolutioesnested within one another to
provide an appropriate level of spatial resoluflanthe entire hemisphere or globe?
What improvements are needed for global and regtearasport models to better
simulate atmospheric processes to enhance S/Rcpoedi?

3. How confident are we of our ability to predibese S/R relationships? What is our
best estimate of the quantitative uncertainty im esatimates of current source
contributions or our predictions of the impactduifire emissions changes?

- What metrics and techniques are most appropriatevimuating global and regional
model simulations with observations and for qugirtd uncertainties?
Do we have a sufficient database of observed cdrat&ms and deposition levels to
evaluate the predictions of current models? Howthanobservational database be
improved for the purposes of evaluating modelsuthwe develop a set of standard
observational platforms and measurements to enlaateeconsistency globally?
Do we have sufficient observational databasesatktiong term progress and change|in
transport and deposition patterns?
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Do we have sufficient data on emissions and thedgén driving forces needed for
making reasonable future projections? How candaia be improved?

What physical or chemical processes must be hatterstood to improve our
confidence in our estimates of S/R relationshipgfat is the minimum level of certainty
in our understanding of these processes that neuastthined before reasonable/useful
estimates can be made?

4. For each country in the Northern Hemisphere, tdwchanges in emissions in eagh
of the other countries in the Hemisphere changdufamit concentrations g
deposition levels and the exceedance of establistagalards or policy objectives for
the pollutants of interest?

Is there a simple relationship between changemissions and changes in pollutant
concentrations and deposition levels?

How is the predicted relationship affected by tpatl resolution of the model?

=

5. How will these source-receptor relationshipsngea due to expected changes| in
emissions over the next 20 to 50 years?
How might emission quantities and spatial distiitmg change over the next 20 to 50
years?
How should future emission scenarios be constr@cted

6. How will these source-receptor relationshipsalffected by changes in climate |or

climate variability?

- How will meteorological changes predicted by climmatodelling studies affect major
transport or chemical processes?
Are there significant feedbacks between the trarsgair pollutants and regional
climate and meteorology?
Are there significant feedbacks between transpategollution and potential changes|in
land use, vegetation or ecosystems, especiallyneghect to natural emission sourcespP
Are there predictive relationships between clingtgtem indices that can be used to
estimate the impact of changing climates on heneispltransport of air pollutants?

7. What efforts need to be undertaken to develomigrated system of observational
data sources and predictive models that addresguagtions above and leverage the
best attributes of all components?
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2. CONCEPTUAL OVERVIEW OF HEMISPHERIC OR
INTERCONTINENETAL TRANSPORT PROCESSES

This chapter describes the most important aspeicthemispheric transport processes,
focusing on the rapid intercontinental transporfasfie pollution plumes by mid-latitude cyclones,
the venting of the atmospheric boundary layer bgpdeonvection, and small-scale processes that
contribute to increasing the background concemwinatiof various pollutants. The impacts of these
transport processes are discussed for a variepplaitants. To be brief, only one or two pollutant
examples are provided for each process and these chesen according to the greatest amount of
information available. Issues related to the infleee of climate change on transport processes soe al
addressed. The chapter concludes with a discus$ioutstanding issues. Definitions for some of the
transport-related terms are provided in appendix B.

2.1 Major emissions regions

The magnitude and impact of hemispheric and intéicental scale transport of pollutants is
largely controlled by the global distribution okthuman population and anthropogenic emissions, as
well as their spatial relation to the major metéamg@al transport pathways. To place the emissions
context, focus is placed primarily on nitrogen @&igNQ,) emissions, which are important for ozone
formation and acid deposition. Global emissionsN@, from industrial activities (1), fossil fuel
combustion (F) and biofuel combustion (B), colleely referred to as IBF-NQare estimated to be
30.3 Tg N yi* (year 2000 EDGAR'estimate) (Olivier and Berdowski, 2001). Glob@Nemissions
from biomass burning (referred to as BB-N@re estimated to be 7.5 Tg N'yEstimates of natural
sources of NQfrom lightning and soil vary widely but are corsidd to be about one third of the
anthropogenic emissions (IPCC, 2001). The Nortiéemisphere contains the great majority of
humans (88%) and 91 per cent of IBF-N&nissions, and 41 per cent of BB-Némissions (figure
2.1). Per capita emissions vary widely across natibut broadly speaking, North America has the
highest per capita IBF-NCemissions, while Asia and the northern Africa/Mildiast region have
the lowest (figure 2.2). The major IBF-N®mission regions of the Northern Hemisphere aretéu
in the eastern United States and southeastern @anadtern and central Europe, and southern and
eastern Asia (figure 2.1). Emissions of other trgases related to industrial activity and biofuad a
fossil fuel combustion and usage such as sulptaxiadg (SQ), carbon monoxide (CO), and volatile
organic compounds (VOCSs) have similar distributions

Less than 10 per cent of global biomass burnirdpes to wildfires which occur primarily in
temperate and boreal forests (Crutzen and AndiE2®)). By far the majority of global biomass
burning occurs in the tropics and is mainly cauggduman activity. The primary biomass burning
regions of the Northern Hemisphere are sub-Sahamthern Africa, Southeast Asia, Central
America and northern South America (figure 2.1).d@ninter-seasonal basis, the IBF-Ngnissions
are relatively constant, while BB-NOemissions have a strong seasonal variation as agll
interannual variability. Biomass burning peaks iecBmber-February for sub-Saharan northern
Africa, in February-April for Southeast Asia, in ApMay for Central America, and in March for
northern South America (Duncan et al., 2003). Bissburning is also a major source of global CO
emissions.

VOCs include a wide variety of non-methane hydrboas (NMHCs) and oxygenated
NMHCs. VOCs sources fall into three main categor{@} emissions from fossil fuel production;
distribution and combustion; (b) biomass burningd gc) vegetation (IPCC, 2001). The largest
global source is from vegetation, about two-thiodsll emissions, emitted primarily in the tropics.
VOCs emissions from fossil fuel usage (approxinyaf&% of total emissions) and biomass burning
(about 5% of total emissions) have distributiomsilsir to NQ, (figure 2.1).

The distribution of methane (GHemissions resulting from anthropogenic activityslightly
different from trace gases strongly associated fwigh combustion and biomass burning. Year 2000

! Emissions Database for Global Atmospheric Research
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estimates of global anthropogenic methane emissiutisate that livestock and rice cultivation
accounted for 37 per cent of the total, with 29 pamt coming from fossil fuel production (Olivier
and Berdowski, 2001). In general, the distributadnthe methane emission regions resembles the
global human population distribution, with Indiada@hina being the two regions with the greatest
emissions. Anthropogenic methane emissions are ®b@er cent of global emissions, with the
primary natural source being wetlands (IPCC, 200%)milar to methane, anthropogenic ammonia
(NH3) emissions are closely tied to agriculture and esiin animals, with these two sources
accounting for two thirds of global emissions franthropogenic and natural sources (IPCC, 2001).

Airborne particulate matter has a broad range iofigmy and secondary sources. Sea salt and
mineral dust dominate global primary particle emiss, with anthropogenic sources making only a
small contribution, albeit in regions that are gafig more heavily populated than regions where sea
salt (oceans) and mineral dust (deserts) are emiRarticulate matter (PM) formed as secondary
aerosols is formed from precursor emissions of, 3D,, NHz, VOCs and dimethylsulfide (DMS).
The major mineral dust emission regions are assatiaith topographical lows in the desert regions
of North Africa, the Middle East, China, and Ceht&rad South Asia, all in the Northern Hemisphere
(Prospero et al., 2002). The largest dust stosasa@ated with intercontinental transport originate
the Gobi Desert, which can reach western North Acaein spring (Liu et al., 2003), and in North
Africa, which routinely impact the Caribbean anditb@rn United States during summer (Prospero,
1999).

The location of the emissions regions with resgectne dominant atmospheric transport
patterns has a strong influence on the frequendysttiength of intercontinental pollution transport
events. For example, the emissions regions alomgaist coasts of Asia and North America are at the
origins of the North Atlantic and North Pacific ri@titude cyclone storm tracks, which can loft the
emissions and transport them to the free troposphieove downwind continents in a matter of days.
With western Europe located at the end of the NAttantic storm track, its emissions are not lofted
to the same extent as those on the east coastssiaf ahd North America. Instead, European
emissions are exported at relatively low altitueed have a strong impact on the Arctic (Duncan and
Bey, 2004; Stohl et al., 2002). These relationshifl be described in more detail below.
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Figure 2.1 Distribution of global IBF-NO, emissions (top), and BB-NQ from both
natural and anthropogenic fires (bottom) according to the EDGAR 3.2 Fast Track 2000
data set, which estimates year 2000 emissions tkengDGAR 3.2 estimates for 1995 and
trend analyses for the individual countries. EDGARertainty estimates are roughly 50 per
cent or greater (Olivier and Berdowski, 2001).

Global Population Global IBF-NOx emissions
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Figure 2.2 Global distribution of human population and year 2000 IBF-NOx
emissions.Population data from CIA (2007), emissions datanfl@DGAR 3.2 (Olivier

and Berdowski, 2001).
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2.2 Source-receptor relationships

The term “source-receptor relationship” describhe sensitivity of concentrations or
deposition at a “receptor” location to a changegrnmssions from a “source” location (Seibert and
Frank, 2004); it is a key concept used in this doent to assess the impact of emissions from an
upwind continent or region to a downwind receptaration (Derwent et al., 2004; Fiore et al., 2002;
Wild et al., 2001). In general, source-receptoatiehships are dependent on the emissions strength
of the source; the transport pathway from the sotiocreceptor; and the pollutant transformation,
production, and loss processes that occur alongdktevay. The transport component of a source-
receptor relationship can be expressed independehtthe strength of emissions from the source
region and is a measure of (a) the quantity offraim the source that reaches the receptor over a
given time period; and (b) the amount of time the spends over the source region. Take, for
example, Yosemite National Park in eastern Califgriocated at times downwind of San Francisco.
When the prevailing winds transport air directlprfr San Francisco to Yosemite, the transport
source-receptor relationship would be stronger tram day when the wind did not produce such a
direct transport path. Or given two separate ddysnithe wind produces a similar transport pathway
from San Francisco to Yosemite, the day with theorgfer transport source-receptor (S/R)
relationship would be the day when the air spendiertime above San Francisco.

Another important term is the source contributiaaich is a measure of the quantity of a
particular pollutant at a receptor that was emifteth a particular source. The source contribution
depends upon (a) the transport S/R relationshjpth@bemission flux of the pollutant from the saurc
region; and (c) any loss (or production) of thelytaht as it is transported from the source to the
receptor. For example, the source contribution magleSan Francisco to NQconcentrations at
Yosemite is determined by multiplying the transpedurce-receptor relationship by the NO
emission flux from San Francisco and subtracting BID, molecules that are removed from the
pollution plume by physical or chemical processasm transit.

In terms of transport pathway, the source contidouits influenced by (a) the direct transport
of plumes from the source to the receptor site; @dhe contribution of the source to the overall
background concentrations at a receptor site tae.fraction of the observed concentration that
cannot be directly attributed to local emissionrses or discrete transport plumes). While the direc
transport of a plume involves a distinct episodans$port event occurring on a relatively short time
and spatial scale, the background concentratiotmdsresult of the cumulative effect of episodic
transport events on longer time and spatial scales.

In terms of constituent loss of the pollutant, oeirce contribution is affected by chemical
transformations, scavenging, deposition and sedatien processes. The relative impact of these
processes varies both spatially and temporallyhWithe atmospheric boundary layer, transport
speeds are often slow, chemical loss is frequdmitip, and surface deposition is important. For
pathways where air parcels are lofted from the apheric boundary layer (e.g. by convection or
mid-latitude cyclones), the resultant cooling isially sufficient to cause precipitation and, theref
wet scavenging of aerosols and soluble speciessdtiee contribution for species with rapid losses
(e.g. lifetimes of a few days) will be determinegl the fastest and most direct transport pathways
between the source and the receptor, with the bagkg concentration essentially zero far from the
source. In contrast, the source contribution afjiived species (e.g. methane, with an atmospheric
lifetime of 8-9 years) is primarily determined betcontribution of the source to the background
concentration (see table 2.1 for a list of appr@tepollutant lifetimes).

As will be described in further detail below, th@shspectacular pollution transport events
are related to export from the east coasts of Nantferica or Asia with subsequent transport to the
west coasts of Europe and North America, respdgtiWhile the concentrations of pollutants in
these plumes are quite high in the free troposphbrve the downwind continents, the receptor
locations of most interest are the surfaces ofdthenwind continents where humans live. To impact
the surface, the plumes must subside several kiemn&om the middle or upper troposphere, which
can take several days over which time the pollutancentrations are diluted. While these subsiding
plumes can have strong impacts on remote locasoch as the Azores in the North Atlantic or
mountaintop sites such as the Alps, their impattighly populated low-lying areas is masked by the
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local pollution. Thus the question of the impactpoflution from an upwind source on a receptor
located in a locally polluted atmospheric boundayer appears to be an issue of the degree to which
a plume enhances the local pollution rather tha &i the plume replacing local pollution with
concentrated pollution from an upwind continent.

Table 2.1 Approximate lifetimes of trace gases angarticulate matter in the atmospheric boundary laye
and the free troposphere. Lifetimes are highly variable depending on altitutiene of day and year, and
proximity to polluted regions.

Trace gas or PM Approximate lifetime in the Approximate lifetime in the free
atmospheric boundary layer troposphere
NO, hours days
SO, days days to weeks
(60) Weeks to months weeks to months
VOCs hours to months hours to months
CH, 8-9 years 8-9 years
NH; days days
PM hours to days days to weeks
O3 hours to days weeks to months

2.3 Major types of intercontinental transport processes
2.3.1 General circulation regimes

The great majority of intercontinental pollutargrisport occurs within the troposphere which
extends from the surface to about 8 km in cold pgions, and up to about 18 km in hot tropical
regions (figure 2.3). Tropospheric circulation daa divided into three regimes: the subtropics and
tropics, the mid-latitudes (3®0°) and the polar regions. The tropics and subtrogiesdominated by
the Hadley cell, with rising motion within deep emctive cumulus towers in the deep tropics (often
within the Intertropical Convergence Zone), whistbalanced by subsident motion in the subtropics.
The meridional winds associated with the Hadley ast poleward throughout much of the free
troposphere, but with a return equatorward flowficea near the surface (figure 2.3). In the tropics
and subtropics, intercontinental transport is galherfrom east to west, with the trade winds
throughout the lower and middle troposphere (figir. For much of the year, the mid-latitudes are
dominated by mid-latitude cyclones with strong miemal stirring along tilted surfaces of constant
potential temperature (see discussion below angdi@.4). During the summer months, however,
deep convective processes play an important rode @and. The following considerations apply to
mid-latitude transport (see figures 2.3 and 2.4):

(a) Mid-latitude zonal mean winds are generallyteng throughout the troposphere, causing
intercontinental transport to primarily occur fravest to east.

(b) Wind speeds generally increase with heightsicaupollutants at higher altitudes to be
transported rapidly. This is especially true in theinity of the polar and subtropical jet streams,
which vary in location and intensity from day toydd@hus, processes that loft pollutants into the
middle to upper troposphere are most conduciverig-range intercontinental transport.

(c) Winds are generally stronger in winter tharsimmmer, causing intercontinental transport
to be more rapid during winter months.

(d) Meridional winds are generally weaker than Zowmands, thus pollutants tend to be
transported zonally.

The lower Arctic troposphere tends to be isolatedséme extent from low latitude emissions,
particularly in summer. Pollutant transport int@ tlower Arctic troposphere occurs preferentially
from Europe. Of the three regions (tropical, mititlale and polar), transport processes are best
understood in the mid-latitudes.

A number of studies have shown impediments to prargi.e. transport barriers) between
the extra-tropics and the tropics (Bowman and €ag002; Bowman and Erukhimova, 2004; Hess,
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2005; Pierrehumbert and Yang, 1993). These barreply that air within the mid-latitudes tends to
recirculate within the mid-latitude region, andwithin the tropics and subtropics tends to redateu
within the tropics and subtropics. Thus, the backgd concentration at mid-latitude sites is most
immediately affected by mid-latitude emissions,hwd& much smaller contribution from tropical
sources. The mass exchange between the extrafrapitdropical regions is estimated to be 1-2 per
cent per day of the extratropical mass, with lages between the Northern and Southern Hemisphere
tracer concentrations approaching 2 years (BowmanEzukhimova, 2004). Equatorward transport
between the extra-tropics and tropics occurs pilynam shallow flow near the Earth’s surface
associated with the equatorward branch of the HWazlteulation, and often occurs behind cold fronts
(Bowman and Carrie, 2002; Bowman and Erukhimov@420 The return poleward flow occurs in a
more diffuse circulation in the upper troposphessoziated with the upper branch of the Hadley cell.

Air masses tend to follow transport paths that dleng surfaces of constant potential
temperature. The potential temperature is a measuam air mass’s temperature, adjusted for the
temperature changes that are caused by variationgtnnospheric pressure as the air mass is
transported vertically. In general, the potentahperature of the atmosphere increases with adtitud
and an air mass with a typical (for the middle pper troposphere) potential temperature of 3&0
that lies above an air mass with a potential teatpee of 305 K is in a thermally stable position
with respect to the air mass below. These two aissas will not mix unless energy is added to the
lower layer or removed from the upper layer so tiw two air masses achieve equal potential
temperature. As a result, surfaces of constantniatedemperature strongly constrain atmospheric
transport (figure 2.4), which follows surfaces anstant potential temperature in the absence of
heating. Sensible heating at the Earth’s surfackthe latent heat of condensation are the primary
processes by which the atmosphere is warmed (isiaga parcel’'s potential temperature); these
processes are balanced in the mean by radiativengofvhich decreases a parcel’s potential
temperature by 1-2 degrees per day, on averagtje litree troposphere, heating generally occurs on
small spatial and temporal scales, due in parhéocbndensation of water vapor within convective
updrafts or within the warm sector of mid-latitucleclones, particularly the warm conveyor belt. On
the other hand, subsidence and tropospheric cootingr on large spatial scales and long timescales.

At the large scale, transport tends to occur prigna@iong potential temperature surfaces.
These surfaces are generally oriented upward aledvpad (figure 2.4); therefore, poleward moving
air tends to ascend, while equatorward moving emd$ to sink. Mid-latitude meridional stirring
occurs along constant potential temperature swsfacetimescales up to 10 days (Bowman and
Carrie, 2002; Bowman and Erukhimova, 2004). Transplong potential temperature surfaces that
intersect the surface of the Earth occurs primahitpugh the action of mid-latitude cyclones (Hess,
2005). However, above the 31K potential temperature surface,

Figure 23 Schematic diagram showing some of the main feates of the
atmosphere related to the transport of air pollutarts. The vertical cross-section
shows the average location of the tropopause (tumdary between the troposphere and
stratosphere) and the polar (PJ) and subtropicd) [& streams during winter. Vertical
transport during winter is dominated by deep cotivecclouds in the tropics (the upward
branch of the Hadley cell) and warm conveyor b@N<B) in the mid-latitudes, as described
in Section 2.3.2. The average location of the fetasn is shown across the entire Northern
Hemisphere for winter (magenta arrows) and summyedtolv arrows).
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Figure 2.4 Zonal winds and potential temperatures.Zonal winds (colour) and potential
temperature (dashed lines) for (a) June, July amglat (JJA) and (b) December, January and
February (DJF). Fields are from 5 years of the &teti Centers for Environmental Prediction
(NCEP) reanalysis. Potential temperature surfacesantoured every fhetween 250K
and 340K and every 40between 360 K and 520K. Arrows indicate the 319K potential
temperature surface above which air parcels hawn keansported vertically through
convective clouds. Positive zonal winds indicatedsi from the west, while negative zonal
winds indicate winds from the east.

most of the air parcels have been vertically transg through a deep convective cloud on a
timescale of 40 days (Hess, 2005). Therefore, mbdhe tropics and subtropics and upper and
middle troposphere during the Northern Hemisphareser are primarily influenced by the
transport through deep convection (see figure DAje to their elevated potential temperatures,
transport pathways through deep convective cloutldikely influence surface concentrations only
on the long timescales required for subsequentatiadi cooling. As a result, radiative cooling
impedes rapid long-range transport from warm ta cegions.

2.3.2 The mid-latitude cyclone airstreams

Mid-latitude cyclones tracking from west to east anportant mechanisms for the export of
trace gases and PM from the east coasts of AsiaNamih America throughout the year, even in
summer when these weather systems are weaker (Cebgak, 2002a; Cooper et al., 2002b; Merrill
and Moody, 1996; Stohl et al., 2002). The cycloaestypically composed of four airstreams (figure
2.5) that influence trace gas mixing ratios anatr@hships in the troposphere (Bethan et al., 1998;
Cooper et al., 2001; Stohl and Trickl, 1999). Enhoé these airstreams, the warm conveyor belt, cold
conveyor belt, and dry airstream produce the diitia comma cloud of a mature mid-latitude
cyclone (Bader et al.,, 1995; Browning and Monk, Z;9Browning and Roberts, 1994; Carlson,
1998). The warm conveyor belt is located on th&teza side of the cyclone, ahead of the surface
cold front. The air originates at low altitudestlie warm sector of the cyclone and travels poleward
ascending into the middle and upper troposphereyeathe cold conveyor belt. The dry airstream,
which is associated with stratospheric intrusianginates at high altitudes in the upper troposphe
and lowermost stratosphere on the poleward sidtheofcyclone and descends into the middle and
lower troposphere on the polar side of the colatfrdhe post cold front airstream is the cold, dry,
and stable air mass in the lower and middle tropespthat flows behind the cyclone cold front and
beneath the dry airstream (Cooper et al., 2001).

The warm conveyor belt is the most important adestn for rapid intercontinental pollutant
transport because of its ability to loft pollutetchaspheric boundary layer air from the cyclone warm
sector to the upper troposphere in the vicinityhe jet stream. Following the mid-latitude cyclone
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storm tracks, the jet stream then rapidly transpitie pollutants downwind. Transport times from the
moment North American atmospheric boundary layeisdifted within the warm conveyor belt until

it reaches the European free troposphere are tijptbaece to four days (Eckhardt et al., 2004; $toh
et al., 2002), and in some cases less than 2 &ighl(et al., 2003b). Several additional days are
required for the North American emissions to ret@hEuropean surface with the greatest influence
over the Mediterranean due to trapping and antizycldescent of the emissions through the Azores’
high (Stohl et al., 2002). The greater distanceoeasated with trans-Pacific transport results in
slightly longer transport times, and in some ins&nrequires two warm conveyor belts to transport
emissions from Asia to North America (Cooper et2004).

Mid-latitude cyclones can also export pollutantenir Asia and North America at low
altitudes as discussed in section 2.2.5, eitheinvthe warm sector of the storm pushes offshore and
the warm conveyor belt is too weak to loft the ptahts, or when the cold stable air in the podd col
front airstream quickly advects fresher emissidifishore.

Figure 2.5 Conceptual model of the airstreams witn a mid-latitude cyclone warm
conveyor belt (WCB), cold conveyor belt (CCB), @iystream (DA), and the post-cold front
airstream (PCFA). The relationships of the airstredo the centre of the surface low (L) and
the warm and cold fronts aghown, as is the edge of the cloud shield formethbyWCB
and CCB (scalloped lines). The numbers on the WadB@CB indicate the pressure (hPa) at
the top of these airstreams, while numbers on tAeridicate the pressure at the bottom of
the airstream. After Cooper et al. (2002b).

2.3.3 Deep convection

Deep convection is an important mechanism for eallii transporting air pollutants out of
the atmospheric boundary layer into the middle apger troposphere (Dickerson et al., 1987;
Lelieveld and Crutzen, 1994), where the strongendwi can rapidly transport them across
intercontinental distances. Convection is triggevdten the Earth’s surface is warmer than the
overlying air, creating unstable conditions suchdasing daytime over land or when cooler air
masses are advected over a warm ocean surfaceei@ain of water vapour in convective cells
releases latent heat and leads to cloud formation.

Convective systems encompass small-scale fair weathmuli, active thunderstorms
(cumulonimbus clouds), and mesoscale convectiviesygs(Cotton et al., 1995). The corresponding
lifetime of these systems increases with their figen minutes to about half a day. Another weather
system shaped by organized deep convection igdpeal cyclone (including tropical depressions,
tropical storms, hurricanes and typhoons), whdeéirtie is in the order of a week. Furthermore, in
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summertime over land, even the warm conveyor lwéltmid-latitude cyclones are characterized by
embedded deep convection, and the distinction legtvdmep convection and warm conveyor belt
ascent becomes somewhat arbitrary (Kiley and Fugll#006). An extreme form of convection is
the so-called pyro-convection occurring over lafgeest fires, which can inject large quantities of
aerosols and trace gases into the upper troposphdralso deep into the stratosphere (Fromm et al.,
2000; Fromm et al., 2005; Jost et al., 2004).

Globally, the mass flux out of the atmospheric litamy layer due to deep convection is
comparable to the mass flux caused by the large-ssaent in mid-latitude cyclones (Cotton et al.,
1995). In addition, the ascent in deep convectieks takes only minutes, whereas the ascent in
cyclones takes from hours up to two days. For tgases with a rather short lifetime in the lower
troposphere, this has the consequence that theyeeah the upper troposphere in convective cells
but not within warm conveyor belts. For instancpeiBel et al. (2007) observed large enhancements
of SG in the upper troposphere over Europe, after {ftoy deep convection over North America
followed by intercontinental transport.

2.3.4 Diffuse or small-scale atmospheric boundayer venting

Export of pollution from the atmospheric boundaaydr to the free troposphere can occur
whenever an air parcel is transferred above thendmny-layer height. Since over land the
atmospheric boundary layer has a distinct diurnalec with a maximum during the day and a
minimum during the night, a residual layer is fodngpon the transition from day to night (Stull,
1988). This residual layer is decoupled from théase and experiences higher wind speeds than the
air in the atmospheric boundary layer, particulanpen a nocturnal low-level jet is present
(Angevine et al., 1996). The residual-layer ain ¢partly) remain in the free troposphere the next
day if the atmospheric boundary layer is less didgm on the previous day, or if other vertical
transport processes lift it to higher altitudes.

Topography has a large influence on vertical paliutransport, as it generates variability in
the atmospheric boundary layer height, and the dion and breaking of gravity waves above the
atmospheric boundary layer, which can cause mikigigveen different air masses. In particular, the
mountain-valley wind systems encountered in mouoizs regions can trigger vertical lofting. For
instance, Henne et al. (2004) estimated that ufagieweather conditions in summer, three times the
valley volume can be lofted into the free troposphger day. Once pollutants are vented from the
atmospheric boundary layer they are subject todhg-range transport processes discussed above.
On the other hand, during stable conditions (paldity in winter), pollutants can also accumulate i
the valley atmosphere, preventing them from beiagsported over long distances. Mountain ranges
also influence the large-scale flow, sometimes @méag transport over and across the mountain
range.

2.3.5 Slow, low altitude flow

Air masses can also be transported over long distamvithout being lifted. Often, this
involves the formation of a residual layer follogithe collapse of a daytime atmospheric boundary
layer. It can also happen in a strongly stable aphere, where hardly any convective atmospheric
boundary layer forms, for instance at high latitide winter. Because dry deposition and the
potential for cloud formation are limited under Buconditions, aerosols and trace gases can be
transported over long distances, even though toahspeeds are lower than in the upper troposphere.
Arctic haze (Barrie, 1986), which can cover largetp of the Arctic in winter and spring, is oftdmet
result of such low-level long-range transport (Kdohi et al., 2003; Stohl, 2006). The phenomenon
has also been observed downwind of North Americherer layers with extremely high
concentrations of oxidized nitrogen were found flwnwind over the North Atlantic Ocean
(Neuman et al., 2006). These layers can even rémcthzores (Owen et al., 2006) and probably
Europe (Guerova et al., 2006; Li et al., 2002)migir transport pathways have been identified acros
the Pacific (Holzer et al., 2005; Liang et al., 2D0The large-scale haze layers over the Indiaga®c
generated by the winter monsoon outflow from sauthsia also have limited vertical extent until
the flow reaches the intertropical convergence ZB@manathan et al., 2001b).
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24 Impact of intercontinental transport pathways on dobal and local pollution
distributions

2.4.1 Impact of large-scale export events

The major pathways of intercontinental transpog smmmarized in figure 2.6, while the
global distribution of tracers from the world’s ragjpopulation centers are shown in figure 5.1 in
chapter 5. Large-scale export events from AsiaNordh America have strong episodic impact on the
chemical composition of the free troposphere abde@nwind continents, while their impact on
surface sites of downwind continents is less fragjaed more dilute. Focusing first on transportrfro
Asia to North America, modelling studies indicdiattepisodic long-range transport of CO from Asia
to the northeastern North Pacific region occursyeand every 10, 15 and 30 days in the upper,
middle and lower troposphere, respectively (Liangale 2004). In springtime when transport is
strongest, 3-5 Asian plumes impact the west cdatsteoUnited States’ atmospheric boundary layer
between February and May (Yienger et al., 2000)craft studies have detected strong Asian plumes
in the lower and middle troposphere above the gadterth Pacific (Heald et al., 2003; Nowak et al.,
2004) and the U.S. west coast (Cooper et al., 208dglé et al., 2003; Jaffe et al., 1999; Jaffd.et
2003a) with CO on occasion reaching 300 ppbv. Mdghese free tropospheric observations, all
with CO in excess of 200 ppbv, were associated wihm conveyor belt export from Asia; however,
some low altitude events were associated with éxgraat transport in the lower troposphere. When
these plumes have impacted the surface of theliv@ast Washington State, CO has reached as high
as 180 ppbv. These events are not always associatiecelevated ozone mixing ratios, and the
enhancements are difficult to detect at the sur(elceiman et al., 2004). As Asian pollution plumes
continue travelling east, clear enhancements of®@zand aerosol concentrations can also be found
over Europe (Stohl et al., 2007b). Asian pollutgam also reach Europe via westward transport with
the monsoon circulation from India to Africa ana thlediterranean (Lawrence et al., 2003). The
overall impact of the summertime Asian monsooroigdvect relatively clean air from the Indian
Ocean into southern Asia in the lower tropospheé®h et al., 2002), while the associated
convection lofts anthropogenic emissions from rea#it India and southwest China into the upper
troposphere, where they can recirculate above southsia within the semi-permanent summertime
upper tropospheric anticyclone (Li et al., 200Buring winter, the Asian monsoon advects pollution
from the continent southward over the Indian Odgatieveld et al., 2001).

In terms of large-scale North American export esanfluencing Europe, confirmation of

their strong impact has been made in the free sqoipere above Europe (Stohl and Trickl, 1999;
Stohl et al., 2003a; Trickl et al., 2003), and imiled cases at high-altitude sites in the Alps
(Huntrieser et al., 2005), all involving warm cogwe belts. Concerning low altitude surface sites,
Derwent et al. (1997) found five probable caseNafth American emissions influencing Mace Head
on the west coast of Ireland, but the pollutantcemrtrations were quite low. The only major North
American export event to show a strong impact om-adtitude European surface sites involved
smoke plumes from the widespread forest fires ingfa that caused CO mixing ratios to reach 175
ppbv at Mace Head during August 1998 (Forster.ep@D1).

High-latitude Europe and Siberia are cold enoughalkow direct transport of air pollution
from these regions into the Arctic lower troposghéBarrie, 1986; Stohl, 2006), contributing to
Arctic haze, a mixture of sulfate and particulatgamic matter and, to a lesser extent, ammonium,
nitrate, black carbon, and dust aerosols (Quinal.e2007). Typically, this pollution from Europe
and Asia traverses the polar region of the Aratid eeaches high-latitude North America (Sharma et
al., 2006).
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Figure 26 Pathways of intercontinental pollution transport in the Northern
Hemisphere. Shading indicates the location of the total coluofira passive anthropogenic
CO tracer released over the Northern Hemisphergrams after 8—10 days of transport, and
averaged over 15 years. Shown are transport pathiwasummer (June, July, August — upper
panel), and winter (December, January, Februaowet panel). Gray arrows show transport
in the lower troposphere (< 3 km) and black arr@lvew transport in the middle and upper
troposphere (> 3 km). Image reproduced from chaptefigure 2, page 6, of Stohl and
Eckhardt (2004), with kind permission of Springeie®ce and Business Media.

Only a few studies have examined the transportusbfiean pollution to Asia (Duncan and
Bey, 2004; Newell and Evans, 2000; Pochanart e2803; Wild et al., 2004) Newell and Evans
(2000) estimated that, on an annual basis, 24 @ar af the air parcels arriving over Central Asia
have previously crossed over Europe, and some 4ceet have originated in the European
atmospheric boundary layer. Pochanart et al. (2088)e shown that averages; @Qnd CO
concentrations in east Siberia are enhanced irmagses transported from Europe. Over Japan,
impacts of North American and European emissioasanilar (Wild et al., 2004)

European pollution is also exported southwards hie tower troposphere across the
Mediterranean Sea to North Africa all the year shualthough the strongest events occur during
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summer (Lelieveld et al., 2002; Stohl et al., 200}he transport of many species and PM from
Europe to Africa during summer can be very effitidne to the diminished impact of wet removal

processes (Kallos et al., 1998). A modelling stbghybuncan and Bey (2004) indicates the exported
European pollution is responsible for 5-40 per a#nthe lower tropospheric ozone above North

Africa during summer.

2.4.2 Contribution to background pollution

The combination of long transport times and theimgpof air masses from diverse source
regions determines the distribution of backgroungicd gas concentrations. The background
concentrations of surface emissions tend to benwiealong potential temperature surfaces in the
mid-latitudes due to the rapid mixing along thesdaxes (Bowman and Carrie, 2002; Bowman and
Erukhimova, 2004; Hess, 2005; Plumb and McEwan8L9The atmospheric circulation tends to
transport the highest concentrations of constituémivards the poles (Hess, 2005). Recent studies
suggest background levels of pollutants along testwoast of North America (Jaffe et al., 2003b;
Parrish et al., 2004) and Europe (Derwent et 8B;71 Oltmans et al., 2006) are changing. Fiord.et a
(2002) found an out-of-phase relationship betweackground and locally produced ozone at the
surface of the United States in summer. During highution episodes under stagnant conditions,
background ozone concentrations were small, as nmidietween the free troposphere and
atmospheric boundary layer was suppressed. Cotyevgeen the atmospheric boundary layer was
more thoroughly vented, locally produced ozone vadsa minimum, but background ozone
concentrations were greater.

2.4.3 Feedbacks between transported air pollutants amgibreal climate and
meteorology

Trace gases and aerosols have been shown to mioatify the radiative balance of the
atmosphere as well as cloud formation and pretipita Therefore, it might be expected that
pollutants from an upwind source can modify thenelie and meteorology (including precipitation)
of a receptor site, which may then create feedlraekhanisms that modify how pollutants are
transported around the globe. However, there lisastarge degree of uncertainty as to the mageitud
of the aerosol direct effect (scattering and alsmmpof solar and infrared radiation) and indirect
effect (altering cloud albedo and precipitationicéicy) on the global radiative forcing of the
atmosphere, with the latest report of the Intergowental Panel on Climate Change assigning a
“level of scientific understanding” of medium-lowrfthe direct effect and low for the indirect effec
(IPCC, 2007). Here we summarize some recent duihiat link changes in aerosol and ozone
concentrators to climate and transport feedbaakispbint out that additional studies are needed to
quantify these effects.

Long-range transport of aerosols has received matténtion due to the discovery of
atmospheric brown clouds (Ramanathan et al., 2004hich form a haze layer over much of
southern Asia between December and April. Regigntide haze was highly absorbing (mainly black
carbon aerosol), which decreased the surface sathation and increased the lower tropospheric
solar heating; model simulations suggest that tiditianal heating significantly perturbs tropical
rainfall patterns (Ramanathan et al., 2001b). 3&asonality of brown clouds and their dimming
effect is being investigated in the “Project Atmbepc Brown Cloud” campaign (Ramana and
Ramanathan, 2006).

Rotstayn and Lohmann (2002) report a southward shdbserved tropical rainfall over land
during the period 1900-1998. Their modelling wodggests that spatially varying aerosol-related
forcing (both direct and indirect) can substanfiallter low-latitude circulation and rainfall. Rede
work has also shown that the frequency of deep ettive clouds along the North Pacific wintertime
storm track increased from 1984 to 2005 (Zhand.e2@07). Modelling indicated that the increase
in the deep convective clouds could be explaineddrpsol effects associated with Asian outflow,
and also indicated increased precipitation oveNbeh Pacific. This suggested intensification fue t
Pacific storm track could lead to changes in glaiaulation.

Intercontinental transport of desert dust from Asiad North Africa has been well
documented, (e.g. Liu et al. (2003)). A study bynidm and Veldon (2004) suggests that Saharan
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dust transport can lead to suppressed hurricameataon. They postulate that when the dust-laden
Saharan air layer advects from Africa to the trapMorth Atlantic, it can engulf tropical waves, or
pre-existing tropical cyclones, and the associdigdair, temperature inversion, and strong vertical
wind shear may inhibit the ability of tropical waver cyclones to strengthen (Dunion and Velden,
2004). Evan et al. (2006) demonstrate a positiveetadion between North Atlantic tropical cyclone
activity and atmospheric dust cover in supporhdg hypothesis.

The efficiency of sunlight absorption in aerosoldes is greater in the Arctic than at lower
latitudes due to the prevalence of large solartkzearigles and the high albedo (or reflectivity)tod
underlying snow and ice. Black carbon is a minar important component of the Arctic haze and
causes heating of the haze layers (Quinn et a07)20In addition, deposition of black carbon onto
snow and ice results in a reduction of the albeglarke and Noone, 1985; Warren and Wiscombe,
1980). It has been suggested that the climaténfpidue to this albedo effect is significant congehr
to the effect of greenhouse gases (Hansen and éidznr2004).

The radiation budget of the atmosphere is sensitivihe tropospheric ozone distribution,
which is partly controlled by transport. A study 8hindell et al. (20069uggests tropospheric ozone
has caused enhanced warming (>0.5 degrees C) oltetep northern boreal zones during summer
between 1890 and 1990, and between 0.4 and 0.5i@dwuinter and spring between 1890 and 1990.
Warmer temperatures in the Arctic reduce the traridparrier between mid-latitudes and the polar
regions facilitating transport of polluted Europeanmasses into the Arctic (Stohl et al., 2007a).

25 Impact of climate change on future intercontinenal transport patterns

Climate change will affect future intercontinentt@nsport patterns through alteration of the
large-scale circulation and regional climate aneaceethe transport processes described above.
Predictions of changes in regional climate are gdlyeless robust than those on larger scales, such
as hemispheric (Giorgi et al.,, 2001). Examiningexiknents generated for the Intergovernmental
Panel on Climate Change (IPCC) fourth assessmgurtreHeld and Soden (2006) found that
increased greenhouse gas concentrations produeednaed climate and the following changes that
were consistent across the models: a decreaseepramvective mass flandan enhancement in
patterns of evaporation minus precipitation (i.e: kbcations will get dryer, wet locations moister)
and its temporal variance. Changes in climate adb modify tropospheric chemistry and hence the
concentrations of pollutants arriving at downwinohtinents. Increased water vapour in a future
warmed atmosphere leading to increased ozone d#strand shorter ozone lifetimes is a prominent
and robust multimodel feature (Stevenson et al0620 This effect may cause a reduction in the
contribution of Asian emissions to background ozawer the United States in a future climate
(Murazaki and Hess, 2006). On the other hand, abeun of studies (Hauglustaine et al., 2005;
Murazaki and Hess, 2006) have shown increased fooaluction of ozone in high emission areas,
leading to increased o0zone export, at least lockiladdition, intercontinental transport of ozanay
also be influenced by enhanced lightning ,Ngnissions (Hauglustaine et al., 2005) and enhanced
stratosphere-troposphere exchange in a warmertelig@llins et al., 2003; Stevenson et al., 2006;
Zeng and Pyle, 2003).

A number of general circulation model (GCM) studi#sough not all, have reported a
tendency towards fewer but more intense mid-lagitagclones in the future (Cubasch et al., 2001;
Lambert and Fyfe, 2006), a poleward shift of mititdae cyclones (Bengtsson et al., 2006; Cubasch
et al., 2001; Lambert and Fyfe, 2006; Yin, 2005po&eward shift of mid-latitude storms (Bengtsson
et al., 2006; Yin, 2005), and an associated ineréascyclonic circulation patterns over the Arctic
(Cassano et al., 2005). Chemistry transport mshelilations performed under future SRES Al(b)
climate scenarios also suggest a decrease in synagivity (intensity and frequency) over the
United States (Mickley et al., 2004; Murazaki anelskl 2006), in agreement with the GCM studies.
A decrease in synoptic activity would result inslésng-range pollutant transport driven by synoptic
systems (Holzer and Boer, 2001), but possibly amegsed role for convection and high-altitude
transport.

There is also a trend towards a positive phaseh@fNorth Atlantic Oscillation (NAO)
projected by the majority of GCMs (Miller et al.0@6), associated with a northeastward shift in
Atlantic storm track activity, which suggests thia Arctic will become more polluted in the future
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(Eckhardt et al., 2003). However, model projectiorary widely in their magnitude of response
(Miller et al., 2006; Osborn, 2004). These resatincur with observational evidence of a poleward
shift of the storm track (McCabe et al., 2001) angositive trend in the Northern Annular Mode
(NAM) or Arctic Oscillation (AO), and NAO (Harnikred Chang, 2003) during the 1970s through the
1990s. Hess and Lamarque (2007) show that a ppgi® results in increased transport of United
States emissions to Europe. Finally, Liu et alO&0relate stronger eastward transport of EastrAsia
emissions to El Nifio events; a future trend towandse El Nifio-like conditions has been noted in a
number of (but not all) studies (Collins and the IENWlodelling Groups, 2005).

2.6 Outstanding issues and recommendations
2.6.1 Basic transport mechanisms

Basic large-scale mechanisms for transporting tanikg out of the atmospheric boundary
layer have been reasonably well documented in bo#fasurements and models; however, the
importance of small-scale venting on intercontiakrtansport, such as dry convection, local
circulations (valley, or land-ocean) and gravitywaamixing, has not. These smaller-scale venting
mechanisms have greatest importance during summerta diminished large-scale stirring by
synoptic systems, especially for low-altitude tyzors events from Asia to the United States (Holzer
et al., 2005). These types of events are diffitmlobserve (i.e. they are not associated withelarg
scale plume transport) and are not often resolvdarge-scale model simulations.

The transport of pollutants from the free troposphe the surface is also not well observed,
either in large-scale models or in observationss Tiay be partly due to the fact that descenttim¢o
atmospheric boundary layer often does involvedarge concentrated plumes, but background air. In
addition, venting through the top of the atmosphdyoundary layer often involves small-scale
processes not directly simulated on the globakscal

The transport of species out of the atmospherictary layer is often associated with wet-
deposition, as water vapour is condensed duringrtnesport events. The extent to which soluble
species are wet-deposited depends on details ahitr@physics, i.e. to what extent (a) convective
clouds are able to transport soluble species taipiper troposphere; (b) soluble species are retaine
as liquid water freezes; and (c) rain is evapora®dt falls through the atmosphere. Again, these
processes are not suitably modelled on the largle snd have not been adequately measured.

Finally, transport in the tropics and subtropics heceived less attention than in the mid-
latitudes. With the growth of future emissions anelga-cities expected in the tropics and subtropics,
these processes will gain greater importance. Eurtbre, the nature of the transport barrier between
the tropics and mid-latitudes is not particularlgliknown.

2.6.2 Modelling

While large-scale transport is reasonably well espnted in global models, sub-grid scale
parameterized processes are not, in particular deepection, atmospheric boundary layer mixing,
atmospheric boundary layer venting, and wet dejoos{LLawrence and Rasch, 2005; Murazaki and
Hess, 2006). For example, Auvray et al. (2007} ftifferences in the sign of net chemical
tendencies (i.e. photochemical production and la$ss) in the middle troposphere in the North
Atlantic and North Pacific, which they attribute ddferences in model transport schemes and water
vapour transport as well as lightning. These preegsre critical for venting pollutants into and ou
of the atmospheric boundary layer. Uncertaintiethentransport of water soluble pollutants are high
Processes that are influenced by sub-grid-scalgrapby are also a key uncertainty for models;
venting and mixing into the atmospheric boundaryetaby land-sea breezes, mountain-valley
breezes, gravity waves and flow over mountainsnatewell represented or not represented at all.
These issues may be partly addressed through ogupditween regional and global models. Further
studies to evaluate interannual and longer-termaldity in intercontinental transport are also
warranted. Model limitations are not restrictedramsport processes. In addition to the uncertsnti
in the transport processes above, there also rensanificant uncertainty regarding emissions and
model simulation of HQand NQ sources and photochemistry (e.g. Singh et al. 7900
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Although source-receptor relationships have beaensively studied at the continental and
country levels, studies to quantify the impacteuoifissions at fine spatial scales such as mega-citie
(Lawrence et al.,, 2006) are few, but increasinghpartant given the rapid and future projected
growth of world cities. Model uncertainty assocthteith the methodology used for estimating
source-receptor relationships also deserves aitenfiee section 5.1.1). Since source-receptor
relationships require an accurate knowledge of dhréssion source, more sophisticated estimate
methodologies and a better quantification of modelor are also necessary. The ongoing
Hemispheric Transport of Air Pollution (HTAP) modetercomparison discussed in chapter 5 should
help quantify inter-model errors and sensitiviti@sntercontinental transport.

2.6.3 Measurements networks

To fully understand the impact of upwind emissiona downwind continents, a
comprehensive in situ measurement network musstablkshed to monitor trace gases and PM along
the inflow and outflow boundaries of each contintmbughout the entire tropospheric column and
the lowermost stratosphere. No such network cuyrexists and the logistical and financial barriers
to its establishment are formidable. For the timag, the most accessible observational information
on pollutant import and export will have to comenfr remote sensing by polar orbiting instruments.
The ENVISAT SCIAMACHY? instrument provides column nitrogen dioxide @)l@easurements,
while the AIRS instrument on ttdASA AQUA? satellite provides column CO measurements, and
the MISK instrument on TERRAmeasures aerosol optical depth. The NASA AURAE@tean
monitor G, nitric acid (HNQ),CH,, aerosol extinction, CO, and $( the upper troposphere using
the HIRDLS and MLS limb sounders, while the ORIlinstrument can provide column
measurements of ozone, $@ormaldehyde (HCHO), N§ aerosol optical thickness and aerosol
single scattering albedo. Importantly, the TES&trument on Aura provides tropospheric profiiés
05, CH; and CO, and upper tropospheric profiles of HN@d NQ. While these instruments provide
global coverage, the frequency at which they pass a location means the data are best suited for
monthly or seasonal averages. Other limitationghese instruments are their inability to make
measurements within and below cloud (although MBS measure some trace gases in the presence
of tropical cirrus), the coarse vertical resolutiminthe nadir-viewing instruments (with TES having
the best resolution of 2 km), and the limitationMES in that it can only view the tropical upper
troposphere.
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3. OBSERVATIONAL EVIDENCE AND CAPABILITIES RELATED
TO HEMISPHERIC OR INTERCONTINENTAL TRANSPORT

3.1 Introduction

For several decades it has been possible to meastwsols, ozone ¢gPand the important
aerosol and ozone precursors at the concentrétoms! in the most remote regions in the Northern
Hemisphere. Even the earliest measurements in tbasate regions consistently indicated that long-
range transport exerts a strong influence on tisemed concentrations. For example, dust of Asian
origin has been observed throughout the North Ragfion (Duce et al., 1980; Prospero, 1979) and
studies at the west coast of North America in l@@htified the influence of Asian emissions on the
sulphur budget (Andreaet al., 1988) and on the concentrations of @ydrocarbons, and
peroxyacetyl nitrate (PAN) (Parrish et al., 1992} is now clear that the Northern Hemisphere
“background” concentrations of many atmosphericciggeare elevated by emissions that circulate
globally from all of the continents until they afimally removed. Several chapters in a recent
monograph (Stohl, 2004) give an overview of som#hefevidence for the impact of intercontinental
transport between the three continents at norttemperate latitudes. The goal of this chapter is to
provide a summary picture of this long-range transghat has emerged from surface monitoring,
vertical profiling, intensive field campaigns aratellite data sets.

Each of these four data sources provides a diffggerspective on the issues related to the
scope of the intercontinental or hemispheric transpf air pollutants. Satellites provide a global
view of atmospheric transport patterns for a reédyi few species of interest; often this view is
temporally integrated over weeks or seasons, ajimon favourable cases the evolution of intense
transport events can be followed on a daily scalellite instruments primarily yield column or
partial column data, with limited vertical resotutiand, to a greater or lesser extent depending upo
species, lower sensitivity near the surface. Intensampaigns provide measurements of a much
wider range of species, a more detailed view of ithportant atmospheric processes, and better
spatial and temporal resolution, but these studresgenerally severely limited in temporal and
spatial coverage. Vertical profiling and surfacenitmring yield data sets that have even more lichite
spatial resolution (although enough sites allowadrepatial coverage) and are usually limited ty onl
a few species; however, these efforts make it plesdio discern long-term trends when the
measurements can be sustained on a decadal titee sca

Because of the spatial limitations of intensive paigns, vertical profiling and surface
monitoring, great importance is placed on the prgeéction of measurement locations and sites and
on the interpretation of the resulting data se@taDnust be obtained that are representative of the
long-range transport of the species of interest the region under investigation; thus, the upwind
boundary (i.e. western edge at northern tempeesdiieides) of the receptor region or continent is
usually most appropriate. It is also important énbine boundary layer observations with vertically
resolved measurements in the free tropospheree siwents of concentrated pollutant transport
usually occur in atmospheric layers elevated alibeesurface. It is these concentrated pollutant
transport events that often provide the best oppdres to investigate the relationships between
transported species and the processes that ocdngdong-range transport. Surface sites generally
receive “background” inflow, which is certainly affted by long-range transport, but the effects of
this transport are more difficult to discern. Inddmbn it is often difficult to interpret data from
ground-based sites because measurements are limewitiected by local emissions or loss processes,
and many sites lack measurements that can dis@ienagainst these influences.

The following sections of this chapter discuss tbeg-range transport of Oand its
precursors (section 3.2), aerosols and their psecsir(section 3.3), the implications for surface ai
quality in receptor regions (section 3.4), our iapito determine source regions (section 3.5) and
long-term trends in hemispheric transport (sec®0®). These are followed by some concluding
remarks.

29



Hemispheric Transport of Air Pollution 2007

3.2 Long-range transport of ozone and its precurss

There are three sources of @ the more remote regions of the tropospheredéaynward
mixing from the stratosphere; (b) export from regiavith net photochemicals(production; and (c)
in situ photochemical production from natural anansported anthropogenic precursors. Satellite
data sets provide a large-scale view of the tramgddD; and its precursors from the source regions,
primarily on the continents. In situ measurementsvide much greater detail regarding transport
mechanisms and the production and removal proc#isaesccur during transport. While our focus in
this section is on § additional tracers such as CO (lifetime 1-3 meptlsub-micron aerosol
(lifetime of hours to weeks depending upon remopabcesses), PAN (a product of NO
photochemistry, with a lifetime of weeks in the epfree troposphere), mercury (Hdjfetime of
months) and VOCs species (lifetimes of hours to tmgnare all useful for interpreting in situ
measurements. To fully characterize the transga@i;pit is necessary to understand the transport of
the precursors — NQ CO, and VOCs - that provide the raw materialsfuel the in situ
photochemical production in the more remote tropesg.

3.2.1 The view from satellites

Satellite capabilities have advanced rapidly in plast decade and now provide a critical
global view in cloud-free regions. Present captddi include observations of tropospherig O
(GOME, SCIAMACHY, OMI, and TEY, CO (e.g. MOPITT, AIRS’, SCIAMACHY, and TES) and
NO, (e.g. GOME, SCIAMACHY, OMI). Figure 3.1 presentsample images that provide clear
evidence for intercontinental transport of eackheke three species. Figure 3.1a shows signif@ant
enhancements in the regions of greatest precunsiss®n, i.e. the eastern United States, Europgk, an
East Asia, with a broad enhanced region in the latitiides, associated with export of @nd Q
precursors from the adjacent continental regions.

Satellites have been especially useful in detec@ and aerosols associated with large
biomass burning events and the subsequent transptitbse emissions. Figure 3.1b shows the CO
plumes from intense wildfires in Alaska and Cantw# can be traced across North America and the
Atlantic Ocean. Inverse modelling using the MOZARWodel of Ozone and Related Tracers)
chemical transport model showed that the fires techinbout as much CO as did human-related
activities in the continental United States durthg same time period, about 30 Tg CO for June-
August, 2004. Modelling and measurements also ghatvemissions from the 2004 North American
wildfires caused ground-level concentrations gft@increase by 25 per cent or more in parts of the
northern continental United States and the ceMaath Atlantic and by 10 per cent as far away as
Europe (Pfister et al., 2006; Val Martin et al.0gD

Satellite measurement of the long-range transpomopospheric N@ is quite challenging,
primarily due to the short lifetime of this speciesthe emission regions. Generally only a small
fraction ( 10%) of the NQ originally emitted leaves the boundary layer af tontinental emission
region. However, as indicated in Figure 3.1c lomigrt averages of satellite data can reveal the long-
range transport of NQin this case from North America to Europe. Aiftrebservations as part of
ICARTT (International Consortium for Atmospheric $®@arch on Transport and Transformation)
field study and GEOS-Chem modetalculations provide additional evidence for thipper
tropospheric transport (Martit al., 2006).

! Global Ozone Monitoring Equipment, Scanning Imagitbsorption Spectrometer for Atmospheric
Chartography/Chemistry, Ozone Monitoring Instrumemid Tropospheric Emission Spectrometer.

2 Measurements of Pollution in the the Troposphere.
% Atmospheric Infared Sounder.

“ A global three-dimensional atmospeheric compasitimdel driven by data from the Goddard Earth
Observing System.
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3.2.2 Evidence for ozone and precursor transpantfin situ measurements

Over the past two decades, in situ measurementiucted as part of intensive field studies,
surface monitoring networks and long-term aircraftd sonde programmes have begun to
characterize the impact of long-range transpoither, budget of the troposphere.

Figure 3.1 Examples of satellite measurements of)(&s, (b) CO and (c) NQ. The images
are (a) the seasonal average GOME troposphericeozolumns (Dobson units) for June—
August 1997 (Liu et al., 2006), (b) MOPITT 700 h®@ mixing ratio (ppbv) for 15-23 July
2004 (Pfister et al., 2006), and (c) Tropospheri@, dolumns (1& molec cm) for May—
October 2004, as retrieved from SCIAMACHY (Martket al., 2006). The colour bar in (c)
has been selected to emphasize outflow over thentdl

Figure 3.2 illustrates a concentrated trans-Papifitutant transport event observed at a mountginto
site near the west coast of North America. Surfaies that receive air transported above the marine
boundary layer and aircraft often observe suchrigieliscriminated plumes throughout the Northern
Hemisphere. This event exemplifies the strong ¢aticen often found between ;Gand emission
tracers, in this case CO, mercury and aerosols. Thé CO ratio represents the enhancementjn O
that accompanies an enhancement of pollution trahspor this episode, this ratio is similar to
previously reported episodes of transport from Agiblorth America (e.g. Price et al. (2004)) arel th
excellent correlation suggests that @nd/or its precursors were transported togetheh wie
emission tracers from the Asian source region.
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Figure 3.2 Concentrated trans-Pacific pollutant traasport event observed at
mountaintop site near the west coast of North Amecia. Observations of ¢) aerosols, Hg
and CO in a plume transported from Asia to the Bétchelor Observatory in Oregon near the
west coast of the United States in April 2004. Thevs. CO linear correlation gives af R
value of 0.84 and a slope of 0.22 (Jaffel., 2005).

The commonly observed correlation betweena@d emission tracers in transported plumes
is strong evidence for the impact of long-rangegpmrt on the ozone budget, but that evidencetis no
unequivocal. Figure 3.3 shows the-CO correlation from the ITCT-2K2 campaign conddotéf the
west coast of North America during spring 2002. three flights of the National Oceanic and
Atmospheric Administration (NOAA) WP-3D aircraftlumes of anthropogenic emissions were
encountered (defined by CO>150 ppbv). Modellingha air mass transport history confirmed Asia
as the source region. Two of the plumes exhibiitpesO;-CO slopes, which suggests thaf ias
indeed produced in these plumes from Asian antlgepic sources. This production could have
occurred within the Asian continental boundary taye during trans-Pacific transport. For the 17
May plume, the @CO correlation slope is 0.19, very similar to tlepe found for the plume
illustrated in figure 3-2. However these springtiplemes are typically lofted from the Asian source
region by warm conveyor belts associated with ratitelde cyclones. These cyclones also contain a
dry air stream that brings high concentrations gfoDstratospheric origin into the mid- to lower-
troposphere where these plumes were encountereapb¢C@t al., 2004). Ozone of stratospheric
origin is certainly responsible for the concentmasi above 100 ppbv observed during the May 10
flight, and could conceivably account for the obeerQ enhancements on all three flights (Nowak
et al., 2004). In contrast to these lofted Asiaimps, significantly higher £CO slopes are observed
in the central North Atlantic lower free troposphdHonrath et al., 2004), a region impacted by
North American emissions transported in low-levetflow of the type described in (Owen et al.,
2006).
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Figure 3.3 One-minute average @versus CO measured during the ITCT-2K2 aircraft
campaign. The figure includes all data without recent Nortméyica influence; they are
colour-coded by measured N€oncentration. On three flights, concentrated siof Asian
emissions were encountered and these are idenkfietie symbols noted. (Figure adapted
from Cooper et al. (2004) and Nowak et al. (2004))

Some evidence does point to the importance of tin G formation during trans-Pacific
transport. All three plumes in figure 3.3 were eltderized by strong correlations of CO with NO
(Nowak et al., 2004). The average N¢&rsus CO slope of these correlations is muchlemidlan
the Asian NQ to CO emission ratio, which implies tha®0 per cent of the originally emitted NO
had been removed from these plumes before or dtnangport. For plumes transported in at mid- to
high altitudes, most of that N@vas in the form of PAN (Roberts et al., 2004). wdwer, the 17 May
plume had subsided during the previous few daysaokport and HNg) rather than PAN, accounted
for most of the NQ The observed relationships among these speciesbeaexplained by the
following hypothesis. Lofting of air from the moi#sian continental boundary layer produces
precipitation that scavenges most N&s well as aerosols and other soluble gas-phasgiesp
Consequently, the relatively insoluble PAN (the onafficiently transported NOspecies) is lofted
in the air along with any £that already had been produced in the boundagy.l&/hen the pollution
plumes eventually descend at far downwind distare&® decomposes to release N@ precursor
required for photochemicalgroduction. Thus, in subsiding plumes in sitypBoduction, transport
of O; from the Asian boundary layer and input from theatesphere may all contribute to the
observed @ enhancements. This hypothesis is consistent Wwehnodelling work of Moxim et al.
(1996) and Hudman et al. (2004), and the obsematid Kotchenruther et al. (2001). To determine
the exact fraction of the Oenhancement that is due to each of these threeesouequires
observations in consort with detailed chemicalgpamt modelling.

The International Global Atmospheric Chemistry (IGAsponsored ITCT Lagrangian 2K4
experiment, which was part of the ICARTT field caaigm in summer 2004, provided the opportunity
to model in situ formation of Pand to compare that modelling with observationsatTstudy
employed four aircraft to investigate the evolutioh pollutants during transport from emission
regions in North America across the North Atlandiaeceptor regions in Europe. Two aircraft were
operated from North America, a third in the cenitaltth Atlantic from the Azores, and a fourth from
Europe. Methven et al. (2006) identify four castaen the same air mass was sampled by aircraft on
both sides of the Atlantic, three of which alsoluged sampling in the central Atlantic. Trajectory
calculations, temperature, humidity and hydrocarffiogerprints were analysed to establish the
successful interception of the same air massesiré-ig.4 illustrates the measurements and model
simulations of those measurements made from thirerafh during one of those cases.
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Figure 3.4 Measured and modelled @versus CO from aircraft over the western North
Atlantic. The first aircraft measured near the North Americaast (black +). The lines give
linear fits to measurements (not shown with symbiotsm a second aircraft 2 days later over
the Central Atlantic (red line), and a third airftra days later over Europe (blue line). The
model simulations, initialized with the black plgsg@ave results in excellent agreement with
the measurements: the red triangles after 2 daydtenblue diamonds after 5 days (Real et
al., 2007).

Figure 3.4 illustrates our emerging ability to alvgeand model long-range transport and the
evolution of Q and its precursors during that transport. Atmospheansport models operated in
forecast mode successfully guided three aircradt énpollutant plume during its transport across th
entire North Atlantic basin. Chemical transport misdoperated in a retrospective mode have
provided accurate simulations of the @rmation, precursor evolution and plume dilutithat
occurred during transport. This exampapresents forest fire emissions from Alaska euhitieeeto
four days before the first measurement near the aeast of North America. Measurements in the
plume showed enhanced concentrations of CO, hyrbona and oxidized nitrogen species, mainly
PAN. Maximum observed {evels increased by 17 ppbv over five days, ard@hvs. CO linear
correlation slope increased from about -0.03 tdd80These increases were due to photochemical
production initiated by PAN decomposition, whicleased the NQozone precursor, during descent
of the plume towards Europe. Significant dilutiomcempanied this plume descent. These
measurements and their successful reproductiondmleling demonstrate our current understanding
of long-range transport of pollution plumes in fhee troposphere (Real et al., 2007).

The transport examples discussed above occurred Asia to North America (figures 3.2
and 3.3) and from North America to Europe (figur#) 3transport between Europe and Asia is much
more difficult to directly discern because it oxyredominately within the continental boundary
layer over Eurasia (Stohl et al., 2002; Wild andiméto, 2001). The diurnal boundary layer
evolution and convection processes disperse amdeditansported air masses, and deposition and
photochemical destruction lead to more rapid rerh@¥aO; and its precursors. Nonetheless, the
possible impact of European pollution on Asia haserb demonstrated from ground-based
observations at Mondy, a remote mountain site st &beria. Figure 3.5 shows that énd CO
mixing ratios in air masses transported from Eurape higher than those from Siberia and high-
latitude regions. The residence time analysis ofrasses transported from the European continent
indicates that CO mixing ratios significantly dexse with longer transport time of air masses from
Europe. This decrease is due to photochemical hgskydroxl radicals (OH) and the dilution of
polluted European air by continental background cring air mass transport over Eurasia
(Pochanaret al., 2003).
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3.2.3 Long-term trends in background ozone

Studies have documented increases over the pastdeeades in the “background”
concentrations of ©in onshore flow at the west coast of Europe andtiNamerica (see figure 3.6).
This increase has occurred while peakcOncentrations have declined in many of the meresdly
populated areas of the United States and Européod@eluctions in local emissions of Nénd non-
methane hydrocarbons (NMHCSs) precursors (EMEP, 2005S. Environmental Protection Agency,
2003). In Europe, observations at Mace Head, Itgléigure 3.6a) between 1987 and 2003 show an
increase in all seasons with an annual mean inereB8.5 ppbv yt (Simmonds et al., 2004). A
similar increase has been seen from ship-basedvattiems in the upwind North Atlantic between
1977 and 2002 (Lelieveld et al., 2004). At ther@&n high-altitude mountain site on Zugspitze, a
significant increase in Owvas observed between the early 1980s and 1995 nwisignificant change
seen since then (Oltmans et al., 2006). Along tlestwoast of North America, three sets of
observations — at marine boundary-layer surfaces gffigure 3-6b), at Lassen National Park in
Northern California, and from aircraft — all indied a positive trend in £of 0.4-0.7 ppbv/year,
depending on season, between 1984 and 2002 (Jaffe 2003a). Fiore et al. (2002) used the GEOS-
Chem chemical transport model to interpref @servations in North America and found that
background @produced outside of the North American boundaygidaontributed an average of 25-
35 ppbv to afternoon roncentrations in surface air in the western Wh8éates and 15-30 ppbv in
the eastern United States during the summer 0f.1995

Without a west coast, it is much more difficultdstablish long-term trends for background
O; entering Asia. Evaluation of data at Okinawa, dafeom 1989 to 1997 indicates an fDcrease
of 2.5 per cent/year in Asian continental air dgrthe winter-spring period (Lee et al., 1998). aAt
rural station in Hong Kong Special Adminstrativegite of China, Chan et al. (2003) found agp O
increase of 1.5 per cent/year for the period 1998991which was attributed to increasing emissions
from China. Tanimoto (2007) reported ag t@nd of 0.0-0.4 ppbv/year for boundary layersaad
1-2 ppbvlyear for elevated locations from the B®®0s to 2004 based upon 12 sites in Japan and
several island sites downwind of East Asia.

Several studies have investigated trends in trdpersp column Q. Logan et al. (1999)
concluded that the trend in tropospherig v@as highly variable and dependent upon locatidre T
European sites studied showed a positive trenddsstvi970 and 1996, but this trend became less
significant if the analyses were started from 1€&6@er than 1970. Over Canada, the trend appears to
be negative over this same time period. Over Japartrends are similar to those over Europe. Thus,
Logan et al. (1999) concluded that it was not pmssto derive a mid-latitude trend given the
variability observed. Oltmans et al. (2006) perfedma similar study and reached similar conclusions
with regard to the large amount of variability ihettrends between sites. Naja et al. (2003)
investigated the European; Gonde launches from the Hohenpeissenberg, GernasyPayerne,
Switzerland, sites and found some suggestion ahemrease in the background @p to about 1990
followed by a possible decrease. Fusco and Log@A3j2identified a complex pattern of changes
with a decrease in upper tropospheric @er most regionand an increase in middle and lower
tropospheric @ over Europe and East Asia. Zbinden et al. (20@8)vdd temporal trends from
MOZAIC (Measurement of Ozone on Airbus In-serviceckaft) profiles measured over Germany,
France, New York and Japan from 1995 to 2001, firey significant positive trends of 0.7 to 1.6
per cent/yr at all 4 sites with the strongest iasess in winter. Based upon 25 years of TOMS (Total
Ozone Mapping Spectrometer) and SBUV (Solar Badtexcdlltraviolet Radiance) satellite data,
Ziemke et al. (2005) derived a consistent incréasbe Pacific tropospheric &olumn in the mid-
latitudes of both hemispheres.
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Figure 3.5 O; and CO mixing ratios measured at Mondy, Russian Feration. Frequency
distributions of 1-hr averages@nd CO mixing ratios in different air mass regiémsn July
1997 to December 1998: (a) @istogram; (b) @box chart; (c) CO histogram; and (d) CO
box chart. Numbers in (b) and (d) indicate datagetiles (Pochanart et al., 2003).

Figure 3.6 “Background” concentrations of Os; in onshore flow. Increasing marine
boundary layer ©trends at (a) Mace Head, Ireland (Simmonds et204) and at the (b)
North American west coast (Jaffe et al., 2003a).

In summary, the majority of studies have found ificent positive temporal trends in the
background @ at northern temperate latitudes. However, theesdemain significant uncertainty
regarding the magnitude and exact cause of theseeases that deserves further research.
Nevertheless, most researchers have identifiedptireary cause as increasing emissions gf O
precursors at those northern temperate latitudgs Rarrish et al. (2004)), with the product&nd a
fraction of the precursors transported hemisphede-wThis transport is reflected in the spatial
distribution of Q depicted in figure 3.1.
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3.2.4 Summary, remaining uncertainties and futuweds

Numerous surface, sonde and aircraft-based irobiservations, as well as satellite data, all
show that intercontinental transport of, ®@ither from direct transport or from in situ postion from
transported @precursors, does indeed occur. Given the knowldaaeintercontinental transport of
O; can contribute to degradation of surface air dquale.g. section 3.4) and the evidence for
increasing backgrounds;Oit is important to develop a comprehensive untdading of this transport.
Satellites (e.g. figure 3.1) provide a clear intma of general @transport patterns, a view of direct
intercontinental transport of CO associated withc#z sources, and a general picture of nitrogen
oxide sources and its transport. In situ measuresfesm aircraft and mountaintop sites (e.g. figure
3.2-3.5) have characterized intercontinental trarisgvents. It has even proven possible to track an
identified air mass during a complete trans-Atlarjturney (e.g. figure 3.4) and to successfully
model the in situ chemical transformations thatuod during that transport. It is also clear tiwt
background @in the troposphere has changed in important wags the past two to three decades
(e.g. figure 3.6). A number of scientific questiatsremain that should be the focus of future work:

What is responsible for the positivg tBends seen at many background sites? Can further
analyses reduce the uncertainties in the deriegdi§? Can models successfully
reproduce the observed trends?

How can we use observed correlations ¢fM@h various tracer species (e.g. CO,
hydrocarbons, Hg, etc.) to quantify the @nsport associated with anthropogenic,
biomass burning and stratospheric sources?

How is the intercontinental transport flux of Givided between “plumes” and
“background” air?

What is the optimum observation strategy for in gsiteasurements to characterize further
the present intercontinental transport gfe® well as the future evolution of that
transport?

To what extent can satellite observations be usédtk Q on a daily, weekly and
monthly basis?

How can we best integrate in situ observationssatellite data with regional and global
models into a consistent picture of intercontinkmtmsport?

3.3 Long-range transport of aerosols and their precursos

Chemical analysis has indicated that aerosols rimote regions originate from a variety of
primary emissions (dust, biomass burning, sea spndyanthropogenic sources) and are produced by
secondary formation within the atmosphere from prgars both natural (e.g. dimethyl sulfide
(DMS), VOCs) and anthropogenic (e.g. SQIO,, VOCs). We find evidence of the long-range
transport of aerosols from surface and aircraftitt measurements, remote measurements by lidars,
and satellite products. Networks of oceanic statieith measurement records that began as early as
1965 provide evidence for long-term trends. Analysi satellite aerosol products have begun to yield
guantitative estimates of pollutant aerosol transpoross ocean basins, which can provide a strong
constraint on model estimates.

3.3.1 Insitu and lidar observation of pollutantasol outflow from continents

The outflow of aerosols and their precursors fromimand Asia and North America has
been studied from downwind island sites. Bermudajta of long-term measurements from the
AEROCE (Atmospheric/Ocean Chemistry Experiment) gaign (Prospero, 2001), has provided a
great deal of information on the outflow o,@erosols and their precursors from North Ametiica.
Asia, dust and anthropogenic aerosols transportea €hina have been observed in Japan; figure 3.7
illustrates one example event. Two peaks due tbrepbgenic aerosol were observed at 0:00 and
15:00 on November 7, 2005. The first peak was @ssat with little if any dust. The second peak
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just preceded the dust arrival, which persistedrafhthropogenic aerosols decreased. The elemental
carbon/organic carbon (EC/OC) ratio stayed at Qund the whole episode, which indicates that
anthropogenic aerosol was present even when dusindted (Takami et al., 2006). Episodes of
enhanced SOconcentrations measured at the summit of Mt. Bajpan, (3776 m above sea level)
provide another example of Asian outflow. Enhan@ @ and radon°’Rn) concentrations always
accompanied the enhanced,SOncentrations, and backward trajectories for w@nts indicate an
Asian continental origin (Igarashi et al., 2006).

3.3.2 Observations of pollutant aerosol in contitag inflow

Measurements on the eastern sides of the Atlamiit Racific Oceans record arrivals of
pollution aerosol from North America and Asia, resfively. At Mace Head, Ireland, anthropogenic
sulphate has accounted for 85-90 per cent of tla ton-seasalt sulphate (nss;p@uring marine
inflow conditions, indicating that the aerosol aed from across the ocean (Savoie et al., 2002).
Supporting evidence for that conclusion is providsdthe comparison of Mace Head data with
comparable concentrations at similar latitudeshim $outhern Hemisphere; figure 3.8 indicates that
the nss-SQvalues at Mace Head are several times higherith#ite southern hemisphere (Barrie et
al., 2001). In addition, the observation of eledakevels of black carbon aerosol at Mace Head in
1998 were traced back to Canadian wildfires (Forsteal., 2001), demonstrating clearly that long-
range transport of significant amounts of aerofwish North America to Europe is possible, which
was confirmed by a similar case during ICARTT. Heer analyses within EARLINET (European
Aerosol Research Lidar Network) have shown thabsmrplumes from the North American
boundary layer are mostly not similarly intensegreduring years with enhanced forest fire activity
in the United States (EARLINET, 2003). Measuremetgs clearly demonstrate that Asian industrial
sources account for at least some of the elevaribal events that are observed at the west cbast o
North America. Figure 3.8 in the preceding sectifustrates an episode of elevated sub-micron
aerosol scattering that corresponds to approxim@@Ilug/ni of PM,. The observed HECO ratio in
this episode indicates that the detected aerosel aggociated with Asian industrial sources, not
mineral dust or biomass burning (Jaffe et al., 20U8iss-Penziast al., 2007).

During the ITCT-2K2 campaign, aircraft on the wesiast of North America observed
additional evidence of trans-Pacific transport mthaopogenic Asian aerosols. Figure 3.9 illustrates
aerosol measurements made during an aircraft ertbfibugh layered plumes marked by variations
in CO concentrations. Transport modelling idendfisia as the emission source region. In the layer
with the highest CO concentrations (5.3 to 6.8 kthg observed particle size distributions and
sulphate mass concentration were consistent witrlyngoure sulphuric acid (@$0,) particle
formation over the mid-Pacific from gas-to-partictenversion following long-range transport of SO
through a mid-latitude cyclonic system. Such cleydtems effectively scavenge most pre-existing
particles, but allow transport of gas-phase premarghat, in some cases, substantially alter
downstream particle microphysical and chemical prigs. The hygroscopicity of 80, suggests a
larger potential climatic effect if particles amarisported intercontinental distances in the fofm o
acid droplets rather than as fully or partially tialized sulphate@Brock et al., 2004).
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Figure 3.7 Aerosol transport event observed at CapHedo, Okinawa, JapanFrom top:
(a) sulfate and organic components; (b) organibamar elemental carbon and RPM and
vertical distributions of ¢) dust (non-sphericalktpdes) and (d) deliquesced anthropogenic
aerosol (spherical particles) (Takastial., 2006).
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Figure 3.8 Average sulphate levels measured at ocgasites in the Northern and
Southern hemispheres(Barrie et al., 2001).

Figure 3.9 Aerosol measurements marked by variatianin CO concentrations.
Vertical distributions of CO with aerosol particlember size distribution (left) and
particle volume size distribution (right) in a planof emissions transported from
Asia. The measurements were made near the wegtafdderth America on 5 May

2002. (Figure adapted from Brock et @004)).
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Below the CO-rich layer (3.7 to 5.3 km), a layeresthanced particle volume with much lower CO
concentrations was observed; the aerosol in tyer lvas dominated by mineral dust, also of Asian
origin. Above the CO-rich layer (above 6.8 km) vasther layer with elevated particle number
concentrations; measurements of species such &mncke, along with the modestly elevated CO
concentrations, indicated that this layer carrigdriass burning emissions.

3.3.3 Long-term record of aerosol transport acrossan basins

Strategically placed island sampling sites haveviged important information about
pollutant aerosol transport across ocean basinghdNorth Pacific, weekly aerosol samples from
Midway lIsland, 1981 to 2001, include nitrate and-8€) measurements. Concentrations show a
strong seasonal cycle with maximum concentratiorgpring, coincident with the cycle of Asian dust
transport. The lowest concentrations occur in tirareer, when dust transport is also at a minimum.
The increased concentration of springtime nitraie Bss-SQis attributed to the impact of pollution
transport from Asia. Each spring, several larg@sarpeaks occur at Midway that can be directly
associated with large-scale pollution episodes sesatellite images.

The impact of continental pollution sulphate soareg island sites in the North Atlantic is
reflected in the presence of trace elements, atgnany is found in high concentrations in emission
from smelters and from some fossil fuel combusiiwacesses. At Bermuda, which is frequently
impacted by pollution from North America, the peakssulphate are correlated with peaks in
antimony. A similar close relationship is seenzatfia Observatory, Tenerife, Canary Islands (figure
3.10). The high correlation between these two geaffirms that pollution sources are dominant. At
stations in the North Atlantic the impact of poitut sources is also evident in the relatively high
concentrations of iodine, selenium, vanadium, and ¢Arimoto et al., 1995). From comparisons of
the measured concentrations of antimony and mesiiépienic acid (MSA, an oxidation product of
DMS, a biogenic precursor of aerosol sulphate)pfast al. (2002) estimated that, on an annual

¢ SbwsSH4 .
— Linear (Sbvs SO9)

y=47.87x
R=074

Figure 3.10 Correlation between the concentrationsf antimony and nss-SQ at Izafia,
Tenerife, Canary Islands, from 30 April 1989 to 30April 1993. (Figure adapted from
Savoie et al. (2002))

basis, anthropogenic sources account for about &0cpnt of the total nss-30n aerosols at
Barbados, 70 per cent at Bermuda, about 90 peratdméfia, and 85-90 per cent at Mace Head. In
contrast to these Atlantic sites, at remote sountlmmean stations such as American Samoa, the
concentrations of antimony in aerosols are at #tedfion limit of the analytical procedure.
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3.3.4 Quantitative estimates of total pollutionas®l transport from satellite

In situ measurements provide strong evidence fiatdontinental transport of anthropogenic
aerosol from Asia to North America and across thiamic Basin is a significant and persistent
occurrence. Satellites uniquely provide clear isoeges of aerosol transport that considerably
enhance the interpretation of in situ measuremdntages of the global distribution of aerosols
clearly show the hemispheric/intercontinental tpams of aerosols. Such transport has also been
documented for many specific case studies; figutd 3hows one example. Such images provide
gualitative evidence of intercontinental transpoftaerosols, but generally they do not provide
quantification of the transport flux, or distingai®etween pollution aerosols and natural aerosols
such as mineral dust, which often dominates theamples.

Following Kaufman et al. (2005), who applied a ditative method to determine the net
transport of dust from Africa to the Amazon bam, et al. (2007) have used MODerate resolution
Imaging Spectroradiometer (MODIS) aerosol productsdetermine the transport of “pollution”
aerosol across the Pacific Basin. They isolateptiiition portion of the aerosol optical thickness
measured by MODIS and translate the optical thisgn® total column mass using relationships
derived from field experiments. Analysed wind fielthen allow a quantitative calculation of the
amount of pollution mass leaving the Asian contin@nd the amount arriving at North America.
Figure 3.12 shows the results. MODIS observes T§/gr leaving Asia within the latitude range of
30 to 66N and 4.2 Tg/yr arriving in North America. This cpares well with a chemical transport
model (Goddard Global Ozone Chemistry Aerosol Rafialransport (GOCART)), which estimates
14.5 Tglyr leaving Asia and 4.8 arriving in Norttmarica. Pollution is defined in the model as the
sum of black carbon, organic material and sulpleateponents. The MODIS data show a seasonal
cycle with a transport maximum in spring, but tygors is observed in all seasons. Uncertainty
analysis shows that the estimation of the aeroankport height contributes the largest uncertamty
the satellite-based estimate. Adding informatiaonfrCALIPSO (Cloud-Aerosol Lidar and Infared
Pathfinder Satellite Observations), will decreabis tuncertainty and make such satellite-based
estimates of cross-oceanic transport a reliablstcaint on model estimates.

3.3.5 Summary, remaining uncertainties and fuheeds

The intercontinental transport of aerosols, paldidy mineral dust and smoke from forest
fires, is qualitatively well documented. In situ &aserements have characterized the chemical and
physical aerosol properties, and in some casesiillated secondary aerosol formation from
transported precursors in a variety of case studidsrs, both surface-based and satellite-borree, a
providing large data sets that promise to char&et¢he frequency of occurrence of aerosol trarispor
events and the meteorological conditions respomdibt them. Lidars also give some important
information regarding the aerosol physical and dbahproperties. Finally, tools are emerging to
provide quantitative estimates of transport flupégollutant aerosol as well as dust. This aerosol
transport has important air quality implicationsineral dust can make significant contributions to
PM in downwind continents. The long-range transmdraerosols also underlies two of the major
drivers of regional and global climate change, direct interaction of aerosols with solar radiation
and the interaction of aerosols with clouds, wtiffiects the radiative properties of those clouds. |
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April 8/7, 2001 Apil 9/8, 2001

April 6/5, 2001 April 7/6, 2001

April 12/11, 20D April 13/12, 2001

April 10/9, 2001 April 11/10, 2001

April 16/15, 201 April 17/16, 2001

April 14/13, 2001 April 15/14, 2001
Figure 3.11 Hemispheric/intercontinental transport of aerosols.A sequence of daily (5-16
April 2001) aerosol index images from TOMS thatwhahe transport of a very strong aerosol
event that originated in Asia and crossed the RacifNorth America. This aerosol was identified
as desert dust. Two dates are shown for each ifecguse the images straddle the international

date line. (fromhttp://jwocky.gsfc.nasa.gov/aerosols/today_plusi@@asia_dust.htm)l
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Figure 3.12 Calculated amount of pollution mass leang the Asian continent and the
amount arriving at North America. Estimates of annual pollution aerosol flux leavigja

in the West Pacific (left) and arriving in North Asmica in the East Pacific (right) for different
latitude ranges. The blue bars are derived from N8&erosol products, and the red bars are
estimates from the GOCART model (Yu et al., 2007).
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this regard, the transport of secondary organiosmés and black carbon are particularly important.
number of scientific questions should be the fadfusiture work:

What are the sources and properties of the orgamiponent of aerosols? Presently they
are very poorly understood (Heald et al., 2005;Keoier et al., 2006)What are the
guantitative fluxes of aerosol (pollution, dustpimiass-burning emissions) transported
between continents?

What are the important source regions of blacka@PbWhat are the relative magnitudes
of these sources? How is it transported and remfreed the troposphere?

What is the optimum observation strategy for in siteasurements to characterize further
the present intercontinental transport of aeroaslsvell as the future evolution of that
transport?

To what extent can satellite observations be usdrhtk aerosols on a daily, weekly and
monthly basis?

How can we best integrate in situ observationssatellite data with regional and global
models into a consistent picture of intercontinkmtsport?

3.4  Concentrations seen at downwind receptor locams and implications for
surface air quality in those regions

From an air quality management perspective, we wisknow: What is the effect of long-
range transport of air pollutants on the local emriations of ozone and aerosols? The answeisto th
guestion has two aspects. First, what are the maxirooncentrations transported to the receptor
location during a transport event? Such maximuipaicts can potentially push a local area over its
air quality standard. Second, what is the effedheftransport on the average background levets? |
is these background levels that determine how naazl pollution can be tolerated before exceeding
the local standard.

3.4.1 Ozone concentrations

Figure 3.6 illustrates the increase of i@ marine boundary layer air coming ashore at the
west coasts of Europe and North America. The aeeitagnds observed imply an increase of
approximately 10 ppbv over the preceding two desadlkis increase represents a substantial fraction
of the air quality standards on the respectiveinents (120 g mi® or about 60 ppbv, 8-hour average
in Europe and 80 ppbv, 8-hour average in the UnB&tes). Clearly, less local; @roduction in
continental regions receiving inflow from the updimarine area can be tolerated before the ambient
standard is exceeded. Figure 3.5 indicates that ftom the European continent also significantly
impacts the background;@vels over the downwind Asian continent.

Episodic enhancement of surface levglaSsociated with Northern Hemisphere transport of
O and precursors has been observed at high-elevatations in the western United States (Jaffe et
al., 2005). Figure 3.2 shows; @oncentrations exceeding 70 ppbv. The enhancepfetite Q
concentration above the background of about 40 pydsvlinked to transport of Asian anthropogenic
emissions through back trajectory analysis andaidémt chemical markers.

Model calculations are required to apportion thesesbed Q@ concentrations among
“background,” i.e. a long-range transport contritmut and local pollution. Figure 3.13 illustrates
results from one such calculation for a relativieigh-altitude site in California. The model results
indicate that the 17 May plume of anthropogenicssions (included in figure 3.3) impacted the site
during this period. The 7-10 ppbv attributed toglsange transport is only about 10 per cent of the
observed concentrations on that particular day, that enhancement pushed the observed
concentrations over the standard. Figure 3.14tilitiss an episode wheny @oncentrations exceeded
the air quality standard at a lower altitude swefaite (Jaffe et al., 2004). The long-range trariSpo
this episode from Siberian forest fires increasedase level ozone values by about 15 ppbv. The
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local and long-range contributions are shown sthdkelifferent orders to demonstrate that transport
and local pollution both bear responsibility focerding the standard.

Models also suggest that North American emissi@ve lsubstantial effects on Europe. Li et
al. (2002) find in their model that 20 per centtloé exceedance of the European Community ozone
standard in the summer of 1997 over Europe woultl mave occurred in the absence of
anthropogenic emissions from North America. ThesglNAmerican effects are relatively small and
not easily detected in surface observations, bey thre large enough to push the observed
concentrations over the standard.

3.4.2 Aerosol concentrations

The discussion of the impact of aerosols on airliguan downwind regions has been
generally limited to the episodic transport of d@e particularly severe example of the transpbrt
Asian dust is the April 2001 episode, which leclevated surface levels of BMin Salt Lake City,
Utah, in the U.S. Rocky Mountain region and Atlar@eorgia, in the eastern United States (figure
3.15). The dust was transported initially in theefriroposphere, and then brought to the surface
through a combination of processes, which differedh region to region. Subsequent mixing with
local pollutants led to PM levels exceeding the new daily standard of 35 f.gburing this specific
case, the dust passed above the Pacific NorthegstSeattle, Washington) and had greater impact at
the surface in the Rocky Mountains and easternedritates. This event was diagnosed through a
combination of air mass trajectory calculationgelite imagery (episode illustrated in figure B)1
and use of chemical markers (figure 3.16), proxdngjear Asian dust signature crossing the United
States. Dust transport from North Africa impactsvale region of the Western Atlantic, the
Caribbean, and the southern and eastern UnitedsStRerry et al., 1997, ; Prospero, 1999). Figure
3.17 shows the monthly mean mineral dust concémtratmeasured on Barbados and at Miami,
Florida, indicating levels approaching or exceedhmgcurrent United States daily standard for,BM
Strong low pressure systems can sweep African oust northerly direction also, across the
Mediterranean and into Europe as far north as Bdgl&candinavia (Engelstaedter et al., 2006) and
Iceland (Sodermann et al., 2006).
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Figure 3.13 Ozone concentrations observed at Seqgadiational Park, California (36 N,

118 W, 1890 m altitude) in May 2002 versus the egponding Asian pollution enhancements
simulated by the GEOS-CHEM model (Hudman et alo430 Red symbols indicate the period
17-20 May when observed;@xceeded the standard.

Figure 3.14 Contributions from three sources to suace G; for Enumclaw, Washington,
on 6 June 2003 Jaffe et al., 2004).
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The impact of the long-range transport of anthr@pag aerosols on local and regional air
quality is less well characterized by observatiodswever, this transport likely has significant
effects in particular episodes. For example, thresae levels illustrated in figure 3.2 correspond t
about one half of the United States daily RMtandard.

Figure 3.15 Contributions from three sources to suface PM, 5 in three United States
cities (adapted from Jaffe et al. (2003b)).

3.4.3 Summary, remaining uncertainties and fuheeds

Long-range transport affects the concentrationszohe and aerosols at downwind receptor
locations, but there exists a clear distinctioweein the effects of this transport on these twaispe
In situ observations document episodic elevatedceatnations due to transport of both ozone and
aerosols, but the latter are much more pronounfedlyses of long-term observations also generally
find that the background {Oconcentration in marine air at the west coast&wfope and North
America has increased over the past two decades. dtear that @ is, in effect, primarily a
hemispheric pollutant with a rising, hemisphereavidackground; only infrequent significant
elevated surface levels result from long-rangesart. For aerosols, spectacular enhancement events
have been observed at the surface, but very claekgbound concentrations can still be observed
throughout the globe. The episodic enhancementtewdm yield an average elevation of the total
aerosol column over the long term.

Despite observations of the effects of long-ramgegport, the implications for surface air
quality can only be determined from models, andé¢hmodels are still rather uncertain. The future
needs here lie largely in the improvement of madbisth through improvement in the model
parameterizations and in testing the model's abtlit quantitatively reproduce both the observed
episodic enhancements and the long-term increadesckground concentrations.
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Figure 3.16 Eastern movement of Asian dust plume aass the United States based on
measurements from the IMPROVE (Interagency Monitoring of Protected Visual
Environments) monitoring network. Silicon served as a dust tracer linking eleva@d

concentrations to Asian-derived dust air mass éJeiffal., 2003b).

Figure 3.17 Monthly mean mineral dust concentratios measured at Barbados (red) and
Miami, Florida (blue). (Prospero (1999) updated; Prospero and Lamb (2083ted)
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3.5 Observational evidence for attribution of souce regions

From an air quality management perspective, we avaldo like to know: What are the
relative contributions from different source regioto the long-range transport of air pollutants
affecting the local concentrations of ozone andsws? The answer to this question is generally
available only from model calculations and reallgver directly available from observations.
However, there are inverse modelling approacheglaeveloped that directly utilize observations to
improve emission inventories. The emission invaatoare in themselves not truly source attribution
for locally observed ozone or aerosols, but theyatldeast identify the relative magnitudes of
emissions of @precursors and aerosols as a function of sougierre

3.5.1 Inverse modelling of emissions from satetldta sets

Inverse modelling is a formal approach to inferlygait source strength from observations of
atmospheric concentrations. A chemical transpordehds often used to calculate the emissions of
various pollutants that would reproduce the obgema. This “top-down” information is being used
to evaluate and improve “bottom-up” emission ineeigs. Satellites provide a major source of
observations used for inverse modelling of emission

The GOME (Burrows and Weber, 1999), SCIAMACHY (Baoseann et al., 1999), and
OMI (Levelt et al., 2006) satellite instruments yide the capability for global retrievals of
tropospheric N@ and formaldehyde (HCHO) columns, as shown in #gui3.18 and 3.19,
respectively. Tropospheric N@olumns are closely related to surface,N@issions due to: (a) the
large increase in the NO/N@atio with altitude; and (b) the short lifetime MO, in the lower mixed
layer. Leue et al. (2001) initially applied GOMEtrrevals of tropospheric NOcolumns, together
with an assumed constant global Nifetime, to derive a global NOemissions inventory by mass
balance. Martin et al. (2003) further improved bis approach by using coincident local information
from a chemical transport model (GEOS-Chem) onNfg lifetime and the N@NOy ratio, and by
combining top-down constraint with a bottom-up Bprinventory to produce an optimal a posteriori
inventory. Jaeglé et al. (2005) developed a metbodjlobal partitioning of satellite-derived NO
sources into contributions from fossil fuel comlmst biomass burning, and soil emissions.
Subsequent improvements to Ni@versions include developing an adjoint methodifiderence of
emissions (Muller and Stavrakou, 2005), applyingioeal models at higher resolution (Kim et al.,
2006; Konovalov et al., 2006), and better accognfior free tropospheric NQOn the inversion
(Wang et al., 2007).

HCHO columns are closely related to surface VOCgsions since (a) HCHO is a high-
yield intermediate product from the oxidation odcgve non-methane VOCs and (b) reactive VOCs
have a short lifetime. Palmer et al. (2003) firsteloped a method for deriving emissions of VOCs
using GOME retrievals of HCHO over North America; bpplying an inversion based on the
relationship between the HCHO column and the suM@E emissions scaled by their HCHO yields.
Abbot et al. (2003) found that the seasonal vanain GOME HCHO columns over North America
is broadly consistent with the seasonal cycle opriene emission. Fu et al. (2007) applied GOME
satellite measurements of HCHO columns over EadtSouth Asia to improve regional emission
estimates of reactive non-methane VOCs, and founed need for a 25 per cent increase in
anthropogenic VOC emissions and a five-fold inceeiasbiomass burning VOCs emissions in order
to be consistent with the satellite observations.
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Figure 3.18 Tropospheric NQ columns captured with various satellite instrumens
(Left) Tropospheric N@columns for 2004-2005 determined from the SCIAMACkhtellite
instrument. (Right) Surface NOemissions for 2004-2005 determined through inverse
modelling of the SCIAMACHY observations using a wtieal transport model (GEOS-
Chem). ICARTT Aircraft measurements support the S/TACHY inventory (Martin et al.,
2006).

Figure 3.19 Tropospheric HCHO columns captured with various satllite instruments
(Left) HCHO columns over the United States deteadifrom the OMI (Ozone Monitoring)
satellite instrument for summer 2006. (Right) Isom@ emissions determined through inverse
modelling of the OMI observations using a chemicahsport model (GEOS-Chem). Aircraft
measurements show that isoprene is the dominantcesoof variability in column
formaldehyde over North America (Millet et al., B)0

The availability of near-global and long-term COsebrvations from space, in conjunction
with global chemical transport models, has allowled use of inverse methods in constraining
regional CO sources (Arellano Jr. et al., 2004;llar® Jr. et al., 2006; Heald et al., 2004; Petbn
al., 2004; Pfister et al., 2006; Stavrakou and BtIR006), as shown in figure 3.20. This has
provided insight into our understanding of pres#st-fossil-fuel and biofuel use and on the patterns
of biomass burning activity. For instance, invensedelling studies using MOPITT CO retrievals
consistently report that emissions from fossil-faet biofuel use in Asia are significantly largear
previously estimated. This finding contributed exent efforts to revisit and update the bottom-up
emission inventory in Asia (Streets et al., 2006)addition, these inverse modelling studies previd
important constraints on the magnitude and spatigabral variability of biomass burning emissions,
which are poorly constrained in current global msdgarticularly in southern Africa, South
America, Southeast Asia and the boreal regionsh Suiormation has important implications for
better characterizing the distribution of CO antleotchemical and radiatively-active atmospheric
constituents that are not observed but are alsdugte of anthropogenic combustion activities such
as CQand aerosols (Randerson et al., 2006).
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Figure 3.20 Anthropogenic CO emissions by differensources and geographical regions
from previous inventory estimates a priori (above), and after performing a lineadz
Kalman filter inversion of the MOPITT CO data atO7®Pa in conjunction with the
MOZART-2 chemical transport model, a posterioril@g. (Petron et al., 2004)

Dubovik et al (2006) demonstrated inverse modeltechniques applied simultaneously to
both pollutant and naturally occurring aerosols\gsiODIS aerosol optical thickness data with the
GOCART model. The authors identified and quantitieel major aerosol sources during a one-week
period in August 2000 (figure 3.21). Sources wetentified in the southeast United States, the
Amazon basin, Europe, West Africa, southern Afritade Indo-Gangetic Basin and East Asia.
Emission strengths in these primary source regimeed 0.2 x 10kg mass/day. Inversions for
specific aerosol types such as pollution or biomassing are also possible. Using such inversion
techniques, we can improve emissions inventoriespaaduce emission estimates for highly variable
emissions sources, such as biomass burning.

3.5.2 Summary, remaining uncertainties and fuheeds

The current satellite database offers a useful tcang on evaluating and improving the
inventories of @precursors and aerosols in current models. Primagknesses include a lack of in
situ observations for use in evaluating satelktievals of short-lived trace gases such as HChD a
NO,, a lack of information on vertical profiles of t& gases, and the inability of polar-orbiting
satellites to observe diurnal variation in emissioAdditional aircraft measurements of reactive
nitrogen species and speciated VOCs in highly pediuegions would be particularly valuable for
evaluation of both the retrieved columns, and &f ¢hemical transport model inversions to relate
tropospheric N@ and HCHO columns to emissions. Such aircraft measents should be closely
coordinated with ground-based measurements to erglgquate coverage of the lower mixed layer.
Satellite observations at higher temporal resafytguch as from a geostationary platform, would be
particularly valuable in constraining the diurnariation of emissions.
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Figure 3.21 Averaged (20-28 August, 2000) fine aeval sources (10 kg mass/day)
retrieved from MODIS aerosol optical depth data.Upper panel: retrieval with emission
constrained to land. Lower panel: retrieval withigsion not constrained to land (Dubovik et
al., 2006).

Obtaining concentrations of air quality relevargice gas species in the planetary boundary
layer (PBL) has been identified as a priority measwent in a number of studies (Edwards, 2006;
IGACO Theme Team, 2004; National Research Cou@6i)7). This is essential for determining
emissions estimates and characterizing urban pmiluThe alternatives are total column or free
troposphere satellite measurements, both of whiduire model assumptions during inverse
modeling to estimate a PBL (Planetary Boundary bayencentration and derive sources. The
problem here is that PBL descriptors (venting aedblt) and convection parameterizations are
among the least certain modeling elements. In @edib source determination, a measure of PBL
concentration in conjunction with free troposphprefile information allows local production to be
separated from transported pollution. Coincidenttinspectral observations of CO are probably the
best candidate satellite measurements to addrigessshe.

3.6  Ability to track long-term trends in hemispheric transport from existing surface
observations

Due to great year-to-year variability, long-termmiioring (typically more than a decade) at
carefully chosen sites is essential to assess drémdintercontinental transport from surface
observations. The interannual variability at reoeites is largely driven by the temporal and ispat
variability of upwind emissions and of the weatlad climate patterns that determine transport
processes. The characterization of trends in hémargptransport is especially difficult becausealoc
effects, with possibly confounding temporal trend&en obscure the influence of that transport.
Measurements intended to characterize intercortahéansport are best carried out at remote sites
that are relatively free of local and regional immiga Island sites are ideal, especially those dhat
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sparsely inhabited or minimally developed. Coaatadl mountain sites may also be suitable so long
as attention is given to local and regional southas might impact on the site and to the vagasfes
local circulations, e.g. sea-breeze cycles or nannahduced circulations induced by diurnal heating
and cooling cycles and regional-scale forcing irdlby the wind field interacting with the mountain
mass. Unfortunately, there are very few data d&s heet these requirements. In the following
sections we present some examples.

3.6.1 Characterization of ozone trends

A number of studies and assessments have been imateeffort to elucidate large-scale
trends in @ concentrations using data from continental netwoilthe EMEP Assessment (EMEP,
2004) is typical. It shows that trends across Eerrape dominated by changes in regional emissions,
thus making it difficult to elucidate the impact tdng-range transport. Nonetheless, at some
relatively remote continental sites it is possilibe extract information on trends by the careful
selection of samples based on air mass trajectoriesher criteria. Examples are shown in figures
3.6 and 3.22, which all show positive temporal diserHowever, a critical uncertainty exists regagdin
the validity of the @ concentration trends presented in these figurésnads et al. (2006) have
recently reviewed evidence for temporal trendsapaspheric ozone from surface and ozone sonde
sites. They generally find increasing trends irfexze Q over Europe in agreement with the results
presented here in figures 3.22 and 3.6a. Howelies; find no significant trend in western North
America, a conclusion in clear disagreement wita thsult presented here in figure 3.6b. This
disagreement, unless it can be resolved by furimatysis, strongly suggests that existing surface
observations are not adequate to track conclusitre@ytrends in transport of ozone in the lower
troposphere.

Figure 3.22 Trends determined by samples based on air masstweges. Linear trends in
median, normalized ozone concentrations at Karvatd;Norway, based on data filtered by
back trajectory for only the background transpattsrs. The boxes mark the annual
medians, and the error bars the 25- and 75-peles(EMEP, 2005).

3.6.2 Characterization of trends in dust transport

Mineral dust is a major and sometimes dominantsxrmponent over many ocean regions
(Cakmur et al., 2006; Mahowald et al., 2005). No&frica is the world’s most active dust source
(Engelstaedter et al., 2006; Prospero et al., 20@®)strong transport to the Atlantic, the Cariabe
North America and Europe (Perry et al., 1997; Peospl999). Winds also carry large quantities of
dust out of Asia and over large areas of the NBdbific (Prospero et al., 1989) and across North
America (Husar et al., 2001; VanCuren, 2003). Témulting dust concentrations downwind from
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these two regional sources exhibit strong seasoyelks with the maximum in boreal summer
(African source) or spring (Asian source). In aibahif there is considerable interannual and longrter
variability that is linked to weather and climat@gesses in the continental source regions.

The intercontinental transport of African dust Bripaps the best-documented example of
long-range transport on intercontinental scalesabse of the long-term surface-level measurements
made in a network of island and coastal stationthénAtlantic as well as in Miami, Florida. The
longest record is from Barbados, West Indies, widaily measurements began in 1965 and continue
to the present (figure 3.17) (Prospero and Lami®3P20Most notable in that record is the sharp
increase in dust transport in the early 1970s gpoase to the onset of prolonged drought in the
Sahel-Soudano region. Drought, and the correspgndarease in dust transport, appears to be linked
to large-scale climate processes. Although conatoirs are somewhat lower in Miami than
Barbados and the dust transport season is shtinelonger-term variability is similar at both site
Measurements at Bermuda between 1987 and 1998shis® the strong and persistent impact of
African dust comparable to that in Miami.

Measurements of Asian dust made on Midway Islaocthft 981 to 2001 show that there were
periods in the mid-1980s and in 1998 when dustspart increased sharply (Prospero et al., 2003).
There had been considerable speculation that tnease in dust activity in the late 1990s was due t
increased impacts on land use resulting from tp&raconomic expansion in China. The record on
Midway argues against this explanation because thas no evidence of a long-term trend, only a
sharp increase in the late 1990s that is now atgito drought that occurred at that time. This
conclusion is now generally accepted based onddudies in China.

Temporal trends in dust transport, at least froes¢htwo major global source regions, have
been reliably documented from surface observatibtmyvever, there is considerable uncertainty
regarding our ability to extend these measuremesdrds over the coming decades due to a lack of
resources committed to such efforts.

3.6.3 Characterization of trends in transport ofphate and nitrate aerosol

Measurements of NQand nss-S@ concentrations on island sites in the Pacific &msl
Atlantic can provide temporal trends in the longga transport of these pollutants from the Asian
and North American source regions. The trend itugioh SQ, can be estimated by computing the
“natural” non-sea-salt sulphate based on the MS#entrations and subtracting it from the total nss-
SO,.

On Midway, NQ and pollution S@ concentrations show a strong seasonal cycle with
maximum concentrations in spring, coincident witle increased dust transport noted previously.
This cycle is attributed to the impact of pollutisransport from Asia. Figure 3.23 shows that
anthropogenic SQPconcentrations approximately doubled from 1981h®m mid-1990s, a trend that
closely matches the increase in,S€nissions from China over that period (Streetalget2000).
Nitrate concentrations (not shown) yield a simii@nd over the same time period. The data also
suggest that anthropogenic S&hd NQ decreased in the late 1990s, as did emissionsei#whe
data become less reliable because of the effedteofery strong El Nifio in 1997-1998 and because
of operational difficulties that led to the terniiiloa of the observations in 2001.

The annual mean concentrations of nsg-8a@ nitrate N@ measured in Bermuda (figure
3.24) show coherent patterns. Aerosol nsg-@&2reased steadily from the start of the measursme
until the mid-1990s, then stabilized and finallgrieased slightly thereafter. The emissions of SO
from United States sources decreased substanbiadly this time period by an amount that roughly
corresponds to that observed at Bermuda, yetnhiadiof the decreases are markedly different— the
United States S£emissions decreased sharply between 1994 andvil®&% more stringent controls
were mandated. In contrast, there is no substactiahge in nitrate (N over this period, in
agreement with the trend in N@missions, which show only a very slight increager the period.
The substantial differences between the aerosardeand the emissions record demonstrate the
challenges in attempting to monitor long-term treatidistant receptor sites.
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Figure 3.23 Anthropogenic sulphate concentrationsroMidway Island compared to the
emissions of S@from China (Prospero et al., 2003).
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Aerosol SQ and NQ measurements have also been made continuoushadrads since
1989. This record suggests that N®mained unchanged and that nss-8€xreased by about 20 per
cent. Approximately half of the NGand nss-S@at Barbados is attributable to anthropogenic ssirc
(Savoie et al., 2002), predominately from Europsaurces (Hameliet al., 1989). If we assume that
the change in nss-QQoncentration is due to the transport of polllgaahd if we take into
consideration that about half of the nss;3© natural (from DMS), then the actual decrease in
pollutant SQ is roughly 40 per cent, a change that is condistith the sharp drop in European SO
emissions over this time period (EMEP, 2004). Hosvethe absence of a discernable change in
Barbados N@ concentrations is puzzling in the light of the salmtial reduction of European
emissions of NQ roughly 25per cent (EMEP, 2004).

3.6.4 Summary, remaining uncertainties and futuwreds

There are analyses that derive trends in the lange transport of £ dust and
anthropogenic N@and SQ aerosol. However, there are critical uncertainfidse disagreement over
the validity of derived trends in {Os of great concern, and limits their utility ftne testing of
models. The available data for @nd aerosols are limited to a small number olssitmd for @
generally to only the past two decades. In somescdsspecially for dust), large interannual
variability obscures more systematic trends. Theveed trends in N@ and pollutant SQaerosol
transport are usually consistent with estimateddsean the precursor emissions, but there is &t lea
one disagreement (the N@end in Barbados). There is considerable unceytaggarding our ability
to extend these measurement records over the cateragles.

Long-term monitoring data are important for the @lepment and testing the wide variety of
models currently being used to address aerosaspmahissues (Textor et al., 2005). Such models
currently play an important role in addressing emwnental issues on regional scales and these
models are being extended to larger scales. Howexewill only be able to rely on the models when
they are thoroughly tested against long-term dets acquired on continental and global scales. It i
notable that in the IPCC 2001 assessment, theamrtysol data available for model evaluation over
the oceans was that obtained in the University @M aerosol network that was in operation during
the 1980s and 1990s. That network no longer existss there is no data available for future model
development.

3.7 Concluding remarks

Two conclusions are clear from the preceding disioms First, observations from surface
sites, vertical profiling, intensive campaigns asadellites provide a wealth of evidence that long-
range transport of its precursors, aerosols and their precursor®pnally impact the distribution
of these species throughout the troposphere; ssc8a@ and 3.3 present a small sample of these
observations. Second, global chemical transportetsodre required to provide the policy-relevant
information needed in sections 3.4 and 3.5 (imfitice for surface air quality at downwind receptor
locations, and attribution of source regions). Sowtdels can provide answers to all questions that
may be raised about long-range transport, or inddsxit any issue concerning the chemistry or
transport in the atmosphere. Unfortunately, howettee models do not accurately represent all
relevant aspects of the atmosphere, and there menaaigreat deal of uncertainty in the answers
provided by the models. One major goal of ongoigearch in atmospheric chemistry and transport
can be succinctly stated — to increase the accushdpe model representations and reduce the
uncertainty of the answers they give. This modebrismement can only come through a close
collaboration between the model development andotheervation communities. The goal of this
section is to discuss the future observational loidipes needed to improve our understanding of
hemispheric transport ofz@nd aerosols within this close model-observatmaboration.

For G;, a combination of surface-based networks, verpeafiling (by aircraft flights, sondes
and ground-based lidars) and satellite sensorsureeaemplementary aspects of the troposphegic O
distribution. Reproducing these measured distrilmstinas constituted the primary tests of model
simulations that have been conducted up to thistpBieproducing the long-term trends potentially
available from surface measurements is an additicmallenge for models. This challenge has not
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been widely addressed in the past, but that prarmisechange; the WCRP-SPARC/IGBP-IGAC

Atmospheric Chemistry and Climate Initiative interabs their first activity, a 20- to 25-year hindcas

of the tropospheric distribution of ;0and aerosols. Intensive field campaigns advance ou
understanding of atmospheric processes and prostidgacterizations of the interrelationships

between @ its precursors, other photochemical productsyels as other species. Incorporation of

this process understanding into models is critioaltheir improvement. Reproducing the observed
interrelationships is another, largely unaddresseallenge for models; the model intercomparison
currently being conducted by the Task Force wilr@ds some aspects of this challenge.

The long-range transport of air pollution is aremational problem, with each continent the
receptor as well as the source of the emissioneewise, understanding the issue will require
international measurement and modelling effortdlokdng is an outline of required measurement
programmes. Recommendations emerging from thisassnt, as well as future policy agreements,
should include provisions for long-term maintenaotthese measurement programmes.

3.7.1 Surface site needs

Over the coming decades, significant changes apeated in the long-range transport of air
pollutants due to changing emissions, most probatidieases from rapidly developing economies
and continued decreases from the more mature ecdesoifigure 3.25 and table 3.1 describe a
surface measurement network suitable for followihg evolution of long-range transport of air
pollution in the Northern Hemisphere. Both highvakion and near sea-level sites are included. Each
can typically serve multiple uses, including asses#s for climate change, stratospheric ozone
depletion, as well as long-range pollutant transpand model development. Coincident
measurements of{&nd aerosol components (N@Q, organic and elemental carbon, trace metals),
precursors of @and aerosol (total reactive nitrogen, peroxyacetyate, and VOCs, S and
atmospheric tracers (such as CO and @l Hg) will strengthen long-range transport assests
and model evaluation efforts.
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Figure 3.25 Surface site network for monitoring log-range transport of air pollutants.
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Table 3.1 Long-term Northern Hemispheric trace gasnd aerosol surface stations.

Station Location Notes Information

Alert Canadian Arctic 82.450°N GAW global site http://lwww.empa.ch/gaw/
(210 m asl) 62.517°W

lzana Spain (Tenerife Is., westl 28.300°N GAW global site http://lwww.empa.ch/gaw/
coast of Africa) 2360m asl 16.500°W

Jungfraujoch Switzerland 46.548°N GAW global site http://lwww.empa.ch/gaw/
3580 m asl 7.987°E

Mace Head West coast, 53.326°N GAW global site http://iwww.empa.ch/gaw/
Ireland, 5m asl 9.899°W

Mauna Loa Hawaii, U.S. 19.539°N GAW global site http://lwww.empa.ch/gaw/
3397 m asl 155.578°W

Minamitor- Japan (2000 km SE Tokyo)| 24.300°N GAW global site http://iwww.empa.ch/gaw/

ishima 8m asl 153.967°E

Mt. Batchelor Oregon, U.S. 43.979°N University of | http://research.uwb.edu/jaffeg
2700m asl 121.687°W Washington roup/modules/MBO/

Mt. Waliguan China 36.283°N GAW global site http://lwww.empa.ch/gaw/
3810 m asl 100.900°E

Pallas Finland 67.974°N GAW global site http://lwww.empa.ch/gaw/
560m asl 24.116°E

Trinidad Head | West coast, CA, U.S., 107m 41.050°N NOAA, U.S. http://www.cmdl.noaa.gov/obo
asl 124.15°W p/thd/

Pt. Barrow Alaska, U.S. 71.323°N GAW global site http://iwww.empa.ch/gaw/
8 m asl 156.609°W

Pico Mountain Azores, Portugal 38.82°N University of | http://www.cee.mtu.edu/~reh/p
2225m asl 28.242°W Azores ico/

Sodankyla Finland 67.367°N GAW global site http://lwww.empa.ch/gaw/
180m asl 26.650°E

Whiteface Mt. New York, U.S. 44.4° N ASRC http://www.asrc.cestm.albany.
1500m asl 73.9°W SUNY, Albany edu/research/whiteface.htm

Zeppelin Mt. Norway 78.908°N GAW global site http://lwww.empa.ch/gaw/
474m asl 11.881°E

The network comprises a limited number of preseptherating and proposed sites. The
limits are a consequence of the pragmatic issussceged with servicing remote sites and a general
lack of long-term funding commitments that compreennot only a needed expansion of adequate
stations, but also the sustainability of existingtforms. Most of these stations are part of thel#&/o
Meteorological Organization (WMO) Global Atmosphé&katch (GAW) programme, and share data
information systems and quality assurance protodddsile GAW enhances data consistency and
access, funding for these sites is dependent oncgggponsorship, which is subject to changing
research and programme priorities and budget levilacking long-term changes is a major
advantage of surface stations and requires sudtaimgport over decadal time periods. In addition,
there are important locations (e.g. Central and Bag, east coast of Asia, central North America
and North American east coast) that representfgignt gaps in key transport corridors requiring
additional support.

3.7.2 Vertical profiling needs

Vertical profiling is necessary to complement meeswents at surface sites to help
characterize the venting of pollutants from surfagerces to the free troposphere and investigate th
long-range transport that often occurs in layees #ne elevated above the surface. Sondes, liddrs a
aircraft profiles can provide this profiling. Theigting MOZAIC and other proposed programmes
can provide at least some of this required comptéme

The MOZAIC programme has made more than 20,000tHidpetween 1993 and 2004 that
provided Q and water vapour measurements. The last threes yéahe programme also included
CO and NQ measurements. Most of the data have been collactéek upper troposphere or lower
stratosphere, where significant pollution transpestents are occasionally observed. More
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importantly, two vertical profiles are obtained ledtight (i.e. >40,000 total vertical profiles). i&
proposed to continue and expand the programme tair2faft for the next 20 years as part of
IAGOS. The expansion will include the addition of aelpgeO, and NQ measurements. One
limitation of the programme is that the profilee aneasured only over the locations of major aigort
which are predominately localized in Western Eurapeé the east coasts of North America and Asia.

Cooper et al. (2006) have demonstrated the sdemébults that are potentially available
from a coordinated network of daily ozone sondeas¢s. Figure 3.26 illustrates a proposed network
of launch sites. Such a network would be invaluafue characterizing the tropospheric; O
distribution and for improving our understandingtibé Q budget of the troposphere. The sites are
positioned to provide data that will allow the gtification the intercontinental transport 0g.('he
estimated cost for daily launches from such a netugoabout US$ 20 million per year.

Aerosol lidars provide detailed information regaglaerosol transport events. The European
community has been particularly active, deployingvesal lidar systems capable of aerosol
backscatter measurements up to at least 5 km; ebthese systems also provide W@rtical profiles.

Figure 3.26Launch site locations for proposed @ sonde network.
3.7.3 Satellite data needs

There is great near-term potential for advancing wnderstanding of long-range transport
from satellite observations. Unprecedented sadiliirne measurement capability (IGAC, 2007) is
presently in orbit. Those instruments will be jaingy a few more in the coming years. Also, great
progress has been made in developing retrievaritiges that yield quantitative results. Presently,
two factors limit the use of satellite data sesvalopment of a clear understanding of the accuracy
and precision of the retrieved results (i.e. sé&ellalidation); and resources available for thalgsis
of the satellite data sets, and indeed for thela#itn process itself. Making all satellite dataitable
for free in an easily accessible and timely mammzuld increase the value of the measurements. The
development and launching of the satellite instmiiids so expensive that it is imperative that
resources be made available to take full advardétiee resulting data sets.

In the longer-term, potential advances from sagetibservations may be much more limited.
Many of our current missions are maturing and alyepast their design lifetimes. Other missions
have just been launched, but there is no comprefendan for maintaining capability for
observations of atmospheric composition. To qubte recently published United States National
Research Ccouncil (NRC) Decadal Survey recommeamuatirhe United States Government,
working in concert with the private sector, acadethe public, and its international partners, stoul
renew its investment in Earth observing systems r@stiore its leadership in Earth science and

® Integration of routine Aircraft measurements iatGlobal Observing System.
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applications.” Within the international atmospleedomposition community, there have been a
number of recent initiatives to define priorities future missions. These initiatives have beetiné
form of reports such as IGACO 2004, the United &tdfational Research Ccouncil (NRC) Decadal
Survey, community workshops, and competitive ageopyortunities to begin initial studies.
Proposals for future missions are recognizing thepementary nature of measurements of trace
gases and aerosols from both low Earth orbit, whizbvides wide spatial coverage, and
geostationary orbit for investigating pollution et® and transport and atmospheric composition
processes at different altitudes and across spatidl temporal scales. Few proposals exist for
missions with significant capability before the 8Qime frame. Very high priority should be given to
moving these proposals forward as quickly as ptessib

3.7.4 Intensive campaign needs

Several important intensive campaigns focusingpag-range transport have been conducted
in the last few years, e.g. ICARTT in 2004, INTEX and B in 2004 and 2006, MILAGRGand
AMMA 8 in 2006. Several more will be conducted in 200@ 2008 as part of the POLARCAT
component of the International Polar Year. Unpreo¢ed data sets have been and will be collected
during these campaigns. The primary need in tigarceis similar to the primary short-term satellite
need, i.e. the resources invested to allow fulllat#on of the resulting data sets.
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4. EMISSION INVENTORIES AND PROJECTIONS FOR
ASSESSING HEMISPHERIC OR INTERCONTINENTAL TRANSPORT

4.1 Introduction

Gridded global, regional, and national emissiomeses exist for many of the pollutants that
are important for assessing the hemispheric trahsgoair pollution (SQ, NO,, NMVOCs, NH;,
CH;,, organic carbon (OC), black carbon (BC), PM, ar®@).CSome of these are publicly available,
whereas others are used by individual researchpgran government agencies to study specific
aspects of emissions or atmospheric processes. Mwshtories are developed by combining
emission factors, in units of mass of emissions et of activity, with activity levels or proxies
thereof. The quality of emission inventories varigglely, however, and is difficult to assess
objectively. For developed countries, the invem®rior some pollutants from some sectors are
considered of high quality, as they have been ectbesked by field studies and laboratory tests and
through air quality modelling. Examples of high-tjtyanventories would be the S@missions from
power generation in North America and Europe. Fbreo pollutants and sectors, the quality of
inventories may be considerably lower. For develgpand newly industrializing countries, the
quality of emission inventories is generally patuge to a lack of actual emissions measurements and
intensive ambient observations, an incompletenésiseoactivity data and an absence of test-based
emission factors. A shorter history of inventorywelepment in these regions also means a lack of
expertise and institutions. Many such developind aawly industrializing regions fall within the
Northern Hemisphere, and they provide challengethéocompilation of a complete and reliable
emission inventory of all species.

Major uncertainties in emission inventories areoesded with inadequate knowledge of
open biomass burning (e.g. forest fires, agricaltuaste burning), biofuel use (e.g. heating and
cooking), artisanal industry, residential combustiof coal and agricultural production systems.
These propagate into higher uncertainties in eonssfor the pollutants that are mainly associated
with these activities, such as CO, PM, OC, BC,@hd individual NMVOCs species. Due to a lack
of comprehensive activity data, there is a tendeaaynderestimate the emissions of these pollutants
Also, there are some source types that are reldgaihe intercontinental transport of air pollutio
but less relevant for local air quality managemarduding marine emissions (though ship emissions
are becoming of major importance in some Europégstand aviation emissions, natural emissions
(including various methane sources, soil and liglgMNQ,, volcanoes, and windblown mineral dust),
agricultural emissions and biomass burning in remareas. These source types may need greater
attention from the Task Force than they have recethus far from national governments. In recent
years, some new tools have become available tcessldhe uncertainties in emission inventories,
including direct (forward) and inverse modelling af quality observations (from ground-based
monitors, aircraft or satellites) and laboratorgt$eof combustion and similar processes. These new
techniques may not only improve the accuracy ofssion inventories, but they also offer the
possibility of providing the basis for more rapiddates of emissions than can presently be obtained
using statistics-based methods. Bringing togetheistientific communities in these areas could be a
valuable function of the Task Force.

This chapter first reviews the status of presemt-tleventories at global, regional, and
national scales. Next, it identifies sources ofartainty, methods of quantifying uncertainty, and
pathways to reduce uncertainties by making useeof satellite and modelling capabilities. Third,
methods to project future emissions are presetagdther with examples of what has been achieved
thus far. The major sources of natural emissiores iatroduced. Finally, the chapter discusses
opportunities to harmonize the presently availdbieentories and makes recommendations to the
Task Force on how to make progress in improvingetinéssion inventories that are the foundation of
hemispheric transport determinations.
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4.2 Present-day emission inventories
4.2.1 Global inventories and databases

Currently available global emission inventoriedetifin the compounds included, emission
sources covered, and spatial and temporal resolufiois is often related to the different purpofees
which they were developed. Most inventories areetda@n an emission factor approach. Emission
factors are identified for specific sectors, coasiag fuels, production or combustion technologyd a
the presence and effectiveness of abatement. Soreetories explicitly define control measures and
technologies, while in others emission factors desved from reported or measured emission data
(implied factors). Table 4.1 summarizes relevanbgl emission inventories that can be used today
for assessing intercontinental transport and hemeisp pollution. Some natural sources (wildfires,
soil and lightning NG, etc.) may be included in some of these invendpbet the emphasis is usually
on anthropogenic emissions.

Table 4.1 Overview of global, gridded anthropogei emission inventories with compounds included that
are relevant for studies of hemispheric transport bair pollutants

Individual Project-based Emission Inventory
studies calculations databases compilations
RETRO, QUANTIFY,
co - POET EDGAR, RAINS  GEIA
Bouwman et al. -
NH; (1997) EDGAR(v2) GEIA
RETRO, QUANTIFY,
NO, - POET, EDGAR, RAINS  GEIA
NMVOCs RETRO, QUANTIFY,
(total) . POET EDGAR GEIA
NMVOCs RETRO, QUANTIFY,
(speciated) } POET EDGAR(v2) GEIA
{o Stern (2005) QUANTIFY EDGAR, RAINS  GEIA, AEROCOM
BC (BZ%%%“ al. QUANTIFY EDGAR, RAINS  GEIA, AEROCOM
oc (Bz%r(')%et al. QUANTIFY EDGAR, RAINS  AEROCOM
CH, - QUANTIFY RAINS UNFCCC

All of the global inventories draw heavily on indiuval studies of a particular pollutant or
source type that, in the ideal case, apply a ctamisnethodology across all included regions. Aloba
emissions of a number of individual species hawnhlstudied in such special inventories, e.g.s NH
(Bouwman et al., 1997), BC and OC (Bond et al. £20@hd SQ (Stern, 2005), as well as particular
source types, e.g. biomass burning (van der Weal.e2003) and shipping (Corbett et al., 1999).
However, these special inventories are prepareddififerent years, often make use of different
activity data sources and vary in level of defadlr some pollutants, there are no global studigkisf
type, e.g. PM. Consequently, there are a numbeprofects where compilations of specific
inventories, enhanced with regional work and attisnip draw on consistent activity databases, have
led to the development of large-scale databasasstin global modelling studies. While the pragect
listed below strive to maintain internal consistgrihey often produce incomparable results due to,
for example, differences in principal assumption®w the evolution or importance of some
parameters (driven by the objective and spatialugisn of the project), source coverage, undegyin
activity data, etc. The latter is of vital importan especially for projects that strive for finemiporal
and spatial resolution and therefore need to maee af local activity data that are often not
compatible among regions and with the availablerimdtional data sets (see also discussion in sectio
4.2.2).

EDGAR (Emission Database for Global Atmospheric Res@gradsents global emissions of
air pollutants and greenhouse gases from anthropogad biomass burning sources distributed by
country and on a 1° x 1° degree grid using a vaoéproxy and actual spatial distributions (Olivie
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et al., 1996). Emissions are calculated using aissom factor approach. EDGAR emissions have
been used as the basis of various other inventmjeqis (e.g. GEIA, POET, and QUANTIFY). The
latest data set is for the year 2000 (Olivier et2005; van Aardenne et al., 2005).

The RAINS (Regional Air Pollution Information and Simulatjpintegrated assessment
model has been developed by International Instifi®pplied Systems Analysis (IIASA). Although
largely used in regional studies for Europe (Amanial., 2004; Kupiainen and Klimont, 2007) and
Asia (Cofala et al., 2004; Klimont et al., 2001¢cently it has been extended to estimate global
emissions for several compounds for anthropogeoiocces (Cofala et al.,, 2007). Emissions are
calculated for the period 1990-2030 by countryaygér region using an emission factor approach,
where penetration of abatement technologies isi@ttplincluded. Recently, emissions have been
allocated to 1° x 1° grid cells based on the EDGA&hodology (Olivier et al., 2005).

To study precursors of ozone and their effectsha troposphere, th€OET project
developed an emission inventory that included amthgenic and biomass burning emissions
(Granier et al., 2005). For anthropogenic souregsssions were estimated for 1990, 1995 and 1997
relying on EDGARv3 data, while biomass burning esioies were calculated for 2000 based on
satellite fire counts data and vegetation mapsgdwet al., 2004a; Tansey et al., 2004b).

For analysis of the tropospheric composition oherpgast 40 years, tiRETRO (Reanalysis
of the troposheric chemical composition) projectedleped an anthropogenic and biomass burning
emission inventory covering the period 1960-200@hwnonthly emissions of CO, NOand
NMVOCs on a 0.5° x 0.5° grid . Anthropogenic entgss are calculated usingeAM (the TNO
Emission Assessment Model) (TNO, 2005), based oreraission factor approach with explicit
assumptions about technologies applied.

To quantify the climate impact of global and Eurape transport systems, the
QUANTIFY (Quantifying the Climate Impact of Global and Eusap Transport Systems) project
currently develops global, gridded emission inveeand scenarios up to 2100 for anthropogenic
emissions of greenhouse gases and air pollutanfsrticular, transport (road, shipping and avigtio
emissions are calculated, and non-transport emissice taken from the EDGAR 2000 data set. The
results are not yet published, but data sets may A&eailable on request
(http://www.pa.op.dir.de/quantify/

Although not providing the most recent emissionsaddahe GEIA (Global Emissions
Inventory Activity) project has compiled global ession inventories for many of the pollutants of
interest on a 1° x 1° grid, by assembling matdr@h a variety of databases (e.g. EDGAR), studies
and projects. Dentener et al. (2006) compiled dl@paission sets for 2000 for thHdEROCOM
(Aerosol Comparisons between Observations and Mpdabject to study aerosols and aerosol
precursors. Data originate from various sources, @athropogenic emissions of BC and particulate
organic matter (POM (Bond et al., 2004),,30ofala et al., 2006)), international shipping apedtial
(1° x 1° grid) distribution patterns from EDGAR (@ér et al., 2005), and biomass burning from the
GFED (Global Fire Emissions Database) (van der Weal.e2003).

The relative importance for global emissions ofadiént sectors and fuel types is presented in
figure 4.1. The contributions shown in this chah de markedly different, however, for individual
countries and regions. The estimates are based@AR FT2000 (Bond et al., 2004; Olivier et al.,
2005), EDGARV2 (Olivier et al., 1996), and Bouwnedral. (1997).
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Figure 4.1 Relative importance of different sect® to global emissions (% of total
emissions).For NMVOCs and Ch the sector “Industrial combustion — fossil” indas
emissions from exploration and distribution ofanild gas.

An illustration of the geographical distribution global emissions is shown in figure 4.2,
which presents gridded emissions of CO and, #@m anthropogenic sources (excluding aviation)
and biomass burning from the EDGAR database.

In addition to the emission factor calculationansgost-processing of the resulting emission
inventories is usually performed to allocate emoigsito grid cells or to include more accurate data
from specific point sources (e.g. stack-measuredssoms data from, for example, the U.S.
Environmental Protection Agency (EPA) power plaatadset or the EU EPER (European Pollutant
Emission Register) system in Europe). Allocatiomaefional emissions to grid cells defined in the
atmospheric models is, in addition to the allogatid large point source emissions to the locatibn o
the facility, based on auxiliary data sets suctp@gulation density maps, road network data, ship
tracking data, or animal density maps. Allocatian & vertical release height is necessary for
modelling, but is one of the weakest aspects adgreday inventories. In principle, the stack heigh
of large point sources could be used as an indicatf the model layer into which the emissions are
released. However, due to both data limitations gtaxk height information, for example, in the
EPER system) and the fact that one should alsoité@eaccount physical stack parameters such as
heat and volume, vertical resolutions are oftenpnotided by the emission inventory community.

The allocation of annual emissions to a tempa@sblution as used by the model (monthly,
weekly, or diurnal pattern) is often performed tigh time profiles based on, for example, monthly
oil consumption data, traffic counts for those\atiés that follow specific patterns (e.g. fuel dder
space heating or rush-hour/weekend traffic). Fanessectors, defining a temporal resolution is less
straightforward. For example, power plants follotinae pattern defined by demand (peak demands
in warm summer months due to air conditioning nggzlanned maintenance, and plant outages.
These are difficult to capture on a global scak r@nely applied in the inventories.
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Figure 4.2 Geographical distribution of global enssions. Global emissions of CO (top
panels) and NQ(bottom panels) from anthropogenic sources (leftabs) and biomass burning

(right panels), gridded at 1° x 1° resolution giairom the EDGARV32FT2000 data set (units
10° kg m? sY).

4.2.2 Regional and national inventories and datdsa

Regional and national inventories are developgubatsof research projects or as official data
for regulatory purposes or international reportiSgnilarly to global work, special inventories play
an important role in compiling regional emissiortateses. The inventory methods are similar to
those used in the global data sets, but typicahtain more information on plant measurements and
individual facilities. While these assessments cafre described here in any detail, some important
ones need to be mentioned. Also, the scope of stuches has been different among the continents.
While in Europe and North America more sector-dpestudies have been produced (e.g. transport,
power and agriculture), in Asia more pollutant-aotedl work has been published (e.g. studies af SO
and NQ). In Europe and the United States, emission irargrjuidelines have been developed, such
as the EMEP/CORINAIR Guidebook and the U.S. EPA4®RIatabase, which have become part of
legislation or regulations asking for annual natioemission estimates for regulated pollutants.

The EMEP database is the main European datatgg:(/www.emep.int It includes a range
of pollutants (no greenhouse gases, BC or OC) dst,present and future years (up to 2020) and is
distributed both by source and on a 50 km x 50 kith. §he origin of the data is official national
submissions from Parties to the Convention on Lamge Transboundary Air Pollution. Where
submissions are missing or incomplete, gaps deel fily EMEP (EMEP, 2006b).

The RAINS model has been independently developed for Euf@meann et al., 2004;
Kupiainen and Klimont, 2007) and Asia (Cofala et 2004; Klimont et al., 2001) and contains
detailed sectoral emission assessments for cosirfttigrope) and for countries, states, and provinces
(Asia). The RAINS model calculates emissions of,, 300, NH;, NMVOCs, PM, BC, OC, CO,
CO,, and CH for the period 1990-2030, based on an emissidorfapproach, and its databases for
Europe have been subject to review by national kxp&he results for historical years have been
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found to be in good agreement with the EMEP databas several special inventories.

The CEPMEIP (Coordinated European Programme on PM Emissioaniovies, Projections
and guidance) project (Berdowski et al., 2002) isldEuropean PM emissions for 1995. The data
and results are available from the dedicated welsitp://www.air.sk/tho/cepmeijp/ An updated
PM inventory (by country) for Europe for the yed0B, building on the CEPMEIP project, was
completed in 2006 and results are expected to dikahle in the near future.

EPER (http://eper.ec.europa.guestablished in 2000, includes emissions to ad water.
The database covers approximately 9,200 indusa@ities in the EU15, Norway and Hungary for
2001 and approximately 12,000 facilities in the BUhd Norway for the year 2004. EPER will be
further developed to include more facilities in thwure.

The United States, Canada and Mexico all prepadenaaintain emission inventorieSEIl
(the United States National Emission Inventory)ludes data on all criteria pollutants, important
precursors and hazardous air pollutants by detaitenice categories. Data are based on state, local
and tribal submittals for point sources, suppleméntby EPA analysis for area sources
(http://www.epa.gov/ttn/chief/index.htinl Updated versions of the NEI are released evbrget
years, with 1999 and 2002 being the latest versi@reelpful summary of North American emission
inventories can be found in a rec®ARSTO (North American Research Strategy for Tropospheric
Ozone) assessment (NARSTO, 2005).

Several regional emission inventory tools are newilable for Asia, including the RAINS-
Asia model referred to above, the NASARRACE-P (Transport and Chemical Evolution over the
Pacific) inventory (Streets et al.,, 2003), and fapanese Regional Emission Inventory in Asia
(REAS) (Ohara et al., 2007). REAS presents emissionsdoeral pollutants for the period 1980-
2020. For some Asian countries, there are invesgaaivailable of similar quality to those in Europe
and North America—particularly for Japan, the Rdjpubf Korea and Taiwan Province of China.
Elsewhere, inventories are available but basedess $tringent requirements and not fully verified
(e.g. China, India, Thailand). For the rest of Asiational inventories are weak or non-existent.

For the rest of the Northern Hemisphere, infornratimom local inventories is seriously
lacking (Central Asia, the Russian Far East, thddi#éi East, and relevant parts of Africa and Central
and South America). Emission estimates for thegmme tend to be focused on specific cities where
air quality problems are known to exist. Though ssioins tend to be low in many of these regions,
recent energy-related activities such as oil arsl egdraction are growing fast and may make them
more important in the future.

Within Europe and North America, several counttiese established emission inventory
programmes with ongoing reporting and updatingvéies, primarily as a response to requirements
in international and national legislation. Japars hestablished a similar emission inventory
programme. Where such programmes have become staldished institutions, they provide regular,
consistent and transparent emission inventorigsatteaoften of great value to compilers of regional
and global inventories. Comparable institutionsidbexist yet in most of the rest of the world.

4.3 Uncertainties and verification of present-dagmission inventories

An uncertainty estimate is one of the quality iaddcs of an inventory and can be used to
prioritize efforts to improve the inventory. Vedétion has been defined the collection of activities
and procedures conducted during the planning andelbpment, or after the completion of an
inventory that can be used to establish its religbfor the intended application of the inventory
(IPCC, 2006). Verification methods include compams of different inventories, comparisons of
results of alternative methods and comparisons atithospheric measurements. These methods are
complementary.

4.3.1 Quantification of uncertainties

Statistical approaches to estimate uncertaintiesrirssion inventory levels and trends have
been developed at the large scale by IPCC (200#)iramore specific applications (e.g. Frey and
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Zheng (2002)). Two approaches are typically useaiple error propagation and Monte Carlo
simulations. The main challenges in estimating mogy uncertainties are, however, uncertainty in
the input data and developing methods to quanyi§yesnatic errors. For most inventory applications
the random component of an uncertainty estimaté kél small compared to the systematic
component. IPCC (2006) lists the following sourcek uncertainties to consider: lack of
completeness, inventory model (estimation equatiack of data, lack of representativeness of data,
statistical random sampling error, measurement emisreporting or misclassification, and missing
data. Systematic expert judgments can be used rmplement other sources of information on
uncertainties. The usual metric for expressing uaggy estimates is two standard deviations as a
percentage of the mean.

4.3.2 Intersection of inventories with observasiamd modelling

Since 2000, there have been a number of new arellytiols applied to the elucidation of
emissions emanating from sources in the Northemmibjghere. Techniques include improved direct
(forward) modelling and inverse modelling, makingeuof improved ground-station monitoring
networks, and aircraft observations during largaesdield campaigns. Also, a new generation of
satellites has provided trends based on column tatashave been compared with emission trends.
More often than not, the observation-based methadle suggested that emission estimates obtained
from inventories, particularly for developing an@wly industrializing countries, are too low.
Bergamaschi et al. (2000) were the first to appleise modelling techniques to CO, finding that
their estimate of the CO source strength in thetidon Hemisphere (800 Tg COlyr) was
considerably larger than inventory-based estimates50 Tg CO/yr (IPCC, 1996) and the EDGAR
value of 478 Tg COlyr (Olivier et al., 1996). Sindeen there have been many more inverse
modelling studies. Streets et al. (2006) reconciledentory and inverse modelling estimates of
China’'s CO emissions following the NASA TRACE-P gii; and subsequent data evaluation
studies (Heald et al., 2004; Kasibhatla et al.,2®almer et al., 2003), with a resulting 36 pertce
increase in China’s CO emissions. In contrast, fasralysis of ambient measurements and fuel-based
calculations, CO emissions from on-road vehiclethéUnited States are thought to be overestimated
by perhaps a factor of two in current inventori€®ar(ish, 2006), and inaccuracies in ,Nand
NMVOCs inventory estimates have also been notedheOtecent studies include Muller and
Stavrakou (2005) on CO and N@nd Meirink et al. (2006) on GHSimilarly, there are an ever-
growing number of satellite-based studies of emisdrends, of which Richter et al. (2005) on
China’'s NQ emission trends was the ground-breaking work #ietwed faster growth in NO
emissions between 1995 and 2004 than estimatedniasien inventories, though reconciliation
attempts are ongoing (Zhang et al., 2007). Morentyg, the Richter/Burrows group presented results
for SO, changes, and although these are more uncert@irgridwth of China’s SQin recent years
was also shown to be much faster than anticipaibe. use of satellite observations to inform
emission inventories is discussed further in sacdi®.1. From the perspective of improving emission
inventories, it is clear that there are potentiddyge benefits and opportunities to be gained if
emission inventory compilers can work together whibk atmospheric science and remote sensing
communities to identify deficiencies in inventorstienates.

4.3.3 Important and uncertain sources

Uncertainties in inventories will vary by regionpusce, pollutant and inventory year.
Uncertainty estimates for all world regions are awailable. Generally it is expected that regions
with the longest experience in compiling inventsraand with well-developed statistical systems (e.g.
Western Europe, North America and Japan) compientories with lower uncertainties than other
regions.

The primary reasons for differences in uncertadntietween sources are: (a) activity statistics
are missing or weak; (b) emission factors and teldgies are known better for some sources than for
others; and (c) emissions depend on natural andablar factors such as temperature and
precipitation. Usually, emissions related to theidehold sector, agriculture, and waste disposal are
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more uncertain than for transportation and largéastary sources. Natural sources and semi-natural
sources (e.g., forest fires) are more uncertain #mhropogenic sources.

Uncertainties for individual pollutants differ algath the level of experience of compiling an
inventory, and these uncertainties typically canrdguced over time. SOnventories have a long
history in Europe and North America and are consideelatively reliable in those regions. For other
world regions, inadequate information about theplsut content of fuels and sulphur removal
efficiencies may add to the uncertainty. Ni@ventories are generally regarded as less cetftain
SO, inventories, while NMVOCs and CO inventories cahigh uncertainties. Due to the short
experience in compiling PM, BC, and OC inventorégsl the lack of data on the distribution of
technology types in key regions, these are evenenumrcertain. BC and OC inventories have
uncertainty ranges of -25 per cent to a factomaf ¢(higher for open burning) (Bond et al., 2004).
Typical reported ranges of uncertainty estimate€iorope are: SO +5 per cent; NQ +14 per cent;
NMVOCs: 10-39 per cent; and CO: £32 per cent (EMEBQ6a). For the TRACE-P inventory,
Streets et al. (2003) estimated uncertainties larAsmissions that ranged from +16 per cent foy SO
and 37 per cent for NQo more than a factor of four for BC and OC. Witlisia, there was wide
variation among countries and regions, with emissincertainties in Japan being similar to those in
Europe, and emissions in South Asia having higlertamty.

4.4 Projection of future emissions

The development of emission projections typicalyuires assumptions about economic
growth, population growth and the emission charétites of new production technologies. These are
building blocks for the development of more dethifets of assumptions and parameters, such as
energy use projections, livestock developmentsdymtion of goods, changes in environmental
legislation leading to different emission factov&otime, etc.

To consider changes in the spatial distributioerafssions, additional factors may need to be
projected, e.g. the pace of economic and demografghielopment in the considered regions (also at
subnational level). Important shifts in spatialtdizition of emissions could occur, for examplethié
scenario of opening up of the Arctic region forpging would be realized. Likewise, emissions
associated with oil and gas exploration and deveton in Siberia and Central Asia could alter the
patterns of emissions of hydrocarbons and othesiespe

4.4.1 Driving forces

The most important factors determining future eoisslevels are activity, level of
technology development and penetration of abatemeasures. Activity changes are strongly linked
to economic growth, population growth and energgwgh, but they are also dependent on the
geopolitical situation, trade agreements, levelsabsidies, labour costs, etc. While production
technology improvements (with respect to emissemels) are also related to economic growth, a far
more important factor is environmental legislatidine latter can be a key factor in determining the
penetration of abatement measures and consequbatlgpparent emission factors. Comparison of
historical per-capita NQemissions in the United States and Europe shatt®ag relationship to per
capita income, in which growth beyond about $5,0€4lls to a strong increase in car ownership.
Recently, several developing countries reached sumime levels, and a rapid increase in traffic-
related emissions and worsening of air quality,eeigly in megacities, has occurred. Historically,
however, societal acceptance of measures to impoocat air quality has also grown with increasing
economic wealth. Consequently, it is unlikely thglbbal air pollutant emissions will grow
substantially in the future.

As one example, figure 4.3 shows the varying stafesitomobile emission restrictions in
Asian countries, compared to the stage of apptinaith the EU (Euro 1-4). Traditionally, national
legislation drove the installation of control teokwgy, but in some regions international (regiooral
global) agreements have become the key driveranpbes include the Kyoto Protocol, the protocols
to the UNECE Convention on Long-range TransboundaryPollution, and EU Directives. At the
national level, the economic projections are frediyeupdated, as are as some key activity factors,
e.g. population and energy use. Regional or glpbgjections of drivers are updated less frequently,
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and such work is often driven by policy needs, thg.global SRES (Special Report on Emission
Scenarios), EU energy or agricultural projectiond the work of international agencies such as the
International Energy Agency (IEA), the Organisation Economic Co-operation and Development
(OECD), and the Food and Agriculture Organizatibthe United Nations (FAO).

Figure 4.4 demonstrates the estimated impact @adyr committed legislation on NO
emission estimates for the SRES scenarios compauri@ original SRES scenario results. Cofala et
al. (2007) assessed the technically feasible eomissduction potential within the next 20 years.
Such potential varies for various pollutants angiaes, but on a global scale emissions of,ND
SO, could be reduced by about 50—70 per cent compardide current levels, while those of BC
could probably be reduced by no more than 30-4@@at. The major reason for the lower reduction
potential for BC is the significantly different ession source structure; over 60 per cent of enrissio
originate from small scale domestic combustioneeia where few add-on measures exist and the
most efficient reduction strategy is to replacevesoand boilers with new ones. It is expected,
however, that many of the traditional appliance w@main in use until 2030, especially in the
developing world. One additional aspect of envirenial legislation is consideration of the actual
level of compliance. Typically, historical invenies take into account information on compliance
both in terms of the timely introduction of respeetlaws (emission standards) and the actual
performance of the installed control equipment. pagjections, it is assumed that the technical
abatement measures will be installed in a timelynmea to comply with the law. As far as
performance of the equipment is concerned, appesasiary between studies: some assume that
emission factors equal emission standards, whikeret make explicit assumptions about the
probability of failure, e.g. the percentage of “d@is” among the vehicle population. The latter
assumptions most often rely on the experience aithting equipment that might not necessarily be
representative for new and future technologies.d&good understanding of the projections, it is of
utmost importance to state these assumptions ékplic

Figure 4.5 demonstrates the importance of carefusideration of potentially rapid changes
of emission factors, especially in developing caest In China, the building of new, large coakér
power plants to replace or augment the set of p&iealler plants has dramatically altered the nfix o
plants, and in just 10 years has cut the averagesem factor of the ensemble of plants by about 16
per cent.

Last but not least, there is strong interdependanueng different air pollutant species, such
that many species can be mitigated at the sameltynmertain kinds of environmental policies, i.e.
ambitious CQ reduction targets will also result in significaetiuction of air pollutants. The IASA
GAINS model showed such results for a number obgean scenarios (Amann et al., 2007; IIASA,
2004).
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Figure 4.5 lllustration of how technology renewaln a rapidly industrializing country
(China) can change the mix of plants and the net dssion factor in a relatively short
time.

4.4.2 Methods
There are two principal categories of approached ts develop views of future emissions:

Projections of activities that generate emissi@ng. energy use, fertilizer use, livestock
and production of goods) together with productiechnology development and
penetration of abatement measures, based on gxstohforthcoming legislation and
autonomous improvement of technology over time, tgets et al. (2004).

Projections of proxies, such as population or endo@rowth, to change emissions over
time, assuming little or no change in unit emissjan enhancement of this approach is
to use elasticity against emissions to accouninfiprovements in production technology
or increased penetration of abatement measurethibuapproach requires much
historical data.

It is important to carefully consider consistencilem compiling projections from different sets of
data where the underlying methods may differ orab®umptions are not well known or documented.

4.4.3 Future emission inventories

There are a number of key studies and papers tbaide important information on future
emission levels, globally and in certain world oegi and countries.

The IPCC SRES (Special Report on Emission Scenarios) scenalitiS(, 2000a) are well
known and reflect a large, global, long-term eff@ahd so cannot be updated very often (the last
scenarios were developed in the mid-1990s). Althaing SRES scenarios assume improvements in
production technology, they do not include soméhefexpected changes in the future penetration of
abatement measures (the impacts of existing léigis)a also, they do not include some of the
aerosols and PM species and are available onlggregated regions rather than countries.
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There are a number of global projections that hlamen published in the peer-reviewed
literature. For example, Streets et al. (2004) bgpexl a forecast of future BC and OC emissions,
drawing on SRES activity data and incorporatingetielution of production and control technology,
specifically for non-industrial sectors. Cofala @t (2007) developed global projections for air
pollutants (excluding NMVOCs, Nland PM) and methane up to 2030. The spatialutisnlvaries
by continent. A longer-term projection (up to 218&) BC and OC but also taking into account,CO
abatement options and policies was prepared byeRab (2005); the activity data draw on the SRES
scenarios. As part of its Clean Air Interstate R@AIR), the U.S. EPA has developed near-term
emission forecasts of S@nd NQ (http://www.epa.gov/cair/index.htil

For Europe, the RAINS model includes projectiongiofpollutants and greenhouse gases up
to 2030, developed in consultation with nationaperts (Amann et al., 2006a), and the EMEP
database contains official projections (up to 201d) several European countries. The EMEP
database, however, often lacks the supporting daa would allow for reconstruction and
verification of emissions.

For Asia, several studies looked at particular ysaitts, while the RAINS-Asia model has
been used to prepare a consistent set of projscticawing on national energy data and international
studies for other drivers. The work on global petins (Cofala et al., 2007) includes updates for
Asia (reflecting changes in legislation) and newjgctions for the Russian Federation.

Figure 4.6 presents examples of ,Sid NQ emission projections up to 2030 for OECD
countries, Asia, and the rest of the world. Alsowsh are trends in three of the main driving foroes
emissions: population, GDP, and energy use.
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Figure 4.6 Examples of S@ and NGO, emission projections up to 2030 for OECD
countries, Asia, and the rest of the world. Projections of emissions of $Qupper frames)
and NQ (lower frames) and their major driving forces mee world regions (Amann et al.,
2006b).

4.5 Natural emissions

Natural sources of atmospheric gases and pariicthsde living and dead organisms, soil,
lightning, and volcanoes. Natural emissions ocouhe absence of people, but human activities can
substantially alter these emissions. Methods haen leveloped for estimating global emissions of
trace gases and particles from all major naturatcgs, including plant foliage VOCs (Guenther et
al., 2006), mineral dust (Mahowald et al., 200®jcanic SQ (Andres and Kasgnoc, 1998), lightning
NOy (Price et al., 1997), soil NOLee et al., 1997), wetlands methane (Fung et1&91), and
wildfires (van der Werf et al., 2003). The resalns of these models range from hourly and 1 km x 1
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km for plant foliage VOCs to monthly and 1° x 1t feetlands methane. The uncertainties associated
with natural emissions are substantial and arelhigapendent on the spatial and temporal scales
considered. For example, the annual global isopeamssion is known to within a factor of two, but
the uncertainty associated with the isoprene eamisat a particular hour and location can exceed a
factor of five (Guenther et al., 2006). In additionncertainties vary greatly for the various
compounds emitted from vegetation foliage and widf For example, the uncertainties associated
with emissions of sesquiterpenes from foliage amty Rom wildfires are much higher than those
associated with isoprene from foliage and,@Om fires.

A high resolution (10 km x 10 km) inventory of NG5O, NHz, PM, NMVOCs, CH, CO,
and DMS emissions from natural sources in Eurogkeb&i completed in 2007NATAIR (Natural
and biogenic emissions and Assessment of ImpactsiroQuality, http:/natair.ier.uni-stuttgart.fle
Emission sources included as “natural” compriseetegipn (especially forests, forest and agricultura
soils), primary biological aerosol particles, wddimals, humans, anoxic soil processes in wetlands,
macro- and micro-seepages from geothermal and sothgrmal sources, wind-blown dust and
Saharan dust, volcanoes and lightning. Emissi@mm frets, biomass burning and forest fires are also
dealt with, even though they are often considecetie anthropogenic activities. The methodology
developed to estimate emissions from these sowvdebe used to update the EMEP/CORINAIR
Guidebook.

Uncertainty assessments of natural emission sounee® focused on comparisons of
available input databases (e.g. Guenther et ab6)2dto and Penner (2004); Hoelzemann et al.
(2004)). The uncertainties associated with emisfaotors and emission algorithms are more difficult
to quantify. Comparisons of different emissionrasties for any of these sources tend to agree within
about a factor of two on annual global scales. Harethe models are generally based on at least
some of the same emissions data and so are ngteindent estimates. Global satellite observations
are beginning to provide a valuable tool for agagsemissions of, among others, foliar isoprene
(Shim et al., 2005), wildfires (Pfister et al., 3)0lightning (Boersma et al., 2005; Martin et al.,
2007), methane (Frankenberg et al., 2005), and(#Metowald et al., 2003). These observations are
valuable both for providing some confidence in natemission estimates and for indicating regions
and seasons of major discrepancies.

As estimates of present-day natural emissions mapeoved, research efforts have focused
more on how these emissions will respond to clinaatd landcover change. Natural emissions of
mineral dust, wetland methane, foliar VOCs, anddiwies are all very sensitive to changes in
landcover (e.g. vegetation type and density) ailchszisture (e.g. Mahowald et al. (2006); Guenther
et al. (2006); Flannigan et al. (2005)). Foliar V@missions are also sensitive to ambient
temperature and solar radiation. Emissions coufgl g a factor of two or more on time scales of
years to decades. An improved understanding optbeesses controlling these variations is required
for accurate predictions of future natural emission

4.6 Harmonization of different inventories

There is no global or common standard for air gaiitiemission inventories. Standards and
principles for greenhouse gas inventories (e.gicsodlassification, sources to be included in matio
totals, definitions of national territories and Iptdnt definitions) have been developed by IPCC
(IPCC, 1997; 2000b; 2006). The IPCC Guidelines atetude ozone precursors (NONMVOCs,
and CO) and SO The EMEP inventory has, as far as practical, mopting the principles of the
IPCC Guidelines, but has recently extended the cgowutassification. IPCC is referring to the
EMEP/Corinair Guidebookhttp://reports.eea.europa.eu/EMEPCORINAIR4/en/p@gdm), used
for reporting under the UNECE Convention, as a &uof methodology information. The
EMEP/Corinair Guidebook provides both simple anderexlvanced methods for most anthropogenic
and natural sources of air pollutants. This Guidé&bis currently undergoing a major restructuring
and update and should be finalized by mid-2008. skual for air pollutant inventories directed at
developing countries to complement the EMEP/Coriiidebook has been developed under the
Global Atmospheric Pollution Forum (The GAP (GloBaimospheric Pollution) Forum Air Pollutant
Emissions Inventory Manualhigp://www.sei.se/gapforum/ The EDGAR global inventory is also
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now building on the principles of IPCC, especidlly the agriculture and waste sectors. The U.S.
EPA AP-42 emission factor databasetd://www.epa.gov/ttn/chief/ap42/index.hintias been used
extensively both in North America and for applioatito developing countries. Although the
EMEP/Corinair Guidebook and the U.S. EPA AP-42 aansimilar information, there has not been
any serious attempt to harmonize them.

All the developments listed in the preceding paaprled to significant improvements in
quality, consistency and transparency of globaéimeries. However, we must not forget about other
important reasons for the observed improvements dh@ discussed in detail elsewhere in this
chapter, e.g. more measurements, increased commdiner leading to fine resolution atmospheric
modelling and new satellite platforms and retrianathods.

We suggest that further efforts for harmonizatidraio pollutant inventories use the 2006
IPCC Guidelines, the EMEP/Corinair Guidebook, th@F3~orum manual, and the U.S. EPA AP-42
as a starting point. Additional work is necessaryl¢fine sources specific for key air pollutants] a
the extended source list developed by EMEP may fig#iter extension to cover particular sources
in developing countries. Furthermore, additionalrkves needed to define natural sources and to
distinguish anthropogenic and natural sources. bithto estimate emissions may need more
development to fully take on board the range oivigts and technologies in use in all world region
and the results of recent research. For examplea8COC are not covered by any of the available
guidance — while PM and PMs are.

4.7 Recommendations

The Task Force on Hemispheric Transport of Air iRah should make use of the existing
emission inventories of EMEP, EDGAR and other oiztions and projects (hational governments,
GEIA, UNFCCC, etc.). Other research activities camtribute global emission data on topics of
special importance to the Task Force, e.g. shippimdjaviation, lightning and other natural sources.
The Task Force should reach out to other orgaoizatiand research programmes (e.g. the
Convention’s Task Force on Emission Inventories &djections, GAIN§ the GAP Forum,
EANET?, and CAI-Asid) to facilitate the incorporation of other emissimventories with local
knowledge into global emission inventories. Sucforé&d are especially needed to improve the
inventories in regions where emission factors aniity data are poorly known.

Modelling efforts should try to identify those esimn estimates (including temporal and
spatial resolution) and uncertainties that are mogiortant for understanding intercontinental
transport and hemispheric pollution. To evaluatedppropriate attributes of emission estimatds, it
necessary to compare the absolute values, ratidstrands of estimates contained in inventories to
values, ratios and trends derived from both amlwéservations (surface, in situ, and satellite-Base
and atmospheric models, as part of an iterativega® The Task Force can be an advocate for
capacity-building in these areas.

The Task Force should take into account other &ftor develop future emission projections,
including efforts by national governments, the T&skce on Emission Inventories and Projections,
UNFCCC (i.e. greenhouse gas emission reporting reattbnal communications), IPCC (i.e. AR5
preparation), GAINS, OECD, QUANTIFY, and othersoffr these emission projections, efforts
should be supported to identify the magnitudes disttibutions (spatial, vertical, temporal, and
chemical) of expected future emissions changestanevaluate how these types of changes will
change estimates of source-receptor relationshipstercontinental and hemispheric scales.

! Greenhouse gas and Air pollution Interactions &ywergies.
2 Acid Deposition Monitoring Network in East Asia.
% Clean Air Initiative-Asia.
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Improvement of emission inventories and developroéptojections is of special importance
for Asia, because anthropogenic emissions aretbitaager than in Europe and North America today
and they will continue to increase in the future.achieve this, the Task Force should make efforts
improve collaboration with Asian organizations gmebgrammes (national governments, EANET,
CAl-Asia, etc.).

Finally, we recommend that the Task Force asgistaising awareness of transboundary and
intercontinental air pollution in regions where tbencept is less well known and in linking this
awareness to the need for improved knowledge ofriboiing emissions and the importance of
building high-quality national and regional emisgsicnventories. The Task Force can assist in
creating crucial links between institutions (indhugl national focal points, regulatory bodies, and
research groups) both within countries and acregi®nal and hemispheric scales. These linkages are
an important step towards meeting the need foreasad capacity for developing good emission
inventories throughout the Northern Hemisphere.
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5. REGIONAL, HEMISPHERIC AND GLOBAL MODELLING

Chemical transport models (CTMs) are importantdamded to explore pollution transport
pathways and to assess the impact of long-rangedeoat on air pollutant concentrations in specific
regions. There is growing interest in estimating ¢ontribution of emission sources both near and fa
on ambient pollution levels. However, quantificatie@quires methods for the diagnosis and analysis
of intercontinental transport and dispersion, adl we procedures to track the contributions of
specific source regions to pollution levels ovegioas of interest (i.e. the source-receptor (S/R)
relationships). Such analyses are being done wglonal and global scale CTMs.

In this chapter we discuss the various modellinghwes and approaches being used to predict
pollution levels over regional and global scaleghva focus on issues related to estimating S/R
relationships. Previously published estimates & Hemispheric transport of ;0aerosols and
subsequent deposition of various aerosol comporaetpresented, as well as preliminary results
from the model intercomparison organized undefTiaigk Force, hereinafter referred to as the HTAP
intercomparison. In addition, the capabilities dintitations of current models are analysed, along
with the sensitivity of S/R relationships to futwleanges in emissions and climate. Further ad#viti
needed to improve the modelling capabilities arddstimates of hemispheric transport of pollutants
are identified.

5.1 Modelling methods for diagnosing or quantifying transport

In identifying effective measures to reduce podintioads at a specific place, information on
the breakdown of observed concentration or deposttields into their respective contributions is
useful. It seems intuitive to be able to attribalserved concentration or deposition fields to rahtu
versus man-made sources or to local, trans-bounataigtercontinental sources. However, seldom
are we confronted with the situation where the oplexk concentration or deposition fields at a
particular location are due solely to emissionanfra particular source. Generally speaking, the
further we are from source regions and the lonigeratmospheric lifetime of the pollutant, the more
likely it is that several sources of the pollutantquestion contribute to observed levels. Since
observations generally cannot answer such questiotiseir own, models are widely used to provide
the required information.

Atmospheric dispersion models have been widely ugedjuantitatively describe the
downwind ground-level concentrations and deposifields generated by point, line and area sources
of atmospheric pollutants over the short-rangeadst scales (50 km or smaller). Numerous field
experiments have been conducted over different@mvients using a wide range of different tracers
to verify dispersion model performance and to stdipersion processes at these scales. Model
comparison and harmonization exercises have baapleted so that atmospheric dispersion models
can be used with confidence in scientific, regulatand policy applications. Tracer experiments are
more difficult to perform over the long-range (1K@ or greater) transport scale but there have been
two notable studies. CAPTEXand ETEX have quantitatively examined atmospheric transpoct
dispersion over distance scales of ~1000 km, ane baen used to assess skills of ensembles of
models for dispersion forecasting (Galmarini et 2004). The accident at the Chernobyl nuclear
plant stimulated quantitative intercomparison eige involving a number of long-range transport
and dispersion models (Klug et al., 1992).

The situation with respect to quantifying atmosphetispersion and transport on the
intercontinental scale presents a new set of aigdie First, there is no equivalent to the largdybo
of tracer studies for model validation on the intetinental scale. Second, intercontinental trarispo
models are so different in formulation to simplenaspheric dispersion models that the issue of
diagnosing or quantifying transport and dispersias been given scant attention until now. Finally,

! Cross-Appalachian Tracer experiment.
2 European Tracer Experiment.
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there have not been pressing needs to motivatevieation and harmonization of the description
and parameterization of the transport and disperpimcesses involved in hemispheric pollution
transport.

Most studies of intercontinental transport and elispn performed up until now have
employed global-scale or hemispheric-scale Eulegad CTMs. These models generally require
large volumes of meteorological data to drive &l trelevant processes, including emissions,
advection, dispersion, scavenging, and chemicadumrion and loss. Grid resolution has improved
rapidly with the increasing power of computer sggteso that most CTMs achieve the resolution of a
few degrees or finer, with tens of vertical levblstween the Earth’s surface and the tropopause.
Commonly, the CTMs operate “off-line” from the drig numerical weather prediction model or
“free-running” global circulation models initialidefrom fields of observed sea surface temperatures
(SSTs); there is no coupling between the atmosphefremistry back to the meteorology which
determines the transport and dispersion of airufiol. In almost all published studies, it is thcit
assumed that as long as the meteorological dasfrase numerical weather analysis and prediction
or global circulation models can meet the levelsgdtial and temporal resolution described in the
above paragraph, then they are suitable for thetdieation of intercontinental transport. However,
there are aspects of the representation of smmadlHaage-scale convection, boundary layer processes
wet scavenging and chemistry that are difficulthe:ndle in current numerical weather prediction
models. These aspects may limit the capabilitiescafrent CTMs to quantitatively represent
intercontinental transport and dispersion.

An illustrative example of the use of global CTMs investigate transport patterns of
pollutants is shown in figure 5.1. In this studytifecial tracers representative for atmospheric
pollutants with a lifetime of 10 days were simukansly emitted from the world’s 36 largest mega-
cities and simulated for one year. Shown are anme&sn tracer concentrations at the surface and
column amounts above 5 km. These results illustfaetransport processes discussed in chapter 2
and the fact that these processes vary from lat#didocation and with altitude. Several key feagur
of the export characteristics of pollution emer¢g) long-range near-surface pollutant export is
generally strongest in the middle and high latigjdespecially for source locations in Eurasia; (b)
large-scale extra-tropical cyclones and deep cdioredn the tropics provide efficient pollutant
transport to the middle and upper troposphere (&ckhet al., 2004; Hess, 2005); (c) not only are
there order of magnitude interregional differencsh as between low and high latitudes, but also
often substantial intraregional differences; (djic&fnt long-range export does not necessarily
correspond with a more significant dilution of pénts near their source, rather the amount of low-
level, long-range export (e.g. below 1 km and bely®@00 km) is well-correlated with high surface
density on regional scales near the source (ethginv~1000 km); this implies that pollutant builg-
to high densities in the surface layer of the regiarrounding the source location is more strongly
influenced by vertical rather than horizontal tgaors. Further details can be found in Lawrencd.et a
(2006).
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Figure 5.1 Annual mean tracer concentrations at the surface ah column amounts
above 5 km.Annual mean plots of the sum of all of the (10 dangjor population centres’
tracers for the model surface layer density'¢1@g/n?) andthe column above 5km (£0
kg/n). From Lawrence et al. (2006).

5.1.1 Methods for calculating source-receptor relatioipsh

Source attribution or source apportionment is ttoeeg@ss by which an observed concentration
or deposition is split up into a number of compdaen fractions that represent a source contributio
In principle, the sum of all of the components dtiadd up to unity or the observed concentration. A
source-receptor relationship is the means by withiehcontribution of an emission source A to the
concentration or deposition of a specific pollutatta receptor point B can be quantified. S/R
relationships are different in concept to sourdebattions (Venkatram and Karamchandani, 1986),
and imply a response at a particular receptor ilmecab a change in the emissions at a particular
source and as such are model constructs. Sourdeutitins are observation-based analyses where
information on chemical composition is decomposa&d br mapped according to source profiles.
These approaches would give a similar impressiothefimportance of different sources for the
simple case of an inert tracer or for the companehan exactly linear chemical system (Seibert and
Frank, 2004).For nonlinear chemical systems, however, souragbation under one emissions
scenario may be different from the source attrdugfter emissions have changed. The attribution of
distant sources to local;Qevels is particularly difficult, owing to strongon-linearities in the
response of @production to changes in N@missions.

In analysis of S/R relationships, it isseful to treat pollution levels as composed of a
component that responds to changes on time sciaseveral months, and a component that responds
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to changes in emissions over longer time scalesr@wnumber of years), such as that associated with
the slower response of atmospheric methane. Uskatsd otherwise, the results presented in the
discussions that follow relate to the pollution gument that responds on time-scales of less than on
year, although some of the work in this chaptes alddresses longer time scale effects.

Calculations of S/R relationships can be classiiitd source-oriented and receptor-oriented
approaches. The source-oriented approach is theaowsnonly used method, where emissions from
individual source regions are perturbed, and tipesturbations are propagated forward throughout
the modelling domain at future times. In the receptriented approach the perturbation in the
concentrations at the receptor location with respe@missions are traced backwards in time. S/R
relationships are model constructs, and thereftirere is no simple means of verification or
validation. The accuracy and validity of a S/R ftielaship depends on the adequacy and
completeness of the atmospheric models from wliiely have been derived. This topic is discussed
later in section 5.7.

Most published studies describing and quantifyinggtrange transport S/R relationships
have used a source-oriented approach. The teclnlmpieg used to characterize these relationships
on an intercontinental scale are largely being #stbffrom regional scale analysis. For example,
Arndt and Carmichael (1995) and Arndt et al. (19@®)scribe S/R relationships for sulphur
deposition and SQemissions over Asia; Gebhart et al. (2000) foibilisy at Big Bend, Texas; Stohl
(1996) for particulate sulphate and European 8@issions; and Charro et al. (2000) for acidity in
France. For more than two decades, EMEP has beegrajig source-receptor matrices which
estimate the contribution of the emissions in anyroBean country to the depositions or
concentrations of any acidifying or photochemicallytant in any other European country to inform
the development of policies under the ConventiorLong-range Transboundary Air Pollution (for
example, Bartnicki (2000), EMEP (2007)). One dinetasure of the relationship between a source
and a receptor is simply the effect of an additioin@aginary source on the concentration or
deposition at the receptor. An alternative is totyb (e.g. switch off) an emission source and
estimate the impact at the receptor. Sensitiviternussions can also be addressed using the direct
decoupled method in which extra differential equagi are added into the atmospheric model
allowing a more elegant and mathematical analysisonsideration in source-receptor calculations
has to do with how sensitive the calculations ar¢he size of the perturbation. In general, CTMs
represent non-linear systems and thus, in princthle response should be dependent on the size of
the perturbation. This is of practical importancéew selecting the size of the change in the
perturbation approach. The direct sensitivity applo assumes an infinitesimal perturbation.
Comparison of results from direct sensitivity as@yand perturbation calculations provides a means
to estimate the sensitivity of the S/R relationdoiphe emission change of interest. Other appesmch
use small perturbations (e.g. pulse experiments véikd et al. (2001); Stevenson et al. (2004)) to
approximate the small (infinitesimal) perturbatigdternatively, tagging methods where molecules
from specified source regions are "tagged" andiegltracked in the model (using extra variables)
are also used to evaluate S/R relationships (Ausrad/Bey, 2005; Derwent et al., 2004; Sudo and
Akimoto, 2007; Wang et al., 1998).

Receptor-oriented source-receptor calculationseararried out using adjoint sensitivities as
demonstrated in Hakami et al. (2006), or by runmimgparcel models backwards in time (see Stohl et
al., (2002)). The application of adjoint sensiiggt are currently limited by the number of CTMs for
which adjoint models are available (as this requisignificant additional model development
activities). However, this is expected to changtefuture as more adjoint models are developed fo
application in chemical data assimilation (see Geael et al., (2007), and references therein).

5.1.2 The role of model intercomparisons

While there is an expanding literature to draw ugon analysing pollution transport
pathways and S/R relationships, it is difficultopoantitatively compare the results from the pulgitsh
papers due to a lack of consistency in the methodsmetrics being used by different researchers to
describe or quantify intercontinental transportt@revaluate and characterize model performance.
One method for developing comparable modelling Itesa to design a collaborative multimodel
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study or intercomparison. A host of model intercangpns relevant to hemispheric transport issues
has been performed in the past (e.g. NASA ModelsMeasurements Study (Prather and Remsberg,
1993), and the World Climate Research Program (WQaRIRsport model intercomparison of 1993
(Jacaob et al., 1997). Recent intercomparisons d@ecldor G air pollution, ACCENT-PhotoComp
(Dentener et al., 2006b) on a global scale and [Beita on the European scale; for aerosol, the gjloba
AeroCom, the European EuroDelta, and the Asian MAGE intercomparisons; for mercury on the
European to hemispheric scales, the “Intercompar&dy of Numerical Models for Long-Range
Atmospheric Transport of Mercury”; and for POPs Baropean to global scales, the ongoing
intercomparison study involving both box and spigtieesolved atmospheric and multi-compartment
models. Further, we mention the TRANSCOphase 3 intercomparison (Baker et al., 2006; Gurne
et al., 2002; Gurney et al., 2003; Gurney et &0& Law et al., 2003), which focuses on largeescal
transport issues in global models of the carborecyand the ACCENT experiment A (Gauss et al.,
2006), which focused on changes inli@tween the pre-industrial and present day inrtisphere
and lower stratosphere. There are also ongoingcogarisons in the WCRP-SPARC (Stratospheric
Processes and Their Role in Climate) community. (yging et al., (2007)).

Past intercomparisons have differed in complexggppe, participation, duration and
analysis. The geographic scale has also differemigbbased on pollutants or issues of interest; for
example, @and PM are mostly regional problems that haveifstant hemispheric component and
are sensitive to transport mechanisms on synopées. Nevertheless, aspects of the models can be
compared, including transport trajectories or paiewet deposition patterns, oxidant fields, etc.

An advantage of the multimodel approach is thatebgmates from the individual models
can be further analysed to provide an ensembler{restimate as well as to provide estimates of the
differences between the model predictions (e.qidstad deviation among the models, etc.). Such
information, when combined with model evaluatioringsobservational data, conveys valuable
information with respect to model uncertainty ar@hfddence in the estimates. To facilitate the
analysis of S/R relationships for intercontineritansport a model evaluation and intercomparison
activity was organized under the Task Force. Detaik presented in the following section.

Figure 5.2 The source-receptor regions used in tHdTAP intercomparison. The regions
are: NA- North America; EU- Europe; EA- East Asiad SA- South Asia.

% Model Inter-Comparison Study for Asia.
* Atmospheric Tracer Transport Model IntercompariBooject.
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5.1.3 The HTAP intercomparison

The HTAP intercomparison is designed to eliminaggesal key uncertainties that hinder
efforts to draw consistent conclusions from thestxg literature on hemispheric transport gfand
aerosols. These uncertainties include the diverges¢ssment methods, spatial extent of source and
receptor regions, and reported metrics resultinghfthe various objectives addressed by individual
studies. We adopt here a coherent framework toiceste diversity across models to that associated
with the combination of model differences in tramgpemissions, chemistry and other boundary
conditions. The inter-model diversity gives somdigation of the real uncertainty associated with
model calculation of hemispheric transport. Fous 8¢ coordinated model studies are planned in the
framework of the HTAP intercomparison (more exteasiinformation can be found at:
http://agm.jrc.it/HTAP). Experiment Set 1 (2006—2007) S/R relationshipsray four world regions.
Experiment Set 2 (2007) consists of artificial éaexperiments that will help to interpret the nmlode
diversity found in Experiment Set 1. Experiment Sewill focus on dedicated experiments for
mercury, Q, aerosol, and POPs, and will link closely to measients. Finally, in 2008—2009 a
revised set of S/R simulations will inform the Tdskce’'s 2009 assessment report.

In Experiment Set 1, participants were requestedide three-dimensional tropospheric
chemistry models at 4° x 5° horizontal resolutiorimer that cover at least the Northern Hemisphere
2001 meteorological fields, and each individual eitidg group’s best estimates for year 2001
emissions. Methane abundances were fixed througth@euimodel domain to the observed global
average value of 1760 ppb. For each of the so@giems depicted in figure 5.2, anthropogenicyNO
NMVOCs and CO were decreased by 20 per cent indgiigl A subset of experiments focused on
aerosol S/R relationships were also performed, &vherosol precursor (3NH;, NO,) and primary
emissions (BC, particulate organic matter (POM)t tbansists of both primary and secondary
components, and P)) were simultaneously reduced with; @recursors by 20 per cent. An
additional sensitivity simulation in which atmosplbemethane abundance was reduced by 20 per
cent (to 1408 ppb) was conducted. In total, 17 ifeitg simulations were conducted. An overview
of models participating in the HTAP intercomparigexperiment Set 1 is given in table 5.1.

The simulations in Experiment Set 1 were used tentifly the sensitivity of tracer
concentrations in the surface layer, vertical calarffloads”), and deposition in the receptor region
(designated in figure 5.2) to the 20 per cent desee in emissions within the four source regions. A
region-wide 20 per cent emission perturbation wlagsen to be within the range of anticipated
regional emission changes expected over the nesdadeor so. Significant non-linearities exist when
comparing 100 per cent (i.e. completely switchiffgregional anthropogenic emissions) and smaller
perturbations (e.g., Doherty et al., (2005)), whichy explain some discrepancies between existing
S/R studies for ©(table 5.2). Perturbations in the range 0-20 gert cespond in a more linear
fashion (Wild, 2007), also supporting the pertudratmagnitude used here. Publications of the
HTAP intercomparison results are planned; the tesptesented below should be considered as
provisional.

To illustrate the variability of NQemissions used by the various models, we presdiguire
5.3 the global and regional total (anthropogenig aatural) NQ, VOCs, and CO emissions used in
Experiment Set 1. The variation of emissions amoragdels (~10-20 per cent of the mean) is
probably a lower limit of the real uncertainty afreent emission inventories. Emissions of \#be
roughly equal in North America, East Asia, and Baoand half of that in South Asia. The
anthropogenic emissions typically represent 85-&0cpnt of all emissions in Europe, East Asia, and
North America, and 75 per cent in South Asia.

In the sections that follow, we discuss in detabdelling analysis of the hemispheric
transport of @, aerosols, and deposition of various componemgyidg on the published research,
as well as preliminary results from the HTAP inamparison. We use the following nomenclature to
discuss the results for the emission perturbatiodiass with regard to S/R relationships.

1. The response is the absolute change of contiensacolumns, or deposition in receptor
regions from changes in foreign and domestic sorgg®ns. In the following discussion,
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domestic pertains to the impact of a region onlfjtsghereas foreign refers to the
influence of one or more external regions.

The relative response due to imported pollutiersus domestic emissions, or “import
sensitivity”, is the response to the sum of 20 gt anthropogenic emission reductions
in the foreign regions divided by the response Dger cent anthropogenic emission
reduction in the region itself.
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Table 5.10verview of models currently participating in the HTAP intercomparison. Details of models are
available at: http://www.mi.uni-hamburg.de/List-gsification-and-detail-view-of-model-
entr.567.0.html#classification

Model/version Institute Simulations

GEOSChem-v07 Harvard University, Cambridge, MARhotochemistry
USA Aerosol

MOZARTGFDL-v2  Geophysical Fluid DynamicsPhotochemistry
Laboratory, Princeton, NJ, USA Aerosol

STOCHEM-v02

Hadley Centre, Met Office, UnitedPhotochemistry

Kingdom Aerosol
CAMCHEM- National Center for AtmosphericPhotochemistry
3311m13 Research, Boulder, CO, USA Aerosol
INCA-vSSz IPSL, Paris Photochemistry
LLNL-IMPACT- Lawrence Livermore National Photochemistry
T5a Laboratory, Livermore, CA, USA Aerosol
MSCE-HM Meteorological Synthesizing CentreHeavy Metals
East, Moscow.
MSCE-POP Meteorological Synthesizing Centrd2OPs
East, Moscow
EMEP-rv26 Norwegian Meteorological InstitutePhotochemistry
Oslo Aerosol
OsloCTM2 Oslo University, Norway Photochemistry
Aerosol
FRSGCUCI Centre for Atmospheric Scienceé?hotochemistry
University of Cambridge, United
Kingdom
UM-CAM-v01 National Centre for AtmosphericPhotochemistry
Science, University of Cambridge,

United Kingdom

TM5-JRC-cy2-ipcc-

European Commission, Joint Researdhhotochemistry

vl Centre, Italy Aerosol

MOZECH Research Centre Juelich, Juelictbhotochemistry
Germany

GEOSChem-v435 CIEMAT, Spain Photochemistry

GOCART NASA, USA Aerosol

GEMAQ-v1p0 AMDAL/CRESS York University, Photochemistry
Toronto, Canada

GEMAQ-EC Environment Canada, Canada Photochemistry

aerosol

ULAQ University of L’Aquila, Italy Aerosol

ECHAMS5- LMCA, EPFL, Lausanne, Switzerland Photochemistry

HAMMOZ Aerosol

SPRINTARS-v356 RIAM, Kyushu University, Japan Aarbs

STOC-HadAMS3-

University of Edinburgh, Edinburgh, Photochemistry

v01l United Kingdom Aerosol
INCA-v2MS IPSL, Paris Aerosol
GISS-PUCCINI- NASA GISS Goddard Institute for Photochemistry
modelE Space Studies, New York, NY, USA  Aerosol
GISS-PUCCINI- NASA GISS Goddard Institute forPhotochemistry
modelA Space Studies, New York, NY, USA  Aerosol
GMI-v02a NASA GSFC (Goddard Space FlighAerosol

Center), Greenbelt, MD, USA

® This is an instance of GEOSChem v07 run at 4oeSolution, as opposed to 20x2.50 resolution.
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Figure 5.3 Global and regional total (anthropogenic and naturd NO,, VOCs, and
CO emissions used in Experiment Set Global, hemispheric and regional NQrg
N/year), NMVOCs (Tg Clyear) and CO (Tg CO / yeas)uwsed by individual models in
the HTAP intercomparisorNote that global, Northern Hemisphere (NH), anditS8ern
Hemisphere (SH) emission totals for NMVOCs and G®ehbeen divided by a factor of
5 for visualization purposes, and not all modefsoreed all emissions.
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5.2 Estimates of ozone transport and its pcersors
5.2.1 The global tropospheric ozone budget anthserozone

The IPCC-AR4 ACCENT/PHOTOCOMP study evaluated thmjguted Q budgets and
surface @ concentrations of about 25 models. Many of theseleis also contributed to the
simulations presently performed for the HTAP intenparison. Results for the global Budget
suggest a tropospheric; Burden of 34840 Tg, with sources governed by chemical production
(5100:600 Tglyr), an influx from the stratosphere (5580 Tg/yr), and removal by chemical
destruction (4678730 Tg/yr) and deposition (108200 Tg/yr) (Stevenson et al., 2006). Model
studies of pre-industrial conditions demonstrat# #mthropogenic emissions have had a large
impact on tropospheric Ocontributing about 100 Tg (9 DU) to the globalden (Gauss et al.,
2006; Prather et al., 2001), about 40 per centtuthvis due to changes in Gldnd the rest to
changes in emissions of NGCO, and NMVOCs (Shindell et al., 2005).

In the ACCENT-PhotoComp study, comparison of sw@fd® concentrations with
observations showed that, despite large inter-mdifferences, the model ensemble mean tended
to fall within 5-10 ppbv of the observed valuescept for South Asia where the models exhibited
a systematically high bias compared to the limitedasurements available (Dentener et al.,
2006(b). Figure 5.4 shows the comparison of thenmmaadel with sets of measurements in
specific regions, combined with the standard deiatdf the measurements.

Figure 5.4 Comparison of the annual average ensemble mean ACGH-PhotoComp

model with measurements (circles)The colour of the upper part of the circle représéne
average of a set of measurements; colours of therlpart show the mean plus (left) and minus
(right) one standard deviation of the measuremésitshal model results are difficult to
compare with measurements that may display loedufes [Dentener, 2006 #1642].

5.2.2 Previous studies of ozone and precursor transport

Estimated surface £Oenhancements from published studies of intercental transport at

northern mid-latitudes are presented in table btizse regional contributions have been calculated
using different methods, and cover annual or sedsoran enhancements, typically 1-5 ppbv, and
individual transport episodes where enhancemeet®féen 10 ppbv and may exceed 30 ppbv under

some assumptions of future conditions. S/R relatips are strongest for North American effects on
Europe due to large NGsources and relatively short cross-Atlantic tramspMost studies show a
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distinct seasonality to transport with the greatdftcts in late spring. While these studies paint
broadly consistent picture, they are not directhmparable because of the different choices of
methodology, region and metric used.

As discussed in chapter 3, backgrounde®els in the lower troposphere have been rising at
many locations in the Northern Hemisphere oveldseseveral decades (Jaffe et al., 2003; Naja and
Akimoto, 2004; Parrish et al., 2004a). One of thegible interpretations is that this is due in paurt
increasing emissions of ;(precursors from Asia. In fact, socio-economic \aii¢is are rapidly
expanding in many countries of Asia. In particuldae tropospheric NOcolumn over China may
have increased about 150 per cent in the past dezadevealed by satellite sensors, likely as a
consequence of increasing emissions of, KGM anthropogenic sources (Richter et al., 2085h
rapid increases in emissions of @ecursors are expected to have a large impaatrajuality at the
regional as well as hemispheric scale. The cortidhun Japan of regionally produced om East
Asian sources was estimated to be 5-15 ppbv ingpecontributing up to 10-20 per cent towards the
violation of air quality standards of 60 ppbv (Taoito et al., 2005). In addition to anthropogenic
sources, emissions of;@recursors from boreal forest fires can affecfasigr air quality in the
Northern Hemisphere. Large hemispheric enhancen®@n®O due to boreal forest fires in 1998,
2002, and 2003 were reported by several groupsg@fiov et al., 2004; Yurganov et al., 2005).
Although Q production off the coast of the Eurasian continientather weak in relatively fresh
plumes (Tanimoto et al., 2000), substantigl pPoduction can occur during transport towards the
western United States and during descent over éisteEh Pacific (Heald et al., 2003; Hudman et al.,
2004) and contribute to the violation of the Unitethtes NAAQS (National Ambient Air Quality
Standards) under certain meteorological condit{daffe et al., 2004).

While most of these model studies have focused whlatitude transport in the Northern
Hemisphere, a number of recent studies have exptbeetransport of Qand its precursors in other
parts of the world. Of particular interest is thensport of @and its precursors from biomass burning
and other sources in Africa, which are shown tatrilomte several ppb to surface Gver wide areas
of the tropics and Southern Hemisphere (Aghedd. e2@07). The easterly transport of pollutants in
the upper troposphere from southern and southea&ta in summertime has been shown to have a
significant influence on tropospherig @ver the Mediterranean (Lelieveld et al., 2002¢Rts et al.,
2003)

5.2.3 Present-day source-receptor relationships for @on

In figure 5.5 we present HTAP intercomparison ressfdr monthly mean groncentrations averaged
over the continental-scale source-receptor regiting.seasonal cycle in surface €ncentrations is
similar across the 20 models contributing to theekperiments, although the monthly mean values
vary by as much as 10-30 ppbv in some regions @asbss. This model divergence is similar to the
results from the previously discussed ACCENT-Photo@ study. In Europe (EU), surfacg i®
highest in summer due to photochemical produciioisouth Asia (SA), the winter dry-season
conditions favour @ormation, whereas during the summer monsoon sgasamgh humidity and
efficient mixing with and venting from the bounddayer reduce © In East Asia (EA) and North
America (NA), most models show a spring enhancenemth reflects a combination of
stratospheric influx of ¢ long-range transport, and chemical production.
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Table 5.2 Estimated surface ozone enhancementsrieceptor regions from emission in specific
source regions(drawn from published studies of intercontinertransport at northern mid-latitudes). The
coloured areas designate the different source-tecapeas.

Receptor Region Source Region Q enhancement (ppbv) | Method | Reference
Europe United States 2 a) Wild and Akimoto (2001
Europe North America 2-4 b) Auvray and Bey (2005)
Europe North America 5.8-12.2 c) Derwent et al. (2004)
Europe North America 3-5 (summertime avg); | b) Guerova et al. (2006)
10-12 (events)
Europe (summer) North America 2-4 (daytime mean); b) Liu et al. (2002)
5-10 (events)
Europe (yearly mean) North America 18 (Atlantic fringes); c) Derwent et al. (2002)
10-15 (Central Europe)
Europe (high altitudes) North America 10-12 (events) d) Huntrieser et 2005)
Mace Head, Ireland North America 0.4 (winter); e) Derwent et al. (1998)
0.2 (spring);
-0.3 (summer);
-0.9 (fall)
Europe Asia 0.8 a) Wild and Akimoto (2001)
Europe Asia 9 (Atlantic fringes); c) Derwent et al. (2002)
5-7 (Central Europe)
Europe Asia 3.5-6.6 c) Derwent et al. (2004)
Europe Asia 1.5-4 b) Auvray and Bey (2005)
United States Asia 1 a) Wild and Akimoto (2001)
Northwestern ~ United  State§ Asia 4 (mean); b) Berntsen et al. (1999)
(spring) 7.5 (max)
Northwestern ~ United  Statel Asia 4 f) Jaeglé et al. (2003)
(spring)
Western United States (spring) | Asia 3-10 (range during Asiah g) Yienger et al. (2000)
pollution events)
United States Asia (future) 2-6 (Western U.S.); h) Jacob et al. (1999)

1-3 (Eastern U.S.);
highest April-June

Western United States (spring) | Asia (future) 30-40 (max during Asianhi) Yienger et al. (2000)
pollution events)
United States Europe 0.9 a) Wild and Akimoto (2001)
United States (summer) Asia + Europe 4-7 (typical afternoonb) Fiore et al. (2002a; 2002b
range);
14 (max)
United States Background (19804 3-5 (spring, fall) j) Lin et al. (2000)
1998)
United States Background 4-12 (typical range in k) Fiore et al. (2003)
(Mar-Oct 2001) (hemispheric pollution) | afternoon mean)
United States (summer) Background 6 (afternoon mean) )} Fiore et al. (2002a; 2002b)
(anthropogenic
methane)
West Coast United States Background (19844 10 m) Jaffe et al. (2003)
2002)
Asia Europe 11 a) Wild and Akimoto (2001)
East Asia (spring) Europe 3 (daytime mean) b) Liu et al. (2002)
Japan Europe 0.2-2.5 b) Wild et al. (2004a)
East Siberia (1997-1999) Europe 2 (annual); n) Pochanart et al. (2003)
3 (spring-summer)
Asia United States 0.8 a) Wild and Akimoto (2001

a) Annual mean enhancements from sensitivity sitiarla with 10 per cent increases in emissions fsonrce region;
results are multiplied by 10 to estimate total efffef anthropogenic emissions from the source penti b) Sensitivity
simulation with anthropogenic emissions turned (@ffpically not including CH emissions). c) @ produced in
tropospheric column over source region. d) Obsediffdrence in plume of North American origin vsonthly mean.

e) Mean observed difference in €ncentrations 19961994 for air masses originating from United Stated Canada
vs. from Iceland and Greenland. f) Taggegdt@cer simulations sampled at Cheeka Peek Obseyva) Sensitivity
simulation with all source emissions turned off. $gnsitivity simulation with tripled Asian NOand NMVOCs
emissions. i) tagged CO tracer and parameterizeth@mistry; scenario with quadrupled Asian emissignObserved
trend in the lower quartiles of thes@equency distribution at rural sites. k) Sendyiwsimulation with quadrupled
Asian emissions. l) Sensitivity simulation with Brdpogenic CH emissions reduced globally by 50 per cent; results
are multiplied by 2 to estimate total enhancememhfanthropogenic CHm) Observed trend at surface sites and from
aircraft missions (19842002). n) Difference between median observgd:@ncentrations for air masses originating
from Europe vs. Siberia and high latitudes.
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The annual mean S/R relationships among the faiome for the surface {esponse to 20
per cent reductions in anthropogenic N{nissions are given in tabfe3a. In general, the standard
deviations of the model responses indicate thatabelts are statistically significant.

Figure 5.5 HTAP intercomparison results for monthy mean surface ozonaveraged over
the continental-scale source-receptor regions: Monthly mean surfac®s; volume mixing
ratios (ppbv) averaged over the HTAP intercomparismurce-receptor regions for the
unperturbed base case model simulations (coloiumed;120 models)

Table 5.3 Surface ozone responses to NOx perturbations in thBTAP intercomparison: Multi-model
mean (20 models) response of (a) annual mean gnsk@sonal mean surface (Ppbv) in receptor regions
(columns) to 20 per cent reductions of anthropag®i®), emissions in the source regions (rows). Contrimsti
of a region on itself (termed “domestic”) are shoimnbold. Inter-model standard deviations are shawn
parentheses. Seasonal means are reported for dsensef highest sensitivity to domestic N@&mission
perturbations.

a

(A)\nnual mean decrease of surfacg(@pbv) due to 20 per cent emission reduction dfirampogenic NQ
Receptor
Region EU NA EA SA
EU 0.46 (.21) 0.08 (.03) 0.12 (.04) 0.15 (.04)

Source Region NA 0.22 (.06) 0.75 (.21) 0.12 (.03) 0.10 (.03)

EA 0.08 (.02) 0.12 (.04) 0.61 (.18) 0.09 (.03)
SA 0.04 (.02) 0.04 (.02) 0.09 (.03) 1.08 (.22)

(b)
Mean decrease @; (ppbv) during the season of maximum sensitivitdomestic NQ emission
perturbations

Receptor

Region/Season EU/JJA NA/JJA EA/JJA SA/SON

EU 1.26 (.30) 0.05 (.02) 0.07 (.03) 0.15 (.04)

NA 0.21 (.08) 1.35(.35) 0.05 (.02) 0.10 (.03)
Source Region EA 0.04 (.02) 0.07 (.05) 1.01 (.23) 0.14 (.05)

SA 0.02 (.02) 0.02 (.01) 0.08 (.03) 1.28 (.27)
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In all regions, the annual average response twitheil foreign source regions is at least 5
per cent of the response to similar domestic epmnsgerturbations. The maximum influence found is
that of NA on EU, with an annual mean responseeafrly 50 per cent of that due to the effect of EU
NOy reductions. It is important to note that the resss shown in table 5.3 can be also thought of in
terms of sensitivities. The EU, NA, and EA regioasit similar quantities of NQ with SA
contributing about half as much (figure 5.3). Thlue domestic sensitivities (response in the region
per unit emitted in the region) are of similar mitwgghe for the EU, NA and EA regions, while the
sensitivities for SA are ~60 per cent higher.

The import sensitivity, or response due to the dosibinfluence of the three foreign source
regions on a receptor region compared to the dacnesponse, is 30-70 per cent, depending on the
receptor region. These annual mean numbers, howewask large seasonal changes in the
contribution of hemispheric transport of surfacgt®the receptor regions, including compensating
effects of Q response in winter (titration effects) and sumimehe EU source region. For example,
table 5.3b also shows the @sponse to NOemissions perturbations during the season of Bighe
local O; production, when the multimodel seasonal meanasarfQ concentrations respond most
strongly to the 20 per cent decrease in domestigéissions (summer for EU, NA, EA and autumn
for SA). In table 5.3b, the import sensitivity isuoih smaller than in the annual mean, ranging from
10-30 per cent (minimum for NA; maximum for SA). NMO, alone still exerts the largest influence
of a single source region on EU, with a responseoafjhly 20 per cent of that from EU NO
emissions on surface;@ summer.

Previous studies have indicated that enhanced lagoti of the Asian continent and
subsequent long-range transport contributes toiagipne maximum in the Asian contribution to air
pollution over North America (Bey et al., 2001;féaét al., 1999; Weiss-Penzias et al., 2004; Yienge
et al., 2000), as well as over each of the majarlatitude source regions (Wild and Akimoto, 2001).
The enhanced contribution of intercontinental tpamsto surface @concentrations during spring is
due to the relatively long lifetime of {aduring this season (Wang et al., 1998) and tcciefit
transoceanic transport associated with the strengif storm tracks and strong westerly flow at mid-
latitudes in the free troposphere (Stohl et al020 In the following analysis, we discuss HTAP
intercomparison results for spring (March-May). g 5.6 shows the multimodel mean impact of 20
per cent reductions of the;@recursor emissions (NONMVOCs, and CO), applied individually and
combined, on mean surface; Over the receptor regions. Each block of bars tepsesents four
perturbation experiments, plus the sum of the pestion responses for the three foreign source
regions. This fifth bar helps to illustrate the onpsensitivity, enabling comparison of the total
response to foreign influence (as represented dystiurce regions considered here) relative to the
domestic (i.e. source region on itself) respondee Whiskers depict the full range of results across
individual models. Given the consistent definitimf source-receptor regions and emission
perturbations used in the HTAP intercomparisonrémge of estimates of S-R relationships narrows
substantially from that in the literature (tabl@)5.However, the spread among individual models
often encompasses a factor of two and is partiularge for anthropogenic NMVOCs emission
perturbations (figure 5.6). The latter result islpably due to the much larger spread in anthropogen
NMVOCs emissions compared to N@&missions used in the moddfiggure 5.3b). In spring, the
model ensemble mean; @esponse to 20 per cent decreases;ipr@cursors in the foreign source
regions (fifth bar in ALL categories) is more thad per cent of the response from the domesgic O
precursors perturbations in all regions.
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Figure 5.6 Multi-model mean impact of 20 per centeductions of the 0zoneprecursor
emissions (NQ, NMVOCs, and CO) on mean surfacédzoneover the receptor regions.
Decrease in springtime (March-April-May) mean socef€®; (ppbv) in the HTAP receptor
regions resulting from 20 per cent emission redustiofO; precursors NQ NMVOCs, and
CO individually within the source regions, and ajfpd all perturbations together (ALL
category). Each group of five bars includes the feerturbation experiments; the fifth bar is
the sum of the three “foreign” impacts. The barsiale the multimodel mean response
(coloured by source region) and the whiskers spanfull range of the individual model
responses. Results were submitted frerhifOmodels for the sensitivity simulations included
here.

While the seasonal maximum in intercontinental ifprenfluence (i.e. the contribution from
20 per cent reductions in all;@recursors (NQCO+NMVOCS) in all three foreign source regions)
generally occurs in spring over all the HTAP reoeptgions, the model ensemble seasonal means
show that some individual source regions exert mari influence in winter (EA on SA and NA on
EA). The multimodel mean results indicate that espibgenic emissions from EU and NA often
contribute more to EA and SA surfacet®an EA and SA contribute to each other.

The multimodel seasonal mean surfacer€ponse over the receptor regions is generally
somewhat less-than-linear (typically within 15 pent, with a larger deviation of 30 per cent for SA
on EA) when the precursors are reduced individualysimultaneously. Caution is needed, however,
to draw definitive conclusions as not all modelséhaonducted all the simulations, and all available
model data are included in figure 5ther than excluding models that did not condukctlé
sensitivity simulations. Future work will assesselrity across species by analysing only those
models that have conducted all simulations, as ageltonducting additional simulations to examine
how the 20 per cent reductions analysed here apected to scale to perturbations of other
magnitudes.

Figure 5.6 indicates that the hemispheric respom9¢O, emission perturbations generally
outweighs that from CO or NMVOCs. The model resuisvever, neglect a long-term feedback of
these emission perturbations ogt@at occurs through the hydroxyl radical (OH) &id, (the major
sink for CH, is reaction with the hydroxyl radical in the lowgpposphere). Specifically, NO
emission reductions will decrease OH, causing Gkidation rates to decline and the Cabundance
to rise (Fuglestvedt et al., 1999). Because GHilso an @precursor, there will be a small increase
in Og that occurs on the decadal time scale of the I@étime; this Q increase will follow the spatial
pattern of Q produced via Ckloxidation rather than that of NOThis long-term met CHdriven G
increase could potentially offset the N@mission-reduction driven sOdecrease; this has been
demonstrated specifically for aircraft N@missions (Wild et al., 2001). A recent study bg3fket al.
(2007) showed that 20 per cent decreases in ghrithfopogenic NQemissions yielded long-term
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global increases in population-weighted surfageh@t counteracted the short-term decrease by 6-14
per cent. In contrast, 20 per cent reductions obgl anthropogenic CO emissions cause OH to
increase, thereby further decreasing @oduced from Cl leading to a global 16-21 per cent
enhancement to the short-term population-weightefhse Q decreases. Reduction of anthropogenic
NMVOCs emissions had little impact ory @enerated by CHoxidation (West et al., 2007). On the
basis of the West et al. (2007) results, we esértfzt the results presented here, which neglect th
long-term effects of Cll should be decreased by about 5-15 per cent fqr &@ increased by 15-
20 per cent for CO. Given the opposing effects @@tand NQ have on the long-term Qesponse,
the results from the simulations with the combimg,, CO, and NMVOCs reductions (“ALL” in
figure 5.6) are expected to be closer to represgritie net effect on surface; @ the long-term
feedback through CHvere included.

The results in figure 5.6 provide insights intofeiiénces in regional chemistry. Ozone in EU
is more sensitive to domestic anthropogenic NMV@€sdurbations than in the other regions. While
the EU, NA and EA regions all emit similar quamtstiof NQ (figure 5.3), biogenic NMVOCs
emissions in EU are less than half of those inather two regions, and may contribute to a more
NO,-saturated (VOCs-limited) £production regime. Consequently NMVOCs reductiongU yield
larger changes over the receptor regions, oftesinoifar magnitude to those achieved with decreases
in EU NQ. In contrast to the NQOemissions reductions, the contribution from artbgenic
NMVOCs emissions on domestic surface i® all regions peaks in winter and early springhéf
NO,, CO, and NMVOCs are reduced together, howevers#asonality of the Oreductions most
closely follows those of NQalone. Overall, the results in figure 5.6 showt tha EU region is much
more sensitive to domestic NMVOCs emissions {s@turated) than the other three regions, where
the Q sensitivity to domestic NQreductions is much stronger (hWimited).

Methane acts mainly on the large-scale backgroundiSribution. Since the global GH
abundance was decreased uniformly by 20 per demt,eisults from this simulation are not directly
comparable with those from the 20 per cent regioedlictions of the other {Qprecursors. The
uniform 20 per cent reduction in global ¢Hbundances yields a ~1 ppbv decrease (0.7-1.8 ppbv
range from individual models) in annual mean swf@cover the receptor regions (figure 5.7). When
examined in the context of previous work, the magte of the surface {desponse to CHndicates
a fairly linear relationship between the surfagee8ponse and changes in gBentener et al., 2005;
Fiore et al., 2002b; Fiore et al., 2006; West et2006). The multimodel mean results indicate that
surface @ responds more strongly to ¢lih summertime over EU and late spring over SA @hd
0.4 ppbv seasonal amplitude, respectively), wittelseasonality over NA and EA (0.2 and 0.1 ppbv
seasonal amplitude, respectively).

In order to compare these results with those iet&3 and figure 5.6, we use thg O
response from the global Ghberturbation simulation along with estimates ofhampogenic CH
emissions to approximate the surface r@sponse that would result from individual 20 gent
reductions of Chlanthropogenic emissions in the source regionsfilteaccount for the feedback of
CH, on its own lifetime (through OH) using the “feedk&factor” recommended by IPCC of 1.4
(Prather et al., 2001) to translate the 20 per destease in CHabundances to a 14.3 per cent
decrease in total global Glmissions. If we assume, as recommended by IR@Eanthropogenic
CH, emissions are 60 per cent of the total,@&rhissions, then the 14.3 per cent decrease ih tota
global CH, emissions is equivalent to a 23.8 per cent deergasglobal anthropogenic GH
emissions.

We then use the EDGAR 2.3 FT2000 emission inventoryanthropogenic CHemissions
(Olivier et al., 2005) to determine the regionatdbution of anthropogenic GHemissions, and find
that NA, EU, SA, and EA each contribute 16.6 pertc&6.0 per cent, 17.3 per cent, and 19.0 per
cent, respectively, to total global anthropogemigssions (298 Tg CHyr™ in 2000). The percentage
contribution of individual 20 per cent decreasearithropogenic ClHemissions within these regions
to the total response in the global Cperturbation simulation (where abundances are cestiu
globally by 20 per cent) is thus: 14.0 per cent5X#r cent, 14.5 per cent, and 16.0 per cent for N
EU, SA, and EA, respectively.
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The multimodel mean decrease in surfagegdulting from the 20 per cent decrease in global
CH, abundances is fairly uniform at ~1.2 ppbv overméalthe receptor regions (figure 5.7). Based on
the analysis above, we estimate that the correspgraiirface @ response is 0.17, 0.16, 0.17 and
0.19 ppbv for a 20 per cent decrease in anthropodgr, emissions within NA, EU, SA, and EA,
respectively. Comparing these values with tableaSaBd figure 5.6 indicates that 20 per cent
reductions in domestic NGemissions are substantially more effective thamekiic CH emissions
at decreasing domestic surfacg But for most regions, the Gleémission reductions are likely more
effective than NQ at decreasing surface; Over the foreign receptor regions. As discussexvebif
we were to account for the feedback of changes @ Bmissions on ©through CH, then the
relative impact of Clwould be even larger.

Future work should consider the role of JH a more coherent framework, considering also
the interaction of the timescale of emission reidastand Ch equilibrium lifetimes.

Annual mean surface ozone decrease due to
20% global methane reduction

o [
oo |

EU NA SA EA

Receptor region

Figure 5.7 Reduction in mean surfaceOgz resulting from CH, reduction.
Decrease in annual mean surf&gover the receptor regions resulting from a 20 per
cent decrease in glob@lH, concentrations. The bar depicts the 14-model meaah,
the whiskers span the full range of individual mied@lote that these results cannot
be directly compared to the NONMVOCs, and CO experiments, since a decrease
of 20 per centCH, concentrations implies a 20-30 per cent reductibrglobal
anthropogeni€H, emissions.

5.2.4 0Ozone exceedance

It has been suggested that hemispheric emissiongesamay influence the frequency of
pollution events (Fiore et al., 2002a; Fiore et 2002b; Li et al., 2002). As a first analysis bist
issue, we used a threshold-based statistic: thebeumf days with 8 hours running average O
concentrations in excess of 60 ppbv (DAYS60). Feghi8 illustrates the large spread among models
in estimating DAYS60. This threshold statistic ihérently sensitive to differences in model grid
resolution and will accentuate systematic modesdsa Nevertheless, as examined here for the CH
perturbation simulation, the sign and magnitudéhefchange in this threshold statistic is fairlpust
among the models, suggesting that the models cawvider useful information in estimating the
relative improvement in air quality as represerigcguch a threshold metric.

Based on analysis of the N@nd CH perturbation simulations, the response of monthly
mean daily maximum 8-hour ;Oconcentrations exhibits identical seasonality, andsimilar
magnitude reduction over the receptor region, asrtfonthly and yearly averaged 24-hour mean
results discussed above (to within a few tenthes gbbv). This result suggests that the respongeeof
seasonal means averaged over the continental seegiported here are relatively insensitive to the
choice of averaging statistic.
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Figure 5.8 Variation among models estimating DAYS60Ensemble mean (13 models)
number of days per year whey concentrations exceed 60 ppbv, spatially averaged the
receptor regions for the base simulation (lightpteibar) and the simulation with global ¢H
concentrations reduced by 20 per cent (red barg Whiskers span the full range of
individual models.

5.2.5 Present-day source-receptor relationships for ozomlemns

Substantial @transport takes place above the boundary lay#rariree troposphere. In this
section, we show the perturbation to troposphesicdumns resulting from lowering N@missions
by 20 per cent in individual regions. We compare thange in @columns resulting from 20 per
cent decreases in foreign N@missions to that from a 20 per cent decreaseoimedtic NQ
emissions. We calculated thg Glumns up to 150 hPa (~13 km altitude). Thiduale is somewhat
above the tropopause at middle and high latitudielssamewhat below in the tropics. In figure 5.9,
we show the troposphericz;@olumn perturbations resulting from 20 per cemtudions in NQ
emissions in each region. Over EU, the troposph@yicolumn response to N@erturbations from
NA is as large as the response to domestic emissibhe response of ;Gcolumns to foreign
(=NA+EA+SA) emissions perturbations is nearly twae large as the domestic perturbation. North
American column Qis less strongly impacted by foreign emission yédtions, with an import
sensitivity of roughly 60 per cent that of the datite sensitivity. In EA, the impact of EU NO
emissions is particularly strong, of the same ntagei as the impact of EU emissions on the EU O
column, and the foreign (=EU+NA+SA) contribution B\ O; columns is larger than the domestic
one by ~50 per cent. Finally, over SA, the domdstigact on the @column is larger than that from
foreign (=EU+NA+EA) NQ emissions, with about equal contributions from ditteer three regions.
We note large differences from the impacts of 20 qemt decreases in regional Némnissions on
surface Qin figure 5.6. In EU and EA, the domestic impaatssurface @are relatively stronger
than on column © The model spread in the sensitivity of the trgbesic column @ to NG,
emissions is lower than for surface. O
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Figure 5.9 Reduction in O3 columns resulting from NO, emission reductionsDecrease

in annual mearD; columns (DU=Dobson Unit=2.69x100; molecules crf; integrated
from surface to 150 hPa) over the receptor regiesslting from a 20 per cent decrease in
regional NQ emissions. The bar depicts the 14-model meanttand/hiskers span the + 1
standard deviation of the models.

5.3 Estimates of transport of aerosols and theirnecursors
5.3.1 Introduction

Long-range transport of aerosol particles is doauet by satellite and surface observations
of dust outbreaks and plumes from large fires. Giotally, such aerosol clouds can be followed
many days and around the globe by means of repeatetlite observations (Damoah et al., 2004).
Dust has been shown to cross regularly the PaDifiean, the Atlantic Ocean and the Mediterranean
Sea (Darmenova et al., 2005; Moulin et al., 1998lk&ving et al., 2000). Backward trajectory
analysis and particle transport modelling explaimethanced lidar signals measured at European
Aerosol Research Lidar Network (EARLINET) sitesBarope by dust arriving from the Sahara as
well as from Gobi and Taklamakan deserts reactiag-tench Alps (Amiridis et al., 2005; Grousset
et al., 2003; Mattis et al., 2004). A Canadian $ofeee plume in August 1998 crossed Greenland and
the North Atlantic into Europe as shown with thaspborne Total Ozone Mapping Spectrometer
(TOMS) and several lidar instruments (Forster et2001; Hsu et al., 1999). These aerosol plumes
appear as distinct aerosol layers in the free sppere (Wandinger et al., 2002). In spring and
summer 2003, intense fires in southeast Russiaupestlong-range transported aerosols and CO that
could be observed through satellite observatiorgsr(@ah et al., 2004; Edwards et al., 2004).

In consequence, surface PM concentrations can lenead by intercontinental transport of
both natural and anthropogenic aerosol. Prosp&®9)lshowed that PM levels in the south-eastern
United States are being influenced by Saharan wassport. Southern European PM levels may
exceed EU limit values through episodic import ah&an dust (Raes and Hjorth, 2006). Heald et al.
(2006) showed export of Asian pollution may enhasalphate levels by 0.16 pgirm the north-
western United States in spring, contributing toeaneedance of visibility standards in wilderness
areas.

It is commonly believed that aerosols are remowednfthe atmosphere within hours to
several days (Warneck, 1988), but the exampleseabhow that there are many exceptions to this
averaged timescale. In contrast to episodic herersphscale transport, the role of continuous
transport is poorly explored. Yet this may be ampomant mechanism for anthropogenic aerosol
(precursor) transport and may lead to a rise ofiggmeric background PM concentration levels. For
example, a recent study based on MODIS satellita, dstimates annual transport of pollution PM
from Asia to North America of 4 Tg/year (Yu et &007). However, even if the transport is episodic,
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it occurs regularly all year long. Most of the aoln aerosol transport occurs in spring (~1.7Tg),but
0.9 Tg in winter, 0.7 Tg in summer and ~0.9 Tgutuan. This is about 20-25 per cent of the non-
dust aerosol that leaves Asia. In comparison, 2¢§€hr of dust is estimated, based on satellite-
observed aerosol optical thickness data, to Ida&ahara with 50 Tg/year deposited in the Amazon
basin and another 50 Tg/year deposited in the Baai (Kaufman et al., 2005).

Only a few studies have explored S/R relationskigpsaerosol emissions and burdens on
continental scales (Park et al., 2004), and thezdamge discrepancies among them. In a modelling
study to estimate the impact of transboundary parisof pollutants on the visibility in the United
States, Park et al. (2004), reported that tran#iPa@nsport of Asian pollution accounts for 38rp
cent of the sulphate levels in the absence of dritates pollution sources at the surface in Hugh t
western and eastern United States and suggestednd®ing the U.S. EPA visibility objectives
requires a combination of domestic and internatienaission controls. However, Chin et al. (2007)
pointed out that even though the Asia pollution megke significant contribution to the background
sulphate level, its influence is about 6 times $enah the western United States and 60 times small
in the eastern United States than North Americgioral sources. In addition, only-& per cent of
the annual average surface fine aerosol mass inUthed States is estimated to be from the
intercontinental transport of aerosol pollutantssliding SQ, BC, and OC (Koch et al., 2007).
Estimating the total column export amount from majollution source regions, Koch et al. (2007)
suggest large export of aerosols from source regiabout 70-80 per cent by mass of most aerosol
species are exported from Europe, Asia, and Nortlerica to other regions. South and East Asia
contribute about 15 per cent of global sulphate Zhger cent of global black carbon (BC) pollution
loads, and Europe and North America each contriabteut 5 per cent of global BC and sulphate
pollution loads. These results are in contrasthm@t al. (2000), which reported that less thap@s
cent of sulphur emitted in the major source regisrsansported out from the regional column, and
Park et al. (2004), which showed negligible amafiBC and OC over the United States that were
from other pollution regions. Recently, Liu et #2007) performed tagging and perturbation
experiments of sulphur emissions and showed tlesietiechniques produced almost similar results
over North America.

Results from the European Union project PHOENI@Sanakidou and Dentener, 2005)
designed to evaluate import and export budgetsunbfean aerosol are visualized in figure 5.10,
showing the importance of natural dust and seaesdéiring Europe, and the substantial export of
anthropogenic elemental carbon (EC), particulagaoic matter (POM), SOand NQ. Results from
the PHOENICS study indicated that, depending onait®@sol component, European anthropogenic
emissions contributed 40-80 per cent to Europeamsakcolumn loadings, and-% per cent to the
aerosol load in the rest of the world. Redaiyl Boucher (2006) calculated that sources from &ab
South Asia together contribute more than 50 pet tetihe global radiative forcing by BC. The trans-
Pacific transport of BC and PM into North America has recently been studied usiimgraft and
surface observations from the Cloud Indirect Faydixperiment (CIFEX) (Roberts et al., 2006) and
the IMPROVE network, and a CTM (Hadley et al., 200his study found that the value of the
trans-Pacific flux of BC into the western boundafyNorth America in April 2004 was ~75 per cent
of the North American BC emissions. Furthermore) p&r cent of the BC mass transport occurs
above 2 km over the Pacific Ocean. BC of Asianinngas estimated to comprise ~20 per cent of the
observed BC at IMPROVE measurement sites at 1 kragbn, and over 50 per cent at sites at 2 km
elevation and higher.

® Particles of Human Origin Extinguishing Naturalas radiation in Climate Systems.
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Figure 5.10 Annual average aerosol budget over Europas modelled in PHOENICS he
bars on the bounding box around Europe (similatheoHTAP intercomparison EU region)
denote advective fluxeantering and leavingEurope. The other bar-graphs denote for eight
aerosol (precursor) components the production ayes Ifluxeswithin Europe, where
E=emission, W=total wet deposition, D=dry depositi®@=sedimentation, T=total transport
in/out Europe, P=chemical production, L=Chemicakld~or graphical representation the bars
are normalized according to the maximum fluxes (Saa 87.2 Tg yr-1; Dust: 34.2 Tgyr

BC (or EC): 0.55 Tg C ¥r 1.72 Tg POM yt; 10.6 Tg SQyr?; 1.81 Tg NQ yr', 22.8 Tg
SO, yrt, 1.61 Tg HNQ yr™.

5.3.2 Analysis of results from AeroCom relevant feemispheric transport of air
pollution

The AeroCom model intercomparisons initiative wassigned to evaluate the main
uncertainties and performance of 20 global aerosmiels (Kinne et al., 2006; Schulz et al., 2006;
Textor et al., 2005). To describe the chemical pimgsical character of aerosol distributions, global
aerosol models have become more complex in reeamsyMany models now describe the aerosol as
composed of several chemical species which areildistgd among particles of diameter spanning
from tenths to several microns. Since the focusesbCom was on climate issues, the most extensive
comparison with measurement was focused on gladtal sbts of aerosol optical depth from satellites
and sun photometers. Interestingly, the total atroptical depth in most models is comparable to
observational based estimates (Kinne et al., 20@®)reas the underlying aerosol fields of sulphate
organic matter, dust and sea salt showed a mughrlaariation. The reason for the diversity in the
individual aerosol fields is due to differenceghe treatment of the important processes (i.e add/
wet deposition, secondary aerosol formation, aéramging, transport and mixing, aerosol
hygroscopic growth, interaction with radiation, @&l-cloud-interactions), as well as to differences
in emission estimates. The AeroCom experiments dotlnat harmonization of emissions did not
sufficiently reduce the diversity in aerosol colunbwads. Model-specific transport, removal,
chemistry parameterization, and parameterisaticaeodsol microphysics in the different models still
were the major drivers for the diversity among itnadels (Textor et al., 2007). With respect to long-
range transport, an example of model diversityhes eéstimate of transport to polar regions. Figure
5.11 shows that a considerable, but highly variaféetion of global aerosol mass can be found in
polar regions, where anthropogenic emissions an@stl absent. Europe is the largest contributor to
BC in northern high latitude regions (>70N).
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Figure 5.11 Annual fraction of global aerosol burden reaching he Polar Region(north
of 80N and south of 80S). Five aerosol speciesddferentiated (Textor et al., 2007). The
gray bars frame the range for each model.

An important conclusion from AeroCom was that theam or median model compared better to
observations than any of the individual models (@eet al., 2007).

5.3.3 HTAP model simulations of hemispheric transpo

In the HTAP intercomparison, compared to the presvideroCom intercomparisons, new
models and model versions have been used. Of tHeTEP intercomparison models with aerosol
diagnostics, five participated in AeroCom. Respltssented below are for the model simulations for
HTAP Experiment Set 1. A 20 per cent reductionlimathropogenic emissions of aerosol precursors
and aerosol primary emissions was introduced imoperturbation experiments for each of the four
target regions. The result of this perturbation wampared to the reference experiment with the
original emissions.

Table 5.4, supported by figures 5.12 to 5.Bhows the results of the perturbation
experiments. The difference between the base artdrpation simulation for four regions has been
used to estimate the relative response to chamgésgorted pollution as compared to domestic
pollution for each region, and to trace the fateéhaf different chemical species. Shown in table 5.4
are the annual mean import sensitivities (see@e&il.2.1) for surface concentrations, deposition,
and column loadings for the four HTAP regions. Engral, the smallest import sensitivity is for
surface concentrations, with the largest for tHaroo loadings. The import sensitivities also vayy b
region. For example, the import sensitivity of sigd concentrations varies from 5 per cent for EU to
25 per cent for SA. The largest import sensitigitfer the SA region can be explained by several
peculiarities of the HTAP experiment set-up:

(&) The SA region is close to and downwind of tierggion;

(b) The calculation of the import sensitivities figlated to the area averages of the PM
concentration, deposition, or column load origingtifrom the SA region itself. This
domestic impact is distorted to the lower end beeahe main emission sources in the SA
region are in the eastern part of the box defimedife HTAP experiments.

c) The limited knowledge of the global spatial disition of the anthropogenic emission
sources for anthropogenic PM may produce high impensitivities if models were using
similar but incorrect emission estimates.
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Table 5.4 Annual mean import sensitivities for surface concetnations, deposition, and column loadings
for four HTAP regions. Multimodel derived import sensitivities for surfacencentration, deposition and
column load of anthropogenic BC, POM, Sénd all sulphur species ($® SQ,). Import sensitivities are
calculated for each model as the response in gtaceegion to the combined influence of 20 pertcen
emission reductions in the three intercontinentalree regions compared to the response to 20 par ce
emission reductions in the region itself. The meamnsitivities + 1 standard deviation are deriveaimfr
individual model results as displayed also in fegb.12 to 5.14.

Receptor region: EU NA SA EA # of models
Surface Concentration Import Sensitivity

PM 5% +4% 7% +6%  25% +12%  10% +9% 9
Deposition Import Sensitivity

SO, 10% +7% 9% +5% 32% +11%  13% +9% 11
Sulphur (S@+ SQ) 3% +2% 3% +3% 19% +8% 5% +3% 11
BC 1% +1% 4% 2%  13% +24% 3% +1% 8
POM 1% +1% 3% 2%  12% +24% 4% +1% 8
Column Load Import Sensitivity

SO, 33% +23% 33% +23% 59% +19% 31% +21% 11
BC 21% +14% 32% +23%  19% +3% 17% +5% 7
POM 27% +21% 30% +24%  13% +5% 24% +6% 7

The import sensitivities also vary by species. €xample, deposition import sensitivity for
sulphate is 3 times larger than for total sulpfB©.4+SQ,). The spatial dispersion of total sulphur
deposition is dominated by sulphur dioxide depositiwhich occurs close to the sources. The
fraction of total emitted anthropogenic sulphumfra given region that reaches a foreign receptor
region is thus small. The total anthropogenic sulpfsQ=S0,+SQ,;) deposition import sensitivity
varies between 3 to 20 per cent between regionsoritrast, the sulphate aerosol produced from SO
emissions has a longer lifetime. Thus the impawnfforeign regions in terms of sulphate deposition
and sulphate aerosol column load is considerabkhawn in figure 5.12. For example, the import
sensitivity of SQ column load varies from 31 to 59 per cent. Thididates the substantial role of
aerosol transport above the planetary boundary.laye

Preliminary analysis with a smaller number of mgddso shows that the emissions of POM
and BC have a larger impact on the source reggaff;ithe import sensitivity of the anthropogenic
soot column load is 17 to 32 per cent and thateasfiqulate organic matter is 13 to 30 per cent.
Diversity among models is in part due to whetherrtiodels do or do not take into account secondary
organic aerosol formation.
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Figure 5.12 Sulphate deposition and sulphate aerosol column Idamport sensitivity in
four HTAP regions. Average import sensitivity (as bars) of total swfhdeposition (left
panel) and sulphate aerosol column burden or “lq@idht panel) from other regions into
target region. Individual model results are supposed as symbols.

Figure 5.13 Lifetime of anthropogenic sulphate originating from different regions in
different models (symbols) and its average (badsfetime is computed from the
anthropogenic sulphate burden response and tgpasd®n response due to perturbation of
emissions in each region.

The HTAP intercomparison allows for the first time investigation of the differences among
models of the specific aerosol life cycles expargehby an aerosol originating from different region
Figure 5.13 illustrates the diversity of sulphafetimes in the models. The impact of one region on
another depends on the transport pathways, thajtHe and the intensity of the removal processes
that the aerosol is experiencing along its waygeémeral, models with the longer lifetimes predict
larger import sensitivities. The differences iretifes between regions are consistently descriged b
the individual models. Emissions from North Amerigad East Asia appear to be slightly more
efficiently removed than those from Europe and B&gia. As in AeroCom, the model diversity of
sulphate lifetimes in absolute terms for a givegiar is considerable (a factor of four), and reflec
differences in the process level model formulations

As stated earlier, a preliminary analysis of thdame aerosol concentrations reveals that the
import sensitivity for the annual average anthrapog PM s varies between 5 and 25 per cent (see
tables 5.4 and 5.5). There is consistency amongnibdels with respect to the relative import
sensitivities of the different regions, but appabté diversity between the model predictions imter
of the absolute contributions (see figure 5.14).ddscussed above, the SA region is estimated to
receive the highest PM load from abroad. HoweMee, [imited number of models with similar
complexity, especially with regard to organic aefssmakes the results rather uncertain (see héso t
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high standard deviations in tables 5.4 and 5.5)thieamore, the import sensitivity depends on the
method of averaging. For table 5.4, import sensiis are first established for each model and then
averaged, giving 25 per cent PM import sensitifaty SA. In table 5.5, imported PM concentrations

are averaged across model results and the fraiiestablished on the basis of the annual mean
average response, resulting in 18 per cent PM ingemisitivity for SA.

Table 5.5 Import sensitivity for four HTAP regions calculated from the multimodel mean response.
Multi-model (9 models) response of (a) annual msanface PM (ng/f); (b) column load of sulphateng/nT)
and (c) column load of particulate organic matteg/§’) in receptor regions to 20 per cent reductions of
anthropogenic gas and aerosol emissions in thecsaegions (rows). Domestic contributions are shdmvn
bold. Inter-model standard deviations are showparentheses. PM is computed from sulphate andcpkaté
organic matter surface concentrations.

(a) Annual mean response of PM (ngym

Receptor
region EU NA SA EA
EU -711 (313) -8 (5 -76 (20) -22 (16)
Source region -18  (9) -352 (116) 9 (7 -6 (3
SA -4 (6) -1 (2 -627 (225) -19  (6)
EA -7 (5) -10 (7)) -27 (18) -738 (338)
Total import sensitivity 1% 6% 18% 6%
(b) Annual mean response of column load, §@/nt)
Receptor
region EU NA SA EA
EU -964 (271) -53 (46) -266 (92) -129 (94)
Source region -173 (137) -587 (195) -48 (47) -48 (49)
SA -47 (40) -35 (36) -696 (213) -103 (61)
EA -102 (93) -122 (104) -100 (78) -950 (303)
Total import sensitivity 33% 36% 59% 30%
(c) Annual mean response column load POM (jfp/m
Receptor
region EU NA SA EA
EU -180 (211) -4 (4) -25 (24) -12 (16)
. -16 (19) -95 (86) -4 (3) -4 (4)
Source region g, 13 (9) -9 (8)  -410(283) -47 (26)
EA -13 (18) -16 (21) -25 (20) -293 (258)
Total import sensitivity 23% 30% 13% 21%
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Figure 5.14 Surface PM concentration import sensiity in different models
(symbols) and its average (bars).

5.4 Impact of hemispheric transport on nitrogen dposition

Reactive nitrogen, consisting of oxides of nitrogerd ammonia in gaseous and condensed
forms (referred to here as Nr = (N® NHy)), plays a central role in the chemistry of theasphere
as well as being a key nutrient of marine, freskewand terrestrial ecosystems. There is a host of
evidence that increasing human activities seriod&gurb the natural nitrogen cycle (Galloway et al
2004; Phoenix et al., 2006; Vitousek et al., 19%).enters the environment through a number of
processes related to fertilization, waste dischaage atmospheric emissions. A recent multimodel
study (Dentener et al., 2006a) evaluated the impé&c® different emission scenarios on future
ecosystem nitrogen loads. Figure 5.15a shows titeabNr deposition for the year 2000, which often
exceeds a threshold of 1000 mg(NY wr* (also called “the critical load”, above which acse
changes in ecosystem functioning may occur, andwvftich values for specific ecosystems can be
very low, e.g. as low as 300 mg (N)?mar” for heathland). Figure 5.15b shows that Nr dejmsit
according to the IPCC-SRES A2 scenario in 2030¢cally increases by 20-100 per cent over most
of the Northern Hemisphere, with the patterns ofadh suggesting that long-range transport plays an
important role.

However, from the Dentener et al. (2006a) study ot clear to what extent the individual
regions used in the HTAP intercomparison exportaNd contribute to this long-range transport.
Figure 5.16 shows results from the HTAP experimeanitere anthropogenic NQemissions are
reduced by 20 per cent in each of the four regidhg. sensitivity of Nr deposition, expressed as a
fraction of the emission perturbation, is showndach of the regions, as well as for the Arctic YJAR
(70—90°N). Most (74-80 per cent) of the Nr depositimpacts occur within the emission
perturbation regions, but there is some exportutinolong-range transport of NOThe largest
impacts from one region on another are 6.0 per (®&iton EA); 2.4 per cent (EU on AR); 2.0 per
cent (NA on EU); and 1.4 per cent (EA on NA). Tral®gether, regions export between 20 and 25
per cent of the Nr; of which 2—8 per cent depadsitsther HTAP regions.
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Figure 5.15 Nr deposition flux for 2000 and 2030(a) Annual deposition flux of Nr for
year 2000 (mg(N) M yr?); (b) Ratio of the annual deposition flux of Nr 2030, under the
SRES A2 scenario, relative to the year 2000 flugsu®ts are multimodel means from 23
models described in Dentener et al. (2006a).

In table 5.6, we present a receptor-oriented arsabfshow much a 20 per cent decrease in
NO, emissions from each HTAP region contributes to dierall change in deposition in each
receptor region. The results show that for the ptweregion EU, 96 per cent of the change in
deposition is due to emissions changes in EU, whiper cent of the change in deposition arises from
changes in emissions elsewhere. It should be ntitatl in this model analysis no changes in
emissions outside the HTAP regions were considéfiten comparing the fractional Nr changes in
table 5.6 with the import matrix of aerosol compuaisedisplayed in table 5.4, relatively similar
numbers are found for Nr deposition changes condparefor instance, sulphur deposition.
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Response of NOy deposition in receptor to NO Response of NOy deposition in receptor to NO
emission perturbation in Europe emission perturbation in North America
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Figure 5.16 Sensitivity of Nr deposition (responseormalized to the emission perturbation),
following a 20 per cent anthropogenic NQ emissions reductions in each of the regionBars
are multimodel means (10 models); whiskers arer-imtedel standard deviations. Note that the
bars in the source regions are “off-scale”.

Table 5.6. Overall change in deposition in each receptor regioresulting from a 20 per cent decrease in
NO, emissions from all HTAP regionsEach entry represents the fractional contributmtotal Nr deposition
changes over each receptor region, resulting frothrapogenic NQ emission perturbations of 20 per cent in
each of the four source regions. (Note columnsugrd 1.)

Receptor region
Source Regionl EU | NA | SA | EA

EU 0.961 0.009 0.076 0.033
NA 0.028 0.974 0.020 0.013
SA 0.005 0.003 0.881 0.025
EA 0.006 0.014 0.033 0.929

5.5 Source-receptor relationships using idealize@arbon Monoxide tracers

Differences in model results may result from vasi@ources. In particular, models may use
different emission data sets, chemical schemesanpaterizations for transport and deposition
processes, and different meteorological fields the European Centre for Medium-range Weather
Forecasting (ECMWF), NCEPor other weather analysis centres or output fgemeral circulation
models). To understand better inter-model diffeesnas part of Experiment Set 2, a multimodel
experiment was set-up with passive tracers thatvsB@®-like behaviour. Specifically, all models
participating in this experiment used identical gsion data and the same chemical loss rate,
parameterized as a globally uniform constant deess, with a lifetime of 30 days, comparable to
CO. As a consequence, all differences in the moetllts can be attributed solely to differences in

" National Centers for Environmental Protection (ediStates).
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the driving meteorology and model parameterizatimingansport processes. Tracers were tagged for
the four source regions displayed in figure 5.2.

Figure 5.17 compares some of the CO results diuthehemistry experiments in Experiment
Set 1 to the CO results of the constrained pagsaser experiments in Experiment Set 2. The left
panel shows the seasonal cycle of CO transport 88nio EA using results from the full chemistry
simulations. Since the chemical lifetime of COasder than the typical transport time between SA
and EA, different representations of the loss psses (e.g. reaction with OH) should be of minor
importance in explaining these inter-model differem However, from the set-up of these
experiments, it remains unclear whether differeniceemissions (for example the seasonality of
biomass burning emissions) or differences in trartspre dominating. The right panel of figure 5.17
displays the results from the better-constrainessipa tracer experiment. The model spread is
strongly reduced, which indicates that there argeldifferences in the various emission data sets

used in the full chemistry simulations for the S&gion, including, for example, the seasonality of
biomass burning emissions.

In figure 5.18, an evaluation of the boundary lag@ring of the different models in the
constrained passive tracer experiment is showth®aNA region. Boundary layer mixing is deduced
from analysing the ratio of CO concentrations ia Boundary layer (integrated over the lowest two
kilometres) to the modelled CO concentrations atdtrface. We note that this analysis may include
some bias due to different surface layer thickreegsdhe individual models, although we have not
seen a systematic effect. While the models agrasorably well in winter (mixing coefficients
between 0.35 and 0.55), the inter-model differerinesummer are much larger (0.4 to 0.8). It is
likely that this can be attributed to the increasedvective activity during summer and the large
uncertainties related to the sub-grid scale paramnzation of convective mass fluxes in the models.
Similar results (with somewhat smaller numbers)ehbeen found for the EU region (not shown).
These results are consistent between the full dtgngimulations and the passive tracer runs, which
indicate that inter-model variability in this casedue to differences in transport parameterization
and possibly also the meteorological datasets used.
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Figure 5.17. Seasonal cycle of simulated CO condetions from emission sources in
South Asia in the boundary layer (0-1 km) over EastAsia. Left: results from the full
chemistry simulations performed in HTAP Experim&at 1 (unconstrained emissions and
chemistry), right: results from the passive traces in Experiment Set 2 (identical emissions
and fixed tracer lifetime)
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Figure 5.18. Ratio of North American CO concentrations in the baindary layer (0-1
km) to the surface concentrations (lowest model l&y) in the source region.Models with
larger ratios exhibit more active boundary layexing. Results are from the constrained
passive tracer experiments in HTAP Experiment Set 2

5.6 Regional source-receptor studies

Global CTMs provide the framework for which intentinental scale S/R relationships can
be estimated. However, these global models oftéinautairly coarse spatial and temporal resolugion
and simplified physical and chemical parameterretibecause of computational limitations. Thus, it
is important to evaluate how sensitive the predictiof pollution import and export for a region are
to model resolution, and how predicted S/R relatiops vary within the region.

S/R relationships calculated with regional CTMs eveompared for a study domain similar
to the EA domain used in the HTAP intercomparisoMilCS-Asia (Carmichael et al., 2002). S/R
relationships estimated by the models showed a tigjree of consistency in identifying the main
S/R relationships, as well as in the relative dbations of wet and dry pathways for removal. But a
some locations estimated deposition amounts wenedféo vary by a factor of five. A sample result
is shown in figure5.19, where S/R relationships for two differenteor sites are shown. The
influences of model structure and parameters oneipérformance were evaluated. The S/R
relationships were found to be most sensitive toedinties in the sulphur emission inventory and,
secondarily, to the driving meteorology. Both fastavere found to be more important than the
uncertainties in the model parameters for wet reahamd sulphate production. A major limitation of
this study was the lack of coherent data sets tghsu ambient concentrations and deposition
measurements over EA with which to evaluate moddglbpmance. The interannual variability of the
country-to-country S/R relationships was evaluatsthg a single model run for 25 years (1975 to
2000) using NCEP meteorology (Calori et al., 20@hown in figure 5.20 are the variations in
annual S/R relationships (country-to-country) ovke 25 year period due to the interannual
variability in meteorology (with emissions held stent). The variation in S/R relationships for
nearby sources is in the order of 10 per cent, keweas the distance between source and receptor
increases, the inter-annual variability also insesa reaching values in some cases of greatesthan
per cent.
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Figure 5.19 S/R relationships for two different reeptor sites.S/R relationships for total
sulphur deposition calculated from eight modelstfwo different receptor sites. The source
regions are NW China, NE China, CE China, S CHata Asia, Korea and Japan. Results are
from the MICs study (Carmichael et al., 2002).

Figure 5.20 Variations in annual source-receptor relations overtthe 25-year period due
to the inter-annual variability in meteorology. Variation in the Asian source receptor
relationships (country to country) due to inter-aanvariations in meteorology. Each point
represents one set of S/R relationships, with tvdribution referring to the 25-year mean
impact of that source region to the total depositid the receptor. The variability is with
respect to the differences between the annual &&anships for the 25 different years. In
general, the contribution of a source to a recepgion increases as the distance between
them decreases. For example, the far right poinkedalndi->Indi indicates that, for the 25
years of calculation, the emissions from India actdor 95 per cent of the deposition on
India (the x-axis) and that the inter-annual valigbin this relationship is 10 per cent. In
contrast, the influence of emissions from Chinadeposition in Cambodia (upper left point)
has a mean value of 3 per cent with an inter-anvargbility of 55 per cent.
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In 2003, the MICS study was expanded to includeogén compounds, Hand aerosols —
key species for regional health and ecosystem gfiote and pollutants of growing concern
throughout Asia. This broader collaborative studWli€S-Asia, Phase Il — examined four different
periods, encompassing two different years and thtiierent seasons (i.e. March, July, and
December in 2001, and March in 2002). An additideature unique to Phase Il was the inclusion of
global inflow to the study domain. Nine differeigional modelling groups simulated the chemistry
and transport of ¢ precursors, sulphur dioxide and secondary aespgsing common emissions and
boundary conditions derived from the global Mod€&lGzone and Related Tracers (MOZART, v.
2.4). The inclusion of a global model along witle tiegional models in the intercomparison, provided
a means to assess the impact of model resolutietail® are presented in Holloway et al. (2007). In
terms of prediction of ground level;Owhen compared to observations from the Acid Ditjons
Monitoring Network for East Asia (EANET), the gldbaodel predictions were comparable to the
regional models, with an r-value for monthly meémsall four seasons in the upper 50 per cent of
the individual regional model predictions, but thean bias error (MBE) was greater than most of the
MICS models. To assess the magnitude of import fodiner major emission areas in the Northern
Hemisphere to the East Asia domain, additional Eitians with the global models were made where
anthropogenic emissions from North America and Berwere separately shut off. Strong seasonal
cycles in the contributions of these sources téaserQ in East Asia were calculated, with monthly
contributions ranging from 1-4 ppbv for each sousggon.

In the next phase of MICS, it is intended thatrbgional models will perform experiments in
support of the HTAP intercomparison.

Regional models have also been used in long-tergfelreimulations to elucidate the impact
of increasing emissions from East Asia on long-témends of lower troposphericsOFor example,
model simulations were performed by a CMAGased regional CTRM(with initial and lateral
boundary conditions supplied from a global CTM)thwiyear-dependent and constant emissions
inventory for eight years from 1996 to 2003. Thedelted long-term @trends in East Asia with
year-dependent emissions were rather small for botindary layer and lower free troposphere over
Japan, in contrast to the observed increasing ttehdppbv/year) at several mountainous sites in
Japan (Tanimoto, 2007). This suggests that cubrettdm-up estimates of N@missions from East
Asia may still be underestimated as suggesteddsntebservations from space (Richter et al., 2005)
and that contributions from other sources such ak esnissions by land-use changes may be
substantial. However, the observation-based tremals be overestimated due to limited numbers of
monitoring stations.

5.7 Suitability of current models

The suitability of the current generation of modéts quantifying the effects of the
intercontinental transport of oxidants and aeroselsees on an adequate representation of the
controlling chemical and physical processes. Toesemtent, models can be evaluated using model
intercomparison studies, but low diversity in thredictions does not ensure that the predictions are
realistic. Direct comparisons of the predictionghwibservations are needed to assess the accudracy o
the predictions. A challenge in assessing the lilittaof current CTMs for simulating hemispheric
transport is that the S/R relationships of intel@s model constructs, and there is, therefore, no
simple means of evaluation. At present, the acguaiad validity of a S/R relationship depends on the
adequacy and completeness of the atmospheric mdetswhich it has been derived. Below we
summarize major findings from studies that havduatad the strengths and weaknesses of current
CTMs with respect to predicting ambient distribngp with an emphasis on the relevance for
assessing model skill at representing hemisphenisport of air pollution.

Model intercomparison studies with evaluation agaobservations have been conducted in
most of the source regions used in the HTAP inteparison using regional CTMs. Results from

8 Community Multiscale Air Quality Model.
° Chemical Transport Model.
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these studies evaluate how well current CTMs ale tabcapture observed;@nd PM features in the
source regions, and provide insight into how wedlaxpect global CTMs to estimate pollution export
and to quantitatively predict surface @alues. For example, the EuroDelta project wasgded to
evaluate the regional responses to emission regudcenarios, in support of the European
Commission Clean Air for Europe (CAFE) Programme af work under the Convention. Long-
term (year-long) © simulations from seven regional air quality modelsre analysed for £
prediction metrics related to human and ecosysteattth for the European domain. In general, daily
0O; maxima were slightly better simulated than dairgrages, and summertime concentrations were
better simulated than wintertime concentrationssdanble average concentrations were found to
almost always exhibit a closer proximity to obseinres than any of the models, and further analysis
shows that the spread of the model ensemble igseptative of the uncertainty in the simulations.
Further details can be found in van Loon et al0O@and Vautard et al. (2007). Similar results have
emerged from a study in North America, where resédbm eight models were compared with
surface @ and PM s observations (McKeen et al., 2005). Analysis lué £nsemble predictions
demonstrated that, for a variety of skill measuties,ensemble usually had greater skill than e&ch o
the individual models and the ensemble of the basected models had the highest skill of all.
Further details can be found in Pagowski et al083@nd Wilczak et al. (2006). At the global scale,
CTMs can reproduce the magnitude and seasonakivasan observations of £and its precursors
from O; sondes and ground-based measurement stations |{idtailge et al., 1998; Prather et al.,
2001; Stevenson et al., 2006; Wang et al., 1998),have more difficulty representing long-term
trends.

Several field measurement campaigns over the pasidés have focused specifically on
export of pollutants from the continental boundkyer and their subsequent transport, e.g. PEM-
West B(Hoell et al., 1997), TRACE-P (Jacob et 2003), ACE-Asia (Huebert et al., 2003), and
ICARTT (Fehsenfeld et al., 2006). These experimeatow for the evaluation of predictive
capabilities of models in relation to the export millutants from a continent. In general, the
predictive skill for the chemical species decreag#ls distance above the surface, reflecting thgda
uncertainty associated with vertical transport peses. An intercomparison of four global-scale and
three regional-scale CTMs, using TRACE-P CO obgams, found substantial differences in spatial
distributions and column amounts due to differenodle representation of meteorological processes
(Kiley et al., 2003). Model differences in the treant of planetary boundary layer dynamics, vektica
convection and lifting in frontal zones were fouta result in differences in modelled column
amounts along specific flight paths of a factorteb (Kiley et al., 2003). Correlations between
tracers are typically captured correctly, providsagne evidence that the models adequately represent
pollutant export (e.g. Li et al. (2004), Parristakt(2004b)). However, reproducing specific feasu
in the observations (e.g. plume encounters) havewtitle mixed success because of their sensitivity
to the timing and location of meteorological events

Less is known about the capability of CTMs to pcedhe intercontinental transport of
pollutants at receptor locations. For species sic@O and aerosols, where it is possible to observe
intercontinental transport episodes directly, a loimation of space-based, aircraft and ground-based
measurements have been used to evaluate globaispiogric chemistry models (Guerova et al.,
2006; Heald et al., 2003; Kiley et al., 2003; Rfistt al., 2005; Pfister et al., 2006). Howevéaed
hemispheric transport of s difficult to observe (Goldstein et al., 2004ice et al., 2004), and thus
previous studies have often evaluated models wigasurements of totals;@nd related species at
receptor locations and then used the models faceattribution (Auvray and Bey, 2005; Derwent et
al., 2004; Fiore et al., 2002b; Hudman et al., 20kglé et al., 2003; Li et al., 2002; Sudo and
Akimoto, 2007; Weiss-Penzias et al., 2004; Wildaket 2004a; Yienger et al., 2000). These studies
have shown that CTMs are able to capture mucheotily-to-day variability in observed surface O
concentrations at continental and downwind sitégnoto within 5 ppbv. Comparison of models to
measurements during field campaigns in the nortsteve United States and north-eastern Pacific
revealed model skill at reproducing the temporalalality in observed CO concentrations (Goldstein
et al., 2004; Jaeglé et al., 2003).

While a number of studies indicate that global asgheric chemistry models can resolve
synoptic-scale transport events, plumes are oftated more quickly than observed due to numerical
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diffusion and poor resolution (Heald et al., 20P8ster et al., 2006). The dilution of model plwne
makes it especially difficult to quantitatively meldepisodic transport. Therefore, the relative
importance of episodic vs. background transport @r and aerosols has not been clearly
characterized (Wild et al., 2004a; Yienger et2000). Furthermore, transport on scales smaller tha
the synoptic are represented in global models \e#s certainty, or not represented at all. For
example:

(a) Globally, the vertical mass flux of air duedeep convection is comparable to the mass
flux due to extra-tropical cyclones (Cotton and IB&e 1995). Yet, convective
parameterizations are generally tuned to matchhibenodynamic transport due to deep
convection, but are not as constrained when appbettacer transport (Yano et al.,
2003). Large discrepancies in upwards mass trahgmtween different models may
exist. The tracer transported is sensitive to thevective parameterization used (e.g.,
Mahowald et al., (1995)). Ozone distributions regpdo convection differently in
different models (Doherty et al., 2005; Lawrencalgt2003).

(b) The representation of the boundary layer anghtlary layer venting is problematic in
global models. This includes substantial unceriegnin the diurnal cycle of boundary
layer depths and the venting between the bouna@gmyr land the free troposphere. While
pollutants can be vented from the boundary layeshiservable plumes on the synoptic
scale, there are very few measurements of episradisport into the boundary layer. For
example,Derwent et al.(1997) found only five probable cases of North Aiwem
emissions influencing Mace Head on the west codstradand, but the pollutant
concentrations were quite low.

(c) Other processes shown to be important for mgntihe boundary layer, such as
topography and mountain valley circulations (Heebeal., 2004) or land-ocean breezes
can only be represented in global CTMs to a venjtéid extent.

Quantifying the contribution of hemispheric polarti in driving the longer-term changes
(decadal trends) in the hemispheric backgroundldewé pollutants is an outstanding scientific
guestion. Addressing this question will requird@ser integration of measurements and models, and
more detailed evaluation of the capabilities amdtitions of models to reproduce decadal trends.
Insights into the capabilities of models to reproglong-term trends will come from the RETRO
Project (Reanalysis of the Tropospheric chemicahmasition over the past 40 years). The primary
objective of RETRO is to understand, detect andsaskbong-term changes and interannual variability
of the tropospheric chemical composition over thst 140 years, thereby providing the essential
framework for understanding possible future chand®ssults from five models are now being
analysed. Further details can be found#p://retro.enes.org/

A final consideration is the fact that predictiafspollution distributions and trends, as well
as S/R relationships, are inherently uncertain @uéhe large uncertainty in emissions and their
changes over time. Emissions are generally pooolysitained on a regional basis. Bottom-up
uncertainties in emission estimates are often wailable, although Bond et al. (2004) suggests the
uncertainty range for black carbon is often a fadbfive and Yevich and Logan (2003) suggest
uncertainties in estimates of biofuel burning daetor of two. Arellano and Heg2006) show that
even under idealized circumstances top-down enmisaftimates via inverse modelling often differ
by more than 50 per cent depending on the transpodiel used.

In summary, the analysis of hemispheric transpbmallutants and an assessment of the
contribution from emissions from various sourcepeshel critically on the use of CTMs. While
current regional and global models remain far fideal for reproducing the magnitude and timing of
specific transport episodes, they are able to caphe general behaviour of well-mixed background
conditions adequately, and are therefore suitadnlee$timating mean S/R relationships. Additional
model comparison and harmonization exercises aetawk to further increase confidence in
scientific, regulatory, and policy applications ©TMs to hemispheric transport problems. Several
recent studies have identified pressing researedsn® improve pollution predictions (Dabberdt et
al., 2004; Moussiopoulos and Isaksen, 2007). Furtbee, more critical tests of the ability of models
to reproduce the processes governing intercon@hemansport may be possible in future by
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combining model and measurement techniques. Weisgids et al. (2007) showed that the
enhancement ratio of total airborne mercury to @@ loe used to identify plumes containing Asian
fossil fuel effluents reaching Mt. Bachelor Obseovg, Oregon, United States. Concurrent space-
based measurements of &nd CO from the TES instrument may prove usefulafsessing model
estimates of anthropogenic contributions to gldbalZhang et al., 2006). Wild et al. (2004b) and
Auvray et al. (2007) have evaluated modelled chamiendencies with observation-derived O
production and loss rates and demonstrated howrthisbe used to test chemical timescales during
pollutant export.

5.8 Future changes in source-receptor relationship
5.8.1 Influence of anthropogenic changes in emissi

As the distribution and magnitude of trace gas simis changes in the future, so will
downwind impacts on receptor regions. Multimodealdgts have considered future changes in
tropospheric @under a variety of scenarios (Dentener et al.6B0Gauss et al., 2003; Prather et al.,
2003; Stevenson et al., 2006).

It is likely that, in the coming decades, strongioeal emission changes can be anticipated,
as discussed in chapter 4. These changes in engsgiiti impact the S/R relationships since the
altered concentrations of many species (e.g. OHp) H@l influence chemical lifetimes. If the
emission locations change, the physical lifetime. (dry and wet deposition) may also be affected,
although the effect of this may be markedly différéor O, and its precursors and for aerosols.
However, past global modelling studies have focusedesponses to changes in global emissions,
rather than isolating individual source regionsiitsis difficult to quantify changes in specificR5/
relationships based on the literature.

There have been a few studies explicitly considesource apportionment of projected
future changes (Stevenson et al., 2002; Szopa, &04l6). A general finding is that for regiondtwi
future projected emission reductions (e.g. Eurdjmeth America, Japan), increases in background O
associated with long-range transport are likely blecome a proportionately more important
component of surfacesO

5.8.2 Influence of climate change

Specific meteorological processes (e.g. convecfiontal passage, subsidence) affect export
of pollution from a region. These processes displagural variability, but in addition, if emission
locations change, and/or climate changes, the setéon of pollution source regions and
meteorology may also change, and this in turn mlagnge export and import processes and
magnitudes. Pollution export is dependent upontioca(as shown in figure 5.1): Export from
Southeast Asia is more efficient than from Northe&kima, and Europe is the least efficient exporter.
This is due to the amount of convective activitgd atso downwind frontogenesis over oceans (Stohl,
2001; Stohl et al., 2002). Future emissions ar¢osshift towards the tropics (IPCC, 2000), tending
favour enhanced export.

A number of robust changes in transport patterndeurclimate change scenarios have
emerged from model, theoretical, and observatishalies. Hess and Lamarque (2007) and Li et al.
(2002) show S/R relationships in the Northern Hemése are modulated by the North Atlantic
Oscillation (NAO), with increased transport of Wadt States emissions to northwest Europe, and
increased transport of European emissions to tleéicAduring the positive phase of the NAO. Most
models used in the IPCC Fourth Assessment repoii@easing trend in the positive phase of the
NAO in climate change scenarios (Miller et al., @D0A future decrease in synoptic activity in the
Northern Hemisphere mid-latitudes has been noteé inumber of observational (Agee, 1991;
McCabe et al., 2001; Zishka and Smith, 1980) andetiiog studies (Dai et al., 2001; Mickley et al.,
2004; Murazaki and Hess, 2006). This is likely ¢ad to less frequent large-scale venting of the
boundary layer (Mickley et al., 2004). Holzer andeB (2001) show that less vigorous atmospheric
flow associated with a warmer climate leads todargpncentrations of an emitted species near its
source and smaller concentrations away from theceotrinally, Held and Soden (2006) show that
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discrepancies between the future trend of wateowapnd precipitation as climate warms, imply a
decrease in the convective mass flux in the tropics

Once exported from a source region, the extenbo§-range transport depends upon the
lifetime of the pollutant. For 9 this is determined by chemical loss and dry ditipos for some Q
precursors (and their reservoirs), wet depositioay mlso be important. The mean lifetime of
tropospheric @decreases with rising global emissions; a furttemrease occurs when future climate
change is also considered (Johnson et al., 199@sdo et al., 2001; Liao et al., 2006; Murazaki and
Hess, 2006; Racherla and Adams, 2006; Stevensaln @005; Stevenson et al., 2000; Stevenson et
al., 2006). For the case of aerosols, the lifetiaresheavily dependent on the wet removal processes
(i.e. the lifetimes decrease as wet removal ratesease). Changes in cloud properties and
precipitation patterns and quantity resulting froimate change will impact the transport distances
of aerosols. Depending upon the future evolutiorrofssions and climate change, changes;iar@d
aerosol lifetimes may be large enough to cancelerride increases in export from source regions.

5.9 Summary and recommendations — the road forward
5.9.1 Current status

The published studies summarized in this chaptld€t5.2) regarding Otransport on
intercontinental scales all indicate that precussmissions on one continent contribute to surfage O
enhancements over other continents. Estimatesesktbnhancements, however, span a large range,
up to an order of magnitude. Intercontinental tpansof aerosols has been mainly demonstrated by
measurement-based approaches, focusing on eptsadéport of dust and biomass burning plumes.
Little effort has been devoted thus far to evalusgeosol S/R relationships on the intercontinental
scale.

Due to the use of different models, methods, ngtand definitions of regional boundaries,
it is difficult to draw coherent conclusions frommet model- and measurement-based studies in the
literature. The preliminary results of the HTAPerdomparison begin to give a coherent picture of
S/R relationships for £ aerosols and deposition, and are summarized balaenty-six (as present
in the HTAP database on 1 August 2007) global amiispheric models have performed up to 16
simulations where pollutant emissions were decrbhyge?0 per cent relative to a year 2001 reference
simulation. The choice of 20 per cent emission cédas was a compromise between the near-linear
responses of models due to emission change, andrther (both positive and negative) anticipated
changes in emission expected in these regionseirtdiming years. We note here that a 20 per cent
reduction implies different amounts per componeiak ger region.

Preliminary results of the S/R relationships estadawith the HTAP intercomparison
Experiment Set 1 are summarized below.

(a) Ozone Anthropogenic emissions of NOCO and NMVOCs were perturbed individually
and combined (along with aerosols) by 20 per cerfour Northern Hemispheric regions (North
America, Europe, East Asia, and South Asia). Theefwalso evaluated the effect of a 20 per cent
reduction of CH abundances. Results indicate that:

The annual mean surface iport sensitivity varies from 30—70 per cent, vehienport
sensitivity is the response to the sum of 20 pat aathropogenic emission reductions in
three foreign regions divided by the response26 per cent anthropogenic emission
reduction in the region itself.

The annual average S/R relationship may mask Eggsonal variations.

Intercontinental influences ong@re generally strongest in the Northern Hemisphere
spring season, but surface i© still sensitive to foreign influences (10-30 pent
import sensitivity) in the (three-month) high €eason.

NO, emission perturbations generally exert a stroimglrence on surface han
NMVOCs and CO, except in Europe where NMVOCs emaisgierturbations are equally
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important, implying that the European @roduction regime is more N&aturated than
in the other regions.

Sources in North America and Europe tend to coutigifas much to surface; Over East
Asia and South Asia as the Asian sources contritougéech other.

A reduction of global Cklabundance by 20 per cent would lead to a surfgae@ease
of approximately 1.2 ppbv; note that such a reduciinplies a 20—-30 per cent decrease
of global anthropogenic GHemissions.

Hemispheric emissions may alter the frequencygb@ution events defined relative to
a threshold concentration.

The sensitivity for @column changes due to foreign emission perturbatie stronger
and different from those for{3urface concentrations.

Depending upon the future evolution of emissiors @imate change, changes ip &d
aerosol lifetimes may be large enough to offsateiases in export from source regions.

(b) Aerosol.Anthropogenic aerosol precursor (S®IO, and NH) and primary (elemental
carbon (EC), POM and PN emissions were perturbed by 20 per cent in fource regions. The
results have been analysed for surface PM condiemisa deposition, and column loadings. Results
indicate that:

The import sensitivity for annual mean surface eoptbgenic PN varies from 5 per
cent to 10 per cent in the European, North Ameraraoh East Asian regions, and 25 per
cent for South Asia.

The import sensitivity of total column aerosol laadignificantly larger than that for the
surface concentrations. Regional column load impemsitivities for sulphate aerosol are
31 to 59 per cent, and for BC are 13 to 30 per.ddrgse have significant, but not yet
quantified, implications for regional aerosol rdidia forcing and climate change.

The import sensitivities of aerosol are similathe European, North American and East
Asian regions, but are much larger for the Soutta\segion. The large sensitivities for
the South Asian region can be explained in paddweral peculiarities of the HTAP
experiment set-up, and these require further study.

The import sensitivity of aerosol deposition vaffiesn 10 to 30 per cent in the case of
sulphate, and 1 to 13 per cent for carbonaceousalsr

The impact of one region on another depends omtigelled aerosol lifetimes, which
vary significantly (a factor of four) between magldh general, models with longer
lifetimes predict larger import sensitivities. Tti@ersity in modelled lifetimes reflects
differences in the process-level model formulatjensich require further evaluation and
analysis.

(c) Nitrogen depositionResults were analysed for the effect of a decredsamthropogenic
NO, emissions on total reactive nitrogen depositioiel(iding aerosol nitrate and gaseous forms) in
the four source regions. It was found that:

Regions export 20—25 per cent of their anthropagli@, emissions to the global
troposphere, and 2—8 per cent of these emissiendegosited in the other HTAP
regions.

The import sensitivity of nitrogen deposition isWween 3 and 12 per cent.

The contributions of hemispheric transport of pialiis to nitrogen deposition are similar
to those calculated for carbonaceous aerosol degpudn addition, the largest imported
contribution for reactive nitrogen deposition isimated for South Asia.

Many modelling results in the HTAP intercomparistetabase have not been explored or
explored only superficially. Small groups of autha@ould further explore this rich set of results an

119



Hemispheric Transport of Air Pollution 2007

funding agencies should support such further ammalysthe results. Priorities for further analysis
based on Experiment Set 1.

Further analysis of the{®udgets, emission and deposition budgets, andalesptical
parameters.

Analysis of results for the Arctic based on thauhssof Experiment Set 1, along with
tracer results from TP1.

Extend the analysis of the seasonality of impaetsiaclude more tracers in the analysis.

Assess the scalability of the 20 per cent emisgdnctions to perturbations of different
magnitudes (particularly for 4D

Examine the impact of the large variation acrosdef®in both anthropogenic and
biogenic NMVOCs emissions on S/R relationshipsOear

Evaluate the ability of models to resolve obserfveduency distributions of surface; O
and the contribution of intercontinental transportier clean versus polluted conditions.

Identify the relative role of different N&@omponent species in long-range transport, as
well as contributions from Nfand NH,.

Include additional models in the aerosol analysietiuce uncertainty in the S/R
relationships thus far estimated with a limited tw@mof models that exhibit a wide range
of results.

5.9.2 Priorities for future model studies

(a) Coordinated studies to identify processes coninigutmost to uncertainties in S/R
relationships

As indicated in previous sections, there are poqugntified uncertainties in the ability of
coarse resolution global and hemispheric scale motbe describe intercontinental transport. Of
particular concern are the small-scale processes asi convection and boundary layer mixing that
govern continental outflow and inflow of pollutant®ncertainty in our understanding (and
subsequent implementation in current models) gfcemistry, particularly regarding the role of
hydrocarbon emission, oxidation efficiency and #vavenging of soluble precursors and aerosol,
requires evaluation.

In HTAP intercomparison Experiment Set 2, idealizeacer studies are used to assess
several model sensitivities associated specifiasitis the physical parameterizations. Likewiseha t
context of AeroCom, and the new joint IGBP-IGAC/WEASPARC initiative in Atmospheric
Chemistry and Climate (Ravishankara, 2006), expamis are planned that further assess the
processes that lead to variability among models.

As was indicated in section 5.8.2, climate charageinfluence transport processes in various
ways. However, a consistent quantification is lagki Therefore in HTAP intercomparison
Experiment Set 3, dedicated studies on the roleliofate change in hemispheric transport of air
pollution are foreseen.

A link between the HTAP intercomparison and regiestale model intercomparisons may
further assess the uncertainties associated witulation of import-export budgets of;Oaerosol,
and their precursors. When using boundary conditioom global models for regional experiments,
special attention should be given to inconsistenitidboundary conditions, e.g. emission inventories

As was the case in previous studies, there areenerglly accepted “benchmark” tests that
can be used for model evaluation. The HTAP integganson should strive to establish some tests
and datasets that can be used to establish a fasigline against which future improvements can be
demonstrated. Collaboration with the measurememinzonity is needed to choose benchmark
datasets.
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Credibility and improvement of the reliability di¢ estimates of S/R relationships rely on
comparison with atmospheric measurements. One fotulse HTAP intercomparison Experiment
Set 3 will be to evaluate the representation ofupamt export and chemical evolution in models by
comparison with observations from the TRACE-P aDARTT field campaigns in 2001 and 2004.

With regard to aerosols, substantial evaluatioaerbsol optical properties (AOD) has been
performed during AeroCom, but less attention hanlmaid to surface aerosol, including the role of
periodic aerosol transport. For instance, an etialneof surface PMs concentrations of global
models is currently not available. A further crtigssue for aerosol is large model discrepancies i
the vertical distributions. With limited observatil constraints available to date, CALIPSO saéellit
data should be explored as a potential observadtioonastraint. In the framework of hemispheric
transport of air pollution, the AeroCom communisygerforming dedicated experiments to further
explore S/R relationships.

More generally, the Group on Earth Observations @En its 2007—-2009 workplan, is
advocating for a stable and improved in situ arategased observing system of global air quality in
line with the Integrated Global Atmospheric Comgiosi Observations (IGACO) recommendations.
GEO also supports the efforts of WMO to increassiapand temporal resolution of observations. A
priority action for the GEO community is to evakiand recommend strategies for an integrated
sampling frame for air pollution. It is also notewy in this context that the GEO workplan calls fo
member countries and participating organizationsotrdinate the construction of a high spatial and
temporal resolution monitoring and forecasting eysincluding atmospheric, terrestrial and oceanic
observations, modelling and chemical data assimilaor global and local air quality. In addition,
and of relevance to aerosol measurements in pkntjc@GEO supports the development of
international systems for both sand and dust-steamming and biomass-burning monitoring.

(b) Alternative methods of S/R assessment

Adjoint models are currently under developmentdgional and global CTMs, and provide
an interesting alternative to the forward modelsgterity simulations that are heavily relied upon a
present to estimate S/R relationships. Adjoint nedan estimate sensitivities within a model to
specific chemical and physical processes, helgridentify the most important processes controlling
S/R relationships. However, the adjoint model risstdmain model dependent, and there needs to be
intercomparison between adjoint models and othéhoais.

A further development is chemical data assimilatronumerical weather prediction models,
where analysis of specific episodes of intercomtiaketransport of N@Q CO, and aerosols may be
combined with surface-based measurements to luptéetify the magnitude and efficiency of end
aerosol production and transport. Future assessméi@/R relationships may benefit from chemical
data assimilation in models.
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6.  INITIAL ANSWERS TO POLICY-RELEVANT SCIENCE
QUESTIONS

In 2005 at its first meeting, the Task Force on lkspmeric Transport of Air Pollution
identified seven policy-relevant science questi¢see chapter 1, box 1) to guide its work. This
interim report is a first attempt to address thgsestions as they relate to tropospheric ozone, fin
particles and their precursors. Below we summadnfermation presented in the preceding chapters,
organized as initial answers to the guiding questio

1. How does the intercontinental or hemispheric transprt of air pollutants affect air
pollution concentration or deposition levels in theNorthern Hemisphere for ozone and its
precursors, fine particles and their precursors, ad compounds that contribute to acidification
and eutrophication?

Observations from the ground, aircraft and s#égsllprovide a wealth of evidence that ozone
and fine particle concentrations in the UNECE ragimd throughout the Northern Hemisphere are
influenced by intercontinental and hemispheric ot of pollutants. In some instances, the impacts
of intercontinental transport are profound. Obstowa from mountaintop sites or from aircraft can
track distinct plumes of polluted air with elevateglels of Q, PM, CO and other trace components
of specific sources, such as Hg from coal combnsiibiese plumes are often confined in altitude and
can be traced backward using chemical transportetadd specific source regions. Also satellite-
borne instruments provide direct observations efghneral patterns of;@ansport, NQ emissions
and direct observations of the intercontinentahgport of dust and CO. Ground- and space-based
lidars are providing new information on the vertistructure of aerosol transport events and the
meteorological conditions that drive them. Strikiolgservations of intercontinental transport have
been documented associated with forest fires iergitand North America and dust storms carrying
PM from the Asian deserts over the Pacific Oceath fsom the North African desert across the
Atlantic and across the Mediterranean Sea.

While there is clear observational evidence oéritdntinental transport on an episodic basis
and at high altitudes, intercontinental transptsb ampacts surface air quality and background air
pollution concentrations. These impacts, howevee larder to discern. Long time series of
tropospheric @indicate an increase of backgroungd i® many places in the Northern Hemisphere.
At the same time, the emissions of @ecursors and peaks @ollution levels have been reduced in
North America and Europe. The observed increaskackground @ is consistent with the more
general increase of ;Qorecursor emissions across the Northern Hemispliene PM, large inter-
annual variability in dust transport tends to olbedong-term trends. The few available trends from
isolated islands for nitrate and anthropogeniclsatip are generally consistent with estimated trends
in emissions.

The processes that determine the overall pattdriransport at this scale are relatively well
understood and our ability to quantify the magrétuof transport is improving. Our improved
understanding comes from an increasing body ofrghtienal evidence, including new information
from intensive field campaigns and satellite-boim&ruments, improved emissions inventories and
improved global and regional chemical transport eted

Together, models, observations and emissions foxies suggest that intercontinental and
hemispheric transport are determined by the logatind timing of emissions, the chemical and
physical transformation of pollutants in the atntoeg and the prevailing patterns of meteorology
and atmospheric circulation. The dominant metegiobd processes that drive transport differ by
geographic region and season.

In the mid-latitudes, prevailing winds are fronetvest to east creating stronger west-east
flows compared to north-south flows. Wind speedsréase with height, so processes that lift
pollutants out of the boundary layer near the gdoand into the free troposphere increase the
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potential for rapid intercontinental transport. Tw@chanisms for such lifting are cyclonic weather
systems and deep convection, which are primargpoasible for the transport of pollution from
North America to Europe and from Asia to North Amoar In mid-latitude cyclonic systems, lifting
takes place in the air stream known as the Warmv&anr Belt (WCB), which can loft pollutants
into the middle and upper troposphere, transpottiign from North America to Europe in two to
four days and from Asia to North America with sliighlonger transport times. Cyclonic systems,
which track from west to east, occur throughoutyhar although they are weakest in the summer.
The formation of WCBs within cyclonic systems is shaommon along the east coasts of North
America and Asia, where there are also heavy cdrat@ns of emissions. Deep convection, which is
strongest in the summer over the middle of Northefioa and Asia, is also an important mechanism
for lofting pollutants into the free troposphere.doth WCBs and deep convection, as the air rises
and cools, water vapour condenses and wet scagengimoves many water soluble pollutants. The
pollutants that are transported out of the boundeygr are subject to chemical reactions, physical
transformations and mixing with stratospheric airtteey are transported downwind. Eventually, the
lofted pollutants are mixed back down to the swefecareas of atmospheric subsidence, such as over
western North America and Europe, particularly otres Mediterranean. The subsidence process
tends to disperse the pollutants and dilute sigaifily the pollutant concentrations reaching the
surface. Subsidence can also have important eféecthe chemical and physical transformations of
the transported pollutants, such as when trangpgrégoxyacetyl nitrate (PAN) decomposes as it
subsides, contributing to the formation of O

Topography can also have a strong impact on thesport of pollutants into the free
troposphere, such as when winds associated witmtaims and valleys carry pollution out of the
boundary layer. This mechanism may play an impomale in the flow of pollution from Europe to
Asia. Topography may also be important in the émtnant of dust from high elevation deserts, such
as the Gobi.

Long-range pollutant transport may also occur rtearground without significant lifting.
Such transport may occur in association with passieather fronts or may occur in a stable
atmospheric layer, such as a residual layer thatSafter the collapse of a daytime boundary layer.
This sort of transport dominates the flow of pahis out of Europe and into the Arctic, in winter,
and across the Mediterranean, in summer. Such ggesemay also play an important role in the
transport of Saharan dust across the Mediterrate&iurope and the transport of North American
emissions over the Atlantic Ocean.

In the Arctic region, there are few anthropogesriussions sources and transport into and out
of the region are dominated by low-level flows néae ground. The lack of vertical transport is
mainly due to the lack of strong convention and lth& input of solar radiation, which also has
important implications for the chemical and phybkitansformation of pollutants. Recent studies
have suggested that anthropogenic pollution (btatbkicarbon and §) transported to the Arctic have
significant effects on atmospheric warming in tlegion, which further enhances the potential for
transport from the mid-latitudes.

Transport in the tropics is less well understoeanttransport in the mid-latitudes. In the
tropics, prevailing winds are generally from theteta the west. The deep convective clouds of the
shifting inter-tropical convergence zone (ITCZ)t ldir pollution into the free troposphere, with
subsidence occurring elsewhere in the tropics. Asian monsoon circulation can have important
impacts on the transport of pollutants from SousiiaAcarrying pollutants westward from India to
Northern Africa and Europe. The majority of biomdmsning globally occurs in the tropics with
activity peaking in different regions at differetitnes of the year. The exchange of air and the
pollutants it carries between the tropics and theé-latitudes is limited, such that air in the mid-
latitudes tends to recirculate in the mid-latitudesl air in the tropics tends to recirculate in the
tropics.
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2. More specifically, for each region in the Northen Hemisphere, can we define source-
receptor relationships and the influence of intercotinental transport on the exceedance of
established standards or policy objectives for thpollutants of interest?

Long-range transport affects the concentrationszohe and aerosols at downwind receptor
locations, but the effects of transport on these ¢pecies are distinctly different. In situ obséores
document episodic elevated concentrations duatsport of both ©and aerosols, but the latter are
much more pronounced. Analyses of long-term obsemns also generally find that the background
O; concentration in marine air at the west coasBubpe and North America has increased over the
past two decades.

It is clear that @is, in effect, primarily a hemispheric pollutanitiva rising, hemisphere-
wide background. The influence of one continentamother is small, but is significant from a
management perspective when compared to levels de€ease that can be achieved through local
and regional emission controls. The benefits of suess to decrease intercontinental transport;of O
would be distributed across the hemisphere.

For aerosols, spectacular enhancement eventsgcigbpethose associated with major
emission events such as fires or dust storms, bege observed at the surface. However, very clean
background concentrations can still be observedutjitout the globe. The episodic enhancement
events do yield an average elevation of the totmosol column over the long term. The
intercontinental transport of both;@nd fine particles has substantial impacts on &ttaospheric
column loadings, which have significant implicatdior climate change.

Despite observations of the effects of long-rangansport, source-receptor (S/R)
relationships, defined as the sensitivity of coni@ions or deposition at a “receptor” location doe
a change in emissions at a “source” location, caly be determined from models. Previously
published modelling studies forz;Chave estimated annual or seasonal mean influeoteme
continent on the other in the range of 1 to 5 pphitfy enhancements due to individual transport
episodes around 10 ppbv. For fine particles, previmodelling studies suggest large fractions of
aerosols, 40 to 80 per cent, are exported fromcsorggions through intercontinental transport. The
impact of this aerosol export on long-term averageace concentrations or deposition in other
regions has not been extensively examined. Repedthates of annual or seasonal intercontinental
influences on total aerosol column loadings hawged from 1 per cent to 50 per cent, depending on
the region, season and chemical fraction of inteddewever, it is difficult to directly compare
previously published studies because of differericgbe methodologies, definitions of regions and
metrics used.

To provide comparable results, examine and impribnve ability of models to represent
transport processes, and estimate uncertainty rirerduestimates of S/R relationships, the HTAP
intercomparison was organized to conduct a sefiesardinated model experiments. In the first set
of experiments, emissions of NGCO, and NMVOCs were perturbed individually andgnbined by
20 per cent in four Northern Hemispheric region®rfN America, Europe, East Asia, and South
Asia). The HTAP intercomparison also examined tfieces of a 20 per cent reduction of global
methane concentrations. Similar 20 per cent peatimb analyses were conducted for emissions of
aerosol precursors (SONO,, and NH) and primary aerosol (elemental carbon (EC), PO a
PM,.s).

For each of the four regions and each pollutdre, relative sensitivity to imported pollution
versus domestic emissions, or “import sensitivitygs calculated as the change in concentration (or
column loading or deposition) within a receptorioegto the combined influence of the 20 per cent
emission reduction in the three other source regivided by the change in concentration due to the
20 per cent emission reduction in the region itsEffe preliminary results for Ofine particles and
nitrogen deposition are summarized below.

For the 20 models contributing to the @©xperiments, the seasonal cycle in surfage O
concentrations is similar across the models, atthahe monthly mean values vary by as much as 10
to 30 ppbv in some regions and seasons. The mealtsrérom the models suggest that a 20 per cent
decrease in anthropogenic Némissions will decrease annual mean surfagceo@centrations within
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the same region by 0.46 to 1.08 ppbv, dependintp@megion. Combined emission reductions in the
three foreign source regions will decrease annwedmsurface concentrations in the fourth receptor
region by 0.24 to 0.34 ppbv, depending on the recapgion. Thus, the import sensitivity of annual
mean surface Qraries between 30 per cent and 70 per cent, dégend the receptor region.

These annual average S/R relationships may magk kseasonal variations, which will
require further analysis to identify. Intercontiteninfluences on @are generally strongest in the
Northern Hemisphere spring season, not wheis @ighest. But surfacez@s still sensitive to foreign
influences (import sensitivity of 10 to 30 per fan the (3-month) high @season. The initial results
further suggest that changes in emissions on adpmiic scale may change the frequency of O
pollution events defined relative to a thresholdaantration.

The largest influence of a single source regiorOgim another receptor region is associated
with the impact of North American NCemissions on Europe. Changes in North American, NO
emissions account for roughly 20 per cent of trepoese of European summertime surfagetdO
changes in European N@missions. Sources in North America and Europe tencontribute as
much to surface ©£over East Asia and South Asia as the Asian sowmesibute to each other.

The initial results suggest that hemispheric raspdo NQ emission perturbations generally
outweighs that from CO or NMVOCs. The modelling exments, however, neglect a long-term
feedback of these emission perturbations grih@t occurs through changes in the hydroxyl rddica
and methane. The net result of neglecting this-keng feedback is that these results overestimate
the impact of NQreductions by 5 to 15 per cent and underestinfegempact of CO reductions by
15 to 20 per cent. Initial results suggest that ¢bhenbined effect of NQ NMVOCs, and CO
perturbations may be slightly less than sum ofrtivadividual effects, however more analysis is
needed to assess the linearity of the reductions.

The initial results of the 20 per cent decreasglobal methane concentrations, which implies
a 20 to 30 per cent decrease in global anthropogemissions of methane, suggest an annual mean
surface @ decrease of approximately 1 ppbv across all ofréiggons. Such a decrease in the global
methane emissions may have as large an effecttercamtinental transport of Qas 20 per cent
decreases of other@recursors, as well as decreasing the climaténipiaf both methane and;O

Substantial @ transport takes place above the boundary lay¢henfree troposphere. The
sensitivity of the @ column to changes in foreign emissions is strorgetr different from those for
Os; surface concentrations. Over Europe, the tropa&pla® column response to N@erturbations
from North America is as large as the responseotoasdtic emission perturbations. North American
column ozone is less strongly impacted by foreigd, Emission perturbations, with an import
sensitivity of roughly 60 per cent that of the datie sensitivity. In East Asia, the impact of
European NQemissions is particularly strong, and the imperisitivity of East Asian @columns is
larger than the domestic sensitivity by approxinya&0 per cent. Finally, over South Asia, the
sensitivity of the ozone column to domestic emisgierturbations is larger than the sensitivity to
perturbations in foreign NCemissions, with about equal sensitivity to emisgbanges in the other
three regions.

For fine patrticles, results from 8 to 11 modelspataling on the chemical component of
interest, are available from the HTAP intercomparisThe mean results suggest that a 20 per cent
decrease in anthropogenic gas and aerosol emisswihglecrease annual mean surface PM
concentrations within the same region by 0.35 4 0g/n’, depending on the region. Combined
emission reductions in the three foreign sourceioreg will decrease annual mean surface
concentrations in the fourth receptor region by2a®0.1 g/m®, depending on the receptor region.
Thus, the import sensitivity of annual mean surf@bé concentrations varies between 4 per cent and
18 per cent.

The import sensitivity of annual deposition of swdge, reactive nitrogen, and carbonaceous
aerosols are similar to those for surface conctkomr® The import sensitivity of annual mean
deposition varies from 10 to 30 per cent for sulptia 1 to 13 per cent for carbonaceous aerosdls an
3 to 15 per cent for total reactive nitrogen.
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The contribution to the aerosol column loadingigmiicantly larger than that for the surface
concentrations or deposition. The import sensijtiit the regional sulphate annual mean aerosol
column loadings is 30 to 59 per cent. The imponsgrity of POM annual mean column loadings is
somewhat less, 13 to 30 per cent. The impacts tahdolumn loadings have significant, but not yet
guantified, implications for regional aerosol rdtlia forcing and climate change. The contributions
of imported aerosol are similar in Europe, North &ioa, and East Asia, but are much larger for the
South Asia region. The large response due to imgdoaerosol for the South Asia region can be
explained in part by several peculiarities of thEAP experiment design, and these require further
study.

The impact of one region on another depends omibelled aerosol lifetimes, which vary
significantly (a factor of four) between models.general, models with longer lifetimes predict &rg
import sensitivities. The diversity in modellecelimes reflects differences in the process-levedeho
formulations, which require further evaluation amdhlysis.

The HTAP intercomparison has provided the first &6t comparable estimates of
intercontinental S/R relationships from multiple dsés. The initial analyses of results have focused
on annual and seasonal means. Additional analydlelseaconducted to explore the impacts on other
metrics more closely related to existing ambiemindards and environmental policy objectives.
Further experiments and additional analysis wiplere the differences between the models, as well
as potential biases introduced by the design ok#periments. This continuing effort will enable us
to assess, and ultimately reduce, the variability @ancertainty in model estimates of intercontiaént
S/R relationships in terms of impacts on the adeent of environmental policy objectives.

3. How confident are we of our ability to predict hese S/R relationships? What is our best
estimate of the quantitative uncertainty in our esimates of current source contributions or our
predictions of the impacts of future emissions chages?

Current models can reproduce much of the obsenpadiat and seasonal patterns of
intercontinental transport. The ability of modets adequately describe continental outflow of
pollution and individual transport events has bdemonstrated through comparisons with aircraft
and surface observations. However, current moaeth, existing emissions inventories, have not
been able to reproduce some of the trends deriged the relatively sparse observations available
from remote locations. The average of an ensenfleoolels, as used in this work, has been shown
in previous studies to have greater predictivd #kéln the individual models in the ensemble, ttroug
low diversity in the predictions does not nece$gariarrant that the predictions are realistic. To
ensure confidence in the ability to predict S/Ratiehships, model predictions must continue to be
evaluated with observational data and compared atithr models.

To continue to enhance the ability of models tineste quantitative S/R relationships, both
models and emission inventories must be improvedredt models need better representation of
some physical and chemical processes in the atmospthat are important for assessing
intercontinental transport, and more robust emissiowventories must be developed for many
important source categories and regions of thedworl

Direct comparisons with observations are one keyumderstanding and assessing the
accuracy of model predictions. Both short-term &nrdy-term data sets are valuable for evaluating
model representations of transport events and $rémcdbackground concentrations. A number of
recent intensive field studies have produced riata dets for short periods of time (days to weeks)
that can be used to evaluate model representatibspecific processes or events. Future efforts
under the HTAP intercomparison will focus on conigams with the observations from several such
field studies. In addition to intensive field stesli ongoing long-term monitoring programmes
provide data that are useful for evaluating modathough the data are sparse in some key regions.
Analyses of such data have derived trends in thg-fange transport of {and aerosols such as dust
and anthropogenic nitrate and sulphate. While coispa of model predictions is generally
straightforward, there is no simple means of diyeetaluating S/R relationships, as they are model
constructs. Therefore, a suite of short-term amgjerm measurements and model results must be
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carefully assessed to understand S/R relationshiss,is planned as part of the HTAP
intercomparison.

In estimating the effects of future emissions cleanghe predictions used for future pollution
distributions, trends and composition contributgéauncertainties to the estimates. To reduce these
uncertainties, more efforts are needed to betterachterize current emissions and understand
potential future emissions scenarios. Better charaation of emissions should include incorporgtin
local knowledge in regions where emission factonsl activity data are poorly known and
characterizing emissions from sources that arg@etial importance with respect to intercontinental
transport, such as shipping, aviation, lightnind ather natural sources. Additionally, confidence i
predictions of effects of future emissions can fm@roved through an iterative process to compare
absolute values, ratios and trends of emissionsas with values, ratios and trends derived from
both ambient observations (surface, in situ anellgatbased) and atmospheric models.

4. For each country in the Northern Hemisphere, howvill changes in emissions in each of
the other countries in the Northern Hemisphere chage pollutant concentrations or deposition
levels and the exceedance of established standamtgolicy objectives for the pollutants of
interest?

The initial results of the HTAP intercomparison ggrted above describe the sensitivity of
annual and seasonal mean pollutant concentratamhsmn loadings and deposition to changes in
emissions over large regions. These estimatesbwillurther refined in future phases of the HTAP
intercomparison, but calculating S/R relationshipghe geographic scale of individual countries has
not yet been attempted.

The impact of intercontinental transport on exceedaof established standards or policy
objectives has not yet been explored in detail. el@w, initial results for @suggest that the models
will provide useful information about exceedancetlfeshold values. The annual mean results,
however, show that intercontinental transport mayehmuch greater impacts on total column
loadings than on surface air quality or deposittatues associated with existing standards or policy
objectives.

5. How will these S/R relationships change due txgected changes in emissions over the
next 20 to 50 years?

Profound changes in intercontinental transportiikedy due to changes in the magnitude and
spatial distribution of anthropogenic emissionsseaby the continuing implementation of pollution
control measures, regional differences in the mdaeconomic development, the growth in shipping
and aviation emissions, and the implementationliofate change mitigation measures. One future
projection to 2030 that has assumed compliance e¥ibting legislation suggests that N&hd SQ
emissions will continue to decline in OECD courdribut will continue to increase in Asia.

The most important factors determining future amploigenic emission levels are activity,
level of technology development and penetrationab&tement measures. Activity changes are
strongly linked to economic growth, population gtbwand energy growth, but they are also
dependent on the geopolitical situation, trade ergents, level of subsidies, labor costs, etc.

Natural emissions may also change due to changedniate and land use. Emissions of
mineral dust, wetland methane, foliar VOCs and fiviéd are all very sensitive to changes in
landcover (e.g. vegetation type and density) andnsoisture. Natural emissions could vary by a
factor of two or more on time scales of years toadies due to the intrinsic variability. These raltur
emissions influence £and aerosol concentrations and interact with apthgenic emissions. Hence,
the future effects of natural emissions on hemigphigansport can vary and also influence the
transport of anthropogenic emissions.
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6. How will these S/R relationships be affected byhanges in climate or climate
variability?

The intercontinental and hemispheric transport gaad fine particles has important effects
on global and regional climate change. Troposph@si@and aerosols have been shown to modify
both the radiative balance of the atmosphere, dsaseloud formation and precipitation. However,
there is still a large degree of uncertainty athéomagnitude of these effects.

In the Arctic, transported black carbon is a mirtmur important, component of the Arctic
Haze and causes heating of the haze layers. Maredeosition of black carbon onto snow and ice
results in a reduction of the albedo, which magt@e climate forcing that is significant compaied
the effect of greenhouse gases.

Likewise, future changes in temperature, humiditgcipitation, the strength of convective
systems, and the paths and frequency of cyclomiesys are likely to change emissions from natural
sources as well as the atmospheric lifetimes atetdontinental flows of anthropogenic pollutants.
With increasing greenhouse gas concentrations, dliosite models predict less convective transport
in the tropics and enhancement of current pattefpecipitation and evaporation (i.e. dry location
will get dryer and wet locations will get wettefh previous studies, a number of models have
predicted increases in water vapour leading toem®ed @ destruction and shorterzQifetimes.
However, some models have shown also increasgar@luction in high emission areas, enhanced
lightning NQ, emissions, and increased stratosphere-troposgh@tegange. Some climate models
have shown changes in the frequency, intensity@aids of mid-latitude cyclones. These changes
suggest a possible decrease in transport associgttedanid-latitude storm systems and a possible
increase in transport into the Arctic.

The combined effects of emissions changes and @itizgange on the absolute and relative
impacts of intercontinental transport on air qyadihd deposition is unclear.

7. What efforts need to be undertaken to develop aintegrated system of observational
data sources and predictive models that address tlgpiestions above and leverages the best
attributes of all components?

The assessment of the current observational evédéclcapter 3), emission inventories
(chapter 4) and chemical transport modelling (chiaf) indicates that these three aspects of
understanding hemispheric transport are interdegp@ras shown schematically in figure 6.1.
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Figure 6.1. Interdependence of emissions, models@nbservations.

The boxes represent information resources from rghens, emission inventories, and
modelling, whereas arrows indicate connections @perations within and between these aspects.
Operations within aspects or areas of activityhfime) include intercomparisons, reconciliation and
homogenization of data. The interconnecting arr@wlack) represent the major connections and
operations that link observations, emission inveesoand modelling. Observations are an essential
foundation, providing the data for model evaluataanwell as for data assimilation into the models.
Through inverse modelling, observations also akstimation of emissions.

Improving our assessment of intercontinental anchiigheric transport will require an
integrated approach where the best available krigelérom observations, emissions and models is
combined. Furthermore, reconciliation of the thramas or aspects (observations, emission
inventories, models) requires considerable itenatiotil the deviations are minimized.

The following sections identify what further effsrdre needed in the various relevant areas of work.

Improving the modelling of transport processes gigxisting and new field campaign data

There are a number of chemical and physical presesst could have important effects on
intercontinental transport that are poorly représgin current models. These include boundary layer
mixing and small-scale venting processes that apjoViutants to leave the boundary layer, such as
dry convection, local circulations (valley or landean) and gravity wave mixing. Likewise,
subsidence and other processes that transporttggdBufrom the free troposphere back to the
boundary layer are not well quantified in largelsgaodels or in observations.

The transport of species out of the boundary l&yeiften associated with wet deposition as
water vapour is condensed during the transporttevdime extent to which soluble species are wet
deposited depends on details of the microphysiesta what extent (a) convective clouds are able t
transport soluble species to the upper tropospl{bjesoluble species are retained as liquid water
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freezes; and (c) rain is evaporated as it fallsugh the atmosphere. Again, these processes are not
suitably modelled on the large scale and have @emnadequately measured.

Finally, transport processes in the tropics andrepizs have received far less attention than
in the mid-latitudes. With the growth of future esions expected in the tropics and subtropicsethes
processes may gain greater importance for inteirgemial transport of air pollution.

Improving our ability to model these various praasrequires careful comparison of models
to the rich observational data provided by inteadield campaigns. Much information can be mined
from the existing integrated data sets collectegdst field campaigns. One of the foci of the HTAP
intercomparison Experiment Set 3 will be to evaludie representation of pollutant export and
chemical evolution in models by comparing with alvaéions from the TRACE-P and ICARTT field
campaigns in 2001 and 2004. It may also be negessalesign new field campaigns specifically to
explain key processes and evaluate model paramratioeris. Several new intensive field campaigns
are being conducted in 2007 and 2008 as part oPEARCAT component of the International
Polar Year. For the full value of the observatiandiected in past and future field campaigns to be
realized, further efforts must be made to fac#itatcess to the integrated data sets.

Improving emissions inventories using local infotima and inverse modelling

Major uncertainties exist in the emission invergsrior many regions of the world and some
important source categories, such as shipping,tianisand lightning. To improve the global
emissions inventories used in the assessment efcoritinental transport, existing emissions
information from national and subnational governtegmnd other research activities focused on
specific source categories, need to be incorporattd the global inventories. Such efforts are
especially needed to improve the inventories inoregwhere emission factors and activity data are
poorly known.

Models can be used to identify those emission @s@immand uncertainties that are most
important for understanding intercontinental trawspand hemispheric pollution as well as the
temporal and spatial resolution of emission estsateeded to understand intercontinental transport.
To improve confidence in emission estimates andtifjepotential weaknesses, comparisons of the
absolute values, pollutant ratios and trends ofsimn estimates contained in emissions inventories
can be compared with emission estimates, pollutatios and trends derived through inverse
modelling from ground-based, aircraft and satetitservations.

Identifying and explaining long-term trends byifit§ gaps in the observing system and improving
model descriptions

Increasing trends of background pollution conceining, particularly for @ have been
observed at a number of remote locations acrossldinhern Hemisphere consistent with increases
in emissions. However, these trends are not camgigtith other available observations (such as data
from O; sondes), and are not well reproduced by chemieaisport models. To explain these
observed trends, limitations of the current obssmal system and limitations in current modelsd(an
possibly emissions inventories) must be addressed.

Although some important regional data sets arelablai for aerosol composition and gas
phase concentrations, and valuable long-term ddtaage available for a few remote locations, there
are many regions of the world that are poorly cedeny current observational systems. Improved
information about the vertical distribution of pdtnts in the atmosphere is needed.

Over the coming decades significant changes arectsg in the intercontinental transport of
air pollutants due to changing emissions globdilye present observational system, however, is not
sufficient to capture these changes. A surface umeasent network suitable for following the
evolution of long-range transport of air pollution the Northern Hemisphere has to include
monitoring in regions which are now poorly coversdch as over the seas and in the interior of the
Asian continent. Both high elevation and remotanidl sites should be included. Surface networks
must be complimented by vertical profiing (such &#em sondes, lidar and aircraft) and
measurements from satellite sensors to charactiezieopospheric pollution distribution. Coinciden
measurements of Daerosol components and their precursors as weltraospheric tracers such as

136



Hemispheric Transport of Air Pollution 2007

CO and Hg will strengthen the utility of the obsstiens for model evaluation and assessments.

Unprecedented satellite-borne measurement capaisiljpresently in orbit, but the utility of
the measurements is limited by a clear understgnafirthe accuracy and precision of the retrieved
results (i.e. satellite validation). Facilitatingobder access to satellite data sets for analysis a
comparison to other observations and model resalts, appropriate collaboration between the
satellite, modelling, and emissions communitiesuldancrease the value of these measurements.
Furthermore, new satellites will be required to mein this current measurement capability into the
future.

Further experiments under the HTAP intercomparisaii generate insights into the
differences between current models and sensitviiie model parameterizations. Likewise, in the
context of AeroCom and the new joint IGBP-IGAC/WGBPARC initiative in atmospheric
chemistry and climate, experiments are planned whiatfurther assess the processes that lead to
variability among models and examine the abilityeproduce observed trends.

Developing a robust understanding of current SI&ionships using multiple modelling techniques
and analyses of observations

The initial results of the HTAP intercomparison yice some useful information about the
significance of intercontinental transport from am quality management perspective. However,
further analyses are needed to develop a robugrstaehding of current S/R relationships. These
include addressing issues of: (a) the scalabifitthe sensitivities; (b) the large variability assothe
models of the sensitivity of {lo NMVOCs emissions changes; (c) the ability forogluce observed
frequency distributions of pollution; (d) the cdhtrtion of intercontinental transport under clean
versus polluted conditions; (e) the S/R relatiopshior other aerosol components; and (f) the
influence of interannual meteorological variability

A link between the HTAP intercomparison and ongoinggional-scale model
intercomparisons may inform the assessment of tleertainties associated with the calculation of
import-export budgets of Daerosols and their precursors.

There are no generally accepted “benchmark” téstsdan be used for model evaluation at
the intercontinental scale. Therefore, the HTARerictmparison should strive to establish some
standard tests and a well-documented referenasf sdiservations drawn from different sources that
can be used to establish a baseline of model peafoce against which future improvements can be
demonstrated.

Alternative methods for calculating mass fluxes awahsitivities to emission changes,
including direct calculations from observationspwd be explored and compared with the results
from global CTMs. Adjoint models are currently undkevelopment in regional and global CTMs,
and provide an interesting alternative for the fmvmodel sensitivity simulations. Adjoint models
need to be compared to one another and to othenonfetfor calculating sensitivities. Future
assessments of S/R relationships may also bemefit the use of chemical data assimilation to
improve the analysis of specific episodes.

Estimating future S/R relationships under chan@mgssions and climate

Future changes in the spatial distribution and ritades of emissions associated with future
development and control, combined with changeshi atmospheric lifetimes of pollutants and
transport processes associated with climate chawglealter intercontinental S/R relationships.
Scenarios of future emissions and climate changeldhbe assessed with the available modelling
tools — the typical time horizon could be both mateimediate one aiming at 2020 and 2030 as well as
the longer-time perspectives of 2050 and 2100. d@leelopment of such scenarios should be
coordinated with efforts under IPCC and the IGBROIANVCRP-SPARC initiative in atmospheric
chemistry and climate.

1 IGBP - International Geopshere-Biosphere Prograifpagt of WMO); IGAC— International Global
Atmospheric Chemistry; WCRP- World Climate Resed&obgramme (part of WMO); SPARC-
Stratospheeric Processes and Their Role in Clifpate of WMO).
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Improving organizational relationships and inforilmatmanagement infrastructures to facilitate
necessary research and analysis

Recent developments in information technology, olz@nal capabilities, data assimilation,
and modelling and analysis tools, have made itiples¢o begin to combine the best available
knowledge from observations, emissions and modelsntorm assessments of intercontinental
transport. However, further organizational effaisl investments are needed to put the pieces of an
integrated observations/modelling system into placetrategy for Integrated Global Atmospheric
Chemistry Observations (IGACO Theme Team, 2004)bleen formulated and is being implemented
at many different scales ranging from regional émfspheric to global, contributing an atmospheric
component of the Global Earth Observing System yste®ns. Building upon the existing WMO
Global Atmospheric Watch programme, the proposeAdQ system is intended to provide an
observations, modelling and information infrastawetfor atmospheric chemistry analogous to the
global infrastructure currently in place for thetewrological community. In addition to the needs fo
additional observations and model improvements,sthetegy also addresses issues of data quality
assurance, data distribution and data archivinghSan integrated infrastructure would greatly
facilitate the assessment of intercontinental parts Efforts organized by the Task Force should
build upon and/or work to further, the implemeraatof this strategy.

Addressing the challenges outlined above and inpieeeding chapters will require the
combined effort of many individual scientists, r@&sd organizations and governmental authorities. In
this combined effort, the Task Force can contirmugldy several important roles.

The Task Force can continue to serve as a foruithetttify scientific consensus concerning
the current understanding of intercontinental amdnispheric transport and priorities for future
research and development through the organizafiomodkshops, meetings and assessment writing
activities.

By organizing cooperative research and analysirtsfisuch as the HTAP intercomparison
and by fostering networks for data exchange antvetgl the Task Force can serve as a forum for
information exchange and collaboration.

Finally, the Task Force can assist in raising thearaness of transboundary and
intercontinental air pollution in regions where tbencept is less well known and in linking this
awareness to the need for building robust naticaadl regional emission inventories and
observational systems. The Task Force can ass@eating crucial links between institutions both
within countries and across regional and hemisphseales. Creating these linkages could be an
important step in increasing the capacity to marithgesources of air pollution in these regions.

References

IGACO Theme Team (2004), The Changing Atmosphere: IAtegrated Global Atmospheric Chemistry
Observation Theme for the IGOS Partnership, edited.. A. Barrie, et al., European Space Agency
ESA SP-1282 (GAW No. 159, WMO TD No. 1235), Noorgiwirhe Netherlands.

138



Hemispheric Transport of Air Pollution 2007

Appendix A
Activities of the Task Force on Hemispheric Transpd of Air Pollution

The UNECE Convention on Long-range TransboundaryP&ilution currently has a
total of 51 Parties, covering almost all of Eurapad North America and extending into
Central Asia. Under the Convention, eight protodudse been developed which have all
entered into force. One protocol addresses thetiamg funding for air pollution monitoring
and modelling activities. The other protocols setpallution reduction targets that address
sulphur, nitrogen oxides, ammonia, volatile orgacéenpounds, mercury, lead, cadmium,
and persistent organic pollutants (see http://wweag.org/env/Irtap). The most recent
protocol, the 1999 Gothenburg Protocol to AbatedAication, Eutrophication and Ground-
level Ozone, recognized the potential for intergwnital transport of air pollution and the
need for its further study. The Executive Bodytte Convention is considering the issue in
the first review of the Protocol since its entrtoiffiorce.

A.1  Formation of the Task Force

The Task Force on Hemispheric Transport of Air Bm@h was established by
decision of the Convention’s Executive Body atwenty-second session in December 2004.
In its decision, the Executive Body charged thekTremrce:

(a) To plan and conduct the technical work necgstadevelop a fuller understanding
of the hemispheric transport of air pollution foonsideration in the reviews of
protocols to the Convention;

(b) To plan and conduct the technical work necegssarestimate the hemispheric
transport of specific air pollutants for the use reviews of protocols to the
Convention and prepare technical reviews thereonstbmission to the Steering
Body of EMEP.

The United States and the European Community weseydated the lead Parties for
the Task Force and they appointed two Co-Chairs,Terry Keating (U.S. Environmental
Protection Agency) and Dr. André Zuber (Europearm@ission, Directorate General
Environment). The Co-Chairs were encouraged toténparticipation of relevant experts
from countries outside the Convention across thehgon Hemisphere. In April 2005, the
Convention secretariat sent invitations to abouGavernments with known interests in air
pollution, as well as to a number of accredite@rimational organizations, inviting them to
nominate experts to take part in the Task Forcekw

The Task Force reports to the Steering Body of EME® Convention’s atmospheric
monitoring and modelling working group, but the Kd=orce also collaborates with other
relevant bodies of the Convention. It also has gadawith other international organizations
of relevance such as the World Meteorological Oggiion (WMO), regional organizations
such as the United Nations Environment ProgramniER) regional office in Asia, as well
as with networks including the World Bank-fundedgnamme Clean Air Initiative-Asia and
the Acid Deposition Monitoring Network in East ARBBANET).

! Cooperative Programme for Monitoring and Evaluatiéthe Long-range Transmission of Air Pollutaints
Europe.
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A.2  Task Force meetings

The first meeting of the Task Force, held from 13tdune 2005 in Brussels, was
hosted by the European Commission and attendeldany@0 participants from 17 Parties to
the Convention and 4 non-UNECE countries. The mgktimain objectives were to identify
the scope of the hemispheric transport issue aséttout a plan for future work leading up
to an assessment of intercontinental transporirgfa@lution. The Task Force selected as a
target date for its assessment report. To guidevatk, it adopted a number of key policy
relevant science questions (see box 1, chapteinladdition, the Task Force proposed a
workplan for 2006, later adopted by the Executioslfd

The second Task Force meeting, held from 6 to & R006 in Moscow, was co-
hosted by the Russian Federation and EMEP Metegicalb Synthesizing Centre-East
(MSC-East). More than 70 participants from 17 Rarand 7 non-UNECE countries attended
the meeting. The second meeting’s main aims wetaki® stock of the existing information
on intercontinental transport of Hg and POPs, titercontinental transport of air pollution
into the Arctic, and the role of methane as a msmufor tropospheric ozone. In addition, the
Task Force prepared its second workplan for conaiae by the Executive Body.

The third meeting of Task Force took place from\V&dy to 1 June 2007 in Reading,
United Kingdom. It was hosted by the United Kingdamore than 60 participants from 17
Parties and 4 non-UNECE countries attended. The foaus of this meeting was to discuss
and agree the Task Force’s interim assessmenttrépoithe first review of the 1999
Gothenburg Protocol, which was to be concludedhayend of 2007. The Task Force also
held initial discussions on the relationship betwedimate change and hemispheric air
pollution and prepared a third workplan for submoisgo the Executive Body.

A.3  Scientific workshops

To address its policy-relevant science questidres,Tiask Force organized a series of
specific scientific workshops. Summary reports andterial presented at each of the
workshops are available atvw.htap.org

The U.S. Environmental Protection Agency (EPA) kdsta workshop on the
organization of a model intercomparison exercibe @TAP model intercomparison) on 30
and 31 January 2006 in Washington, D.C.; more ttah experts participated. The main
goals were to organize the model intercomparis@hesaluation exercise and to identify the
key model experiments to be done by different madEhe workshop included presentations
of about 30 posters on recent research resulteedeta the intercontinental transport of air
pollution. Further details on the design and pregraf the HTAP model intercomparison are
presented below.

A workshop on emission inventories and projectifmsassessing intercontinental
transport of air pollution was held from 18 to 2@t@ber 2006 in Beijing. The event was
hosted by Tsinghua University. About 80 expertskt@ock of what information was
available on emission inventories that could bedus®m the study of intercontinental
transport of air pollution and identified major gap knowledge.

A workshop on integrated observations was held f@mto 26 January 2007 in

Geneva. It was co-hosted by the Task Force and WiMEboperation with the Group on
Earth Observations (GEO) secretariat. Some 120 rexpgarticipated. The workshop
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examined the current state of observations releiahtemispheric transport studies for the
Task Force assessments, as well as for WMO weatlragte and environmental prediction

applications and for the societal benefit area&BD. In addition, the workshop identified

gaps in observations for priority air pollutantsdam data management and made
recommendations on how to fill those gaps, takingp iaccount ongoing efforts under

regional networks such as the Global AtmospherecWéGAW) programme, Integrated

Global Atmospheric Chemical Observations (IGACOY @he development of the Global

Earth Observation System of Systems (GEOSS).

A workshop to discuss progress and plan future gghasthe HTAP intercomparison
took place in Julich, Germany, from 17 to 19 Octol2®07. It was hosted by the
Forschungszentrum Julich (Research Centre Jilich).

A.4  Websites and listservers

The Task Force has made efforts to provide moshefinformation of its planned
and ongoing work through its websitevfw.htap.org, which is supported by the U.S. EPA.
All of the reports and presentations from the nmegtiand workshops, as well as the draft
and final versions of the assessments reportspaipticly available on the site. A major
objective of the open and transparent informatstoifacilitate the outreach activity of the
Task Force. The websites of the lead Parties alsasghe Convention’s website have links
to the HTAP website.

Additional public and private websites to supp@eafic aspects of the work of the
Task Force have also been established by otheituiists, including the European
Commission’s Joint Research Centre, Ispra, the d&elseCentre Julich, Washington
University (St. Louis, Missouri, United States) ahd Norwegian Institute for Air Research
(NILU). These efforts facilitate collaboration angpthe experts contributing to the work of
the Task Force; in the future, further efforts el made to coordinate the evolving network
of websites and information and communication pgerta

The U.S. EPA has also established several electnmil listservers for the Task
Force to help distribute general information andamcements about Task Force activities
and to facilitate communication among Task Fordegsoups, including the HTAP model
intercomparison participants and the authors aftéyport. Subscription information for these
listservers can be found on the Task Force website.

A.5 Assessment reports 2007 and 2009

The main purpose of this, 2007 interim assessmepgrt is to inform the Parties to
the Convention in preparation for their review lo¢ 1999 Gothenburg Protocol. This report
therefore focuses on those air pollutants relef@mtropospheric @ PM, acidification, and
eutrophication. The Task Force plans to producegermomprehensive assessment for 2009.
The 2009 report will update the interim report lie fight of new information from ongoing
research, in particular the HTAP model intercomgiani In addition, the 2009 report will
address other atmospheric pollutants of intereshi® Convention, such as Hg and POPs.

A.6  HTAP model intercomparison

This report presents some of the initial resultstleé ongoing series of model
evaluation and intercomparison experiments organiaethe Task Force, beginning at its
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January 2006 workshop, to:
Produce estimates of intercontinental source-rec€pfR) relationships;

Improve our understanding of the variability andcemainty in current model
estimates;

Guide future model developments to decrease uniciemin S/R relationships.

The model intercomparison and evaluation is opealltiterested participants and has
so far attracted contributions from about 30 madé&lse European Commission’s Joint
Research Centrénitp://agm.jrc.it/HTAP) has established a website to provide experts with
more detailed information on the complete set otlei@xperiments, including guidance for
inputs and information on the requested outputsddition, the Research Centre Julich has
set up a data server and discussion wiki has eseblished by the Research Centre Jilich
(http://icg-ii-wikis.icg.fz-juelich.de/HT APWIki).

Based on the January 2006 workshop, a series pE&is of experiments has been identified:
Experiment Set 1: S/R emission sensitivity studiBise simulations consist of a
reference simulation (relevant for 2001) and sirioies reducing anthropogenic
emissions by 20 per cent in Europe, North Ameri€ast Asia, and South Asia.
Provisional results are presented in this report.

Experiment Set 2: Process and tracer studies. Theperiments will develop a
simple set of diagnostics that can be used to staled the model differences that
occurred under Experiment Set 1. The studies wiltd isolate the relative roles of
mixing/transport and chemical processes using aralpf carbon monoxide (CO),
coloured tracers, radon (BA and non-methane volatile organic compounds
(NMVOCs).

Experiment Set 3: Detailed process studies. Thegerinents will explore specific
process relevant for intercontinental transportteRital topics include pulsed
(nitrogen oxides) NQversus tagging of NQ Hg fate, aerosols (in conjunction with
AeroCom), comparison of model results to campa{@mACE-P and ICARTT), the
role climate change and variability, and verticaing of Os.

Experiment Set 4: Improved estimates of S/R refatigps. Building on the previous
sets of experiments, this set would generate ingmtogstimates and uncertainty
estimates for inclusion in the 2009 assessmenttrepo

A.7  Support by Convention bodies

The Task Force is organized under the Steering BédFMEP. Under EMEP, there
are four centres, all of which provide support b tTask Force. MSC-West has now
extended its modelling domain to include the entiterthern Hemisphere and actively
participates in the HTAP model intercomparison @rand PM. MSC-East participates in
the HTAP model intercomparison for Hg and POPs laaml organized discussions on these
substances at Task Force meetings and workshopes.Chemical Coordinating Centre
(CCC) has provided input to Task Force meetingskslmps and assessments related to the
observational evidence of intercontinental and lspiméric transport. Likewise, the Centre
for Integrated assessment Modelling (CIAM) has bestive in activities related to
emissions inventories and projections. In additamtjve cooperation has been initiated with
the EMEP Task Force on Emission Inventories andeBtions and its Task Force on
Measurements and Modelling. The EMEP centres ams#t Farces will continue to play an
important role in the future to assess intercomtialkand hemispheric transport and to link
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the work of the Task Force on Hemispheric TranspdriAir Pollution to the ongoing
analytical efforts focused on the geographic sadeMEP.

A.8 Outreach activities

Reaching out to experts in countries outside th&ON region and building trust in
the scientific underpinnings of the assessmends ignportant part of the work of the Task
Force. To date, experts from 12 non-UNECE counthage participated in Task Force
meetings or workshops: Cambodia, China, Egypt,andapan, Malaysia, Mexico, Nigeria,
Pakistan, the Philippines, the Republic of Kored &hailand.

A number of bodies in the United Nations systenr, daample WMO and the UNEP
Regional Resource Centre for Asia and the Padifige been active in the Task Force. Other
organizations such as the International Maritimgadization (IMO), the International Civil
Aviation Organization (ICAO) and the United NatioReamework Convention on Climate
Change (UNFCCC) receive the announcements andtsepbthe Task Force meetings and
workshops. The GEO Secretariat has also been are gmrticipant in the meetings and
workshops.

The Task Force has been able also to establishrianmtdinks with other regional initiatives
on air pollution, e.g. the Acid Deposition Monitogi Network in East Asia (EANET) and the
Clean Air Initiative-Asia, as well as with prograramfocused on building capacity for air
quality management and regional cooperation, BegRegional Air Pollution in Developing
Countries (RAPID-C) project and the Global AtmosphePollution Forum. These
international organizations and cooperative effarts important in that they provide both
insight into air pollution issues at different 'sland also a possible future basis for joint
action on policy initiatives.
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Appendix B

Glossary of transport-related terms and definitions

The following list of transport-related terms angfiditions is included to help understand some of
the more technical terms used by atmospheric ssierwhen describing air pollution transport and
chemistry. The definitions are written in laymatésms and in many cases have been simplified from
the more rigorous and complete scientific defimgipmany of which appear in Glickm&2000) As
such, the definitions provided here should notdresiered completely comprehensive.

albedo — The fraction of solar radiation reflecliesn a surface.

background concentration (or mixing ratio) — Thaaantration (or mixing ratio) of a pollutant that
cannot be attributed to specific local emissiongooconcentrated and coherent plumes of
pollution from some upwind source. Background comr@ions are typically aged and can
have a variety of sources.

boreal region — A biogeographical region that edsefrom roughly 45° N latitude to the Arctic
Circle.

atmospheric boundary layer — The layer of the tsppere that is in contact with the surface. It can
range in depth from tens of metres under highlplst@onditions to several kilometres in
convective conditions over deserts. Over land,dtmospheric boundary layer depth has a
diurnal cycle; it is deepest during the daytime egldtively shallow at night.

column loading — The mass of a gas or aerosol weréical column of the atmosphere of some
specified depth.

concentration — The mass of a trace gas or typpadiculate matter per volume of air, often
expressed as micrograms per cubic metre.

deposition — Processes by which trace gases dclparare transferred from the atmosphere to the
surface of the earth. Wet deposition is the restilivater soluble gases or particles being
incorporated into water droplets and then tranetemo the surface via precipitation. Dry
deposition occurs when a trace gas or particleaissported to ground level followed by
adsorption to a surface.

domestic — With respect to the HTAP intercomparisesults, domestic relates to the impact of a
region on itself, whereas foreign refers to théurfice of one or more external regions.

export — In terms of the intercontinental transprair pollution, export refers to pollution leag
the horizontal confines (i.e. crossing the shoeglinf a particular continent in either the
upper or lower troposphere. Export can also reféhé upward transport of air pollution out
of the atmospheric boundary layer.

free troposphere — The portion of the troposphbov@ the atmospheric boundary layer which is not
directly impacted by the surface of the earth.

gravity wave — A wave disturbance in the atmospher@hich an air parcel's buoyancy acts as a
force to restore the air parcel to its equilibrivertical location, dictated by its density and
pressure.

Hadley cell — A thermally driven circulation in thepics and subtropics involving the equatorward
movement of the trade winds between roughly 30atitulde and the equator, rising air near
the equator, poleward flow in the upper troposplzare, finally, descending air near 30° N
(see chapter 2, figure 3).

import — In terms of the intercontinental transpaftair pollution, import refers to pollution from
some upwind source entering the horizontal confifies crossing the shoreline) of a
particular continent in either the upper or lowepbsphere.

import sensitivity — With respect to the HTAP irdemparison results, import sensitivity is defined a
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the relative response due to imported pollutiorsierdomestic emissions. It is the response
to the sum of 20 per cent anthropogenic emissidaatgoons in the foreign regions divided by
the response to a 20 per cent anthropogenic emissituction in the region itself.

Intertropical Convergence Zone (ITCZ) — The divgliiine between the Northern and Southern
Hemisphere trade winds, co-located with the ascgnbiianch of the Hadley cell.

jet stream — Relatively strong winds concentrated harrow stream in the upper troposphere of the
mid-latitudes, with wind speeds in excess of 2558 knots).

latent heat of condensation — The heat released wh&r vapour condenses into water droplets.

lifetime — The time required for the concentratimina trace gas to decrease to 37 per cent of its
original value.

meridional — A flow, average or functional variati@long a line of longitude, or oriented north-
south.

mid-latitude cyclone — Also referred to as an drigical cyclone, this synoptic scale weather syste
consists of a migratory low pressure region in thiel-latitudes that rotates cyclonically
(counter-clockwise in the Northern Hemisphere)hwahe or more surface frontal boundaries
and typically producing a large cloud shield anecpitation.

mixing ratio — In a given volume of air, the ratbthe number of molecules of a particular trace ga
to the number of molecules of all the other gasesemt.

North Atlantic storm track — A region over the NoAtlantic Ocean with relatively intense synoptic-
scale cyclone activity. In winter, this featurddsated near 45° N latitude and corresponds to
the mean trajectory of the mid-latitude cyclonesssing the ocean.

potential temperature — The temperature of anairel if it were compressed or decompressed from
its actual pressure to a pressure of 1000 hPaofmestals), which is the approximate
atmospheric pressure at sea level.

ppbv — Parts per billion by volume. A unit commonbed to quantify trace gases in the atmosphere.

radiative cooling — The process by which the terapee of an air mass decreases because it emits
more radiation than it absorbs.

response — With respect to the HTAP intercomparigsults, the response is the absolute change of
concentrations, columns or deposition in receptgians from changes in foreign and
domestic source regions.

scavenging — Removal of pollutants from the aieltlger rain or snow.

sedimentation — The process by which particlestfmtbugh the atmosphere or to the surface due to
gravity.

sensible heating — The transfer of enthalpy (antleelynamic quality equivalent to the total heat
content of a system) from one body to another bydootion (transfer from the Earth’s
surface to the overlying air) or convection (tr&mdiy the rising and mixing of warm air with
colder air aloft). These processes occur in additicany heat absorbed or released due to the
evaporation or condensation of water.

source contribution — A quantitative measure ofahwunt of a particular pollutant at a receptot tha
was emitted from a source. The source contributiepends upon (a) the transport source-
receptor relationship, (b) the emission flux of fhalutant from the source region, and (c)
any loss of the pollutant as it is transported ftbesource to the receptor.

source-receptor relationship — A term that deserithee sensitivity of a “receptor” location to an
upwind “source”. In general, source-receptor relahips are dependent on the emissions
strength of the source, the transport pathway ftben source to receptor as well as the
pollutant transformation, production and loss psses that occur along the pathway. The
transport component of a source-receptor relatipnsin be expressed, independently of the
strength of emissions from the source region, easure of (a) the quantity of air from the
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source that reaches the receptor over a givengened and (b) the amount of time the air
spends over the source region.

stirring — The inter-mingling of air masses caubgdarge-scale eddies. A distinct process from the
molecular scale mixing of different air masses.

subtropics — The indefinite belts in each hemisphertween the regions of tropical and temperate
climates, with the polar boundary being roughly R58nd 35° S latitude.

synoptic — A specific scale of atmospheric motioithwa typical range of many hundreds of
kilometres, including features such as tropical andHatitude cyclones.

Tg — Teragram, or 1,000,000,000,000 grams. EquB)d@0,000 metric tons.

trade winds — The wind system occupying most oftthpics, which blows from the subtropical
highs toward the equator. In the Northern Hemisphtre flow is generally from the north-
east towards the south-west.

transport event — A loose expression applied to iastance of pollution transport from a source
location to a receptor location.

troposphere — The layer of the atmosphere wherd meather occurs, that is 10-20 km deep and
located between the surface of the earth and ty@opause (the boundary between the
troposphere and the overlying stratosphere, sqaeah2, figure 3).

warm conveyor belt — One of the major airstreama ahid-latitude cyclone. It is located on the
eastern side of the cyclone, ahead of the surfalcefilont. The air originates at low altitudes
in the warm sector of the cyclone and travels patelwascending into the mid- and upper
troposphere, above the cold conveyor belt. The warnveyor belt is a key mechanism for
lofting pollutants from the atmospheric boundaryelainto the mid and upper troposphere
(see chapter 2, figure 5).

warm sector — The region of warm air in a mid-laté cyclone located between the cold front and
the warm front, which feeds into the warm convepeit and can also give rise to deep
convection, especially in summer (see chapteigrdi 5).

zonal - A flow, average or functional variation dpa line of latitude, or oriented east-west.
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