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Executive Summary

For the last 10 years, despite comprehensive management efforts, the Seoul Metropolitan
Area (SMA) has been confrontedith perplexing air quality problemeaspecially in PMs
and Q. With this, the second phase tife air qualitymitigation plan proposed by the
government which is set to start in 20bas been set to further
quality for the next 10 yearsdentifying the attainable air quality policy and laying ofithe
practicalemissionreduction plarshould be based on scidit evidencesandan assessment
of the currentand futurestatus ofair quality However, understamay and prediahg the
behaviors of air pollutants in the SM&main very difficultas large discrepancies still exist
between the modeled simulation and observed concentrations for these Jpesesssues
are mostly caused by lack détailedunderstandingf precursoremissions, transport paths,
and chemical mechanismasd by insufficient representation of these processes in current air
quality simulations

Integrated research coveriggemical transport model, ground, and satellite monitoring
is the primary scientifi tool used to asseggesentchemical characteristics, future trends,
emission sources, transport mechanissmsimodel uncertainties in air qualitin addition, it
provides the key evidences necesstryidentify air quality issues, revise policies, and
evaluate the effectiveness of the implemented polibys plan proposes a scientific research
program integrating wsitu observationgith one preliminaryin 2019 and two intensivein
the summer of 2016 and the winter of 2pfiéld campaignsn the SMA with the use of
remote and satellite sensors, and modeling platforms. This will be partly conducted in
collaboration withthe National Aeronautics and Space Administration (NASA) and other
international scientific communitiesThis plan utilize the latest research tools and best
available collaboration to achieve the proposed scientific goals.

The anticipated outcomes can be identifieppas of thecapacitybuilding processof air
guality model simulation and monitoring techniqui® develgoment ofimproved emission
inventories and the regionaéssessment of loagange transports of air pollutaptealistic
projectionsfor future air quality alongdiversescenarig, asessment of air quality impact on
ecosystem, health, and climate over 8MA.



1. Introduction

The Seoul Metropolitan Area (SMA) has faced challenging and ongoing air quality
issues despite its recent-§0e ar ef forts to i mprove the SMA
Tokyo and Paris by 2014. In 2005, the Korean governmenleigéslated a Special Act to
implement a series of strict policies of reducing air pollutant emissions to attain the levels
to 40 pg/m and 22 ppbv by 2014 from 69 pglimnd 38 ppbv oPMy,(particulate matter)
and NQ in 2003, respectively. Despite the sassful performance of comprehensive
reduction plans for N& PM, and VOCs (volatile organic compounds) emissions from
major primary sources, such as mobile and ksg@e industrial sources, the air quality in
the SMA has still not reached the levelplined, especially for NGnd Q (Figure 1).
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Figure 1. Annual variations of selected air pollutants in S€ealrce:Ghim, 2012).

The annual mean Nnd Q showed noticeable increases over the measured period.
Despite the fact that the RMlevel has decreased consistently not only in the SMA but
throughout the rest of Korea, it still frequently exceeds the corresponding air quality
standards; for example, only 4 (1.7%) out of 239 nationwide monitoring stations satisfied
the 24hri based PN standard in 2011 (Kim et al., 2013). In addition, considering the
observed @increase for the past 10 yeaasdthe fact that Plylsmostly originated from
secondary sources of photochemisitrgannot be ruled out th&M, s mayalsohave been
increased in the same time framPespite the decrease in annual mean;PM
concentrations, there has been an increase in episodic regional pollution events causing
significant public health issues and deteriorating visibility in the SNe sciatific
assessments on regional pollution transport and photochemical processes are critical to
understand the ineffectiveness of current control strategies and emission reductions in
achieving targeted air quality levels in some cases, such as annydN@sibility, and
PM during regionakcale pollution incidents.

Chemical transport models play important roles in the air quality forecasting and
control strategies for the public. However, large discrepancies between the siranthted
observed air quality concentrations still exist, indicating poor scientific understanding on
the processes related to air quality at present. In particular, the air quality model used in
the forecast tends to underestimate the observed PM mass caticest(Figure 2).
Uncertainties associated with emissions, meteorology, and physical and chemical
processes in the model could cause this discrepancy.
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Figure 2. Time series (left) and scatter plot (right) comparisons between the observed and
simulatedPM, s mass concentrations at the Bulkwang site in Seoul, Korea fonsAag@ i
DecembeB1, 2013.

Individual processes in the model should be checked given that the model should be
tested against observations for better evaluation of their performances as a whole. With
this, no rigorous evaluation of the model that focuses on chemical species amuaidiv
processes has been attempted in Korea so far. Such evaluation would bring a clearer
picture on what causes the bias in the model relative to observations. Therefore, there is a
high need to have extensive observations to diagnose issues, incledctgethical mass
closure ofPM;p and PM s and the evaluation of each chemical specagributing toPM
and Q in the model, and to further update scientific understanding regarding the subject.

The air quality goals and effectiveness of emission réigulautilizing air quality
models have been heavily based on the Clean Air Policy Support System (CAPSS), which
is compiled and maintained by the National Institute of Environmental Research (NIER)
and the Korea Ministry of Environment for emission inventm Korea. However, it is
clearly indicated that CAPSS does not have the capacitgstlve the annual trends of
these species because of either unidentified emission sources or unreliable emission
factors and activities. It is also critical to charazethe impact ofnatural background
VOC emissions (BVOCs; biogenic volatile organic compounds) production of
secondary air pollutants; organic carbon fractions irp PiMostly originate from BVOCs
controlled by anthropogenic pollution levels (Carlton et al., 2010). However, the emission
and photochemical processes of BVO@se not been clear enough to constrain regional
pollution issueglLee et al., 2013).

The transboundary transport from continental outflows is another important factor to
the SMAGs air qual i t-ounddryasoukce entribuaidns hoth 0 1 1) .
annual mean PM and ozone concentrations have not been well characterized because of
uncertaintes in local and regional emission sources. With this, the impact of continental
outflows from China has been clearly evident over Northeast Asichasbeen more
frequent in the recent years (Yang et al., 2013). Thus, spatially and temporally extensive
studies consideringemission source strength, meteorological conditions, and transport
pathways are required &zcuratelyassess the contributiongtransport.

Capabilities of satellite remote sensing of tropospheric gases and aerosdieda
expandedisce the launch of Terra into the ssynchronous orbit in 1999. Onboard Terra,
the Measurement of Pollution ihe Troposphere (MOPITT), and thdODerate
resolution Imaging Spectroradiomet@ODIS) have provided valuable information on



CO and aerosols ithe troposphere over 10 years. The SCanning Imaging Absorption
spectrometer for Atmospheric CHartograp{&CIAMACHY) onboard Envisat provided
concentrations of  HCHO, SQ, NO,, NO, NG;, CO;,, CH4, N2O, and BrO from 2002 to

2012, and the Ozone Monitoringnstrument (OMI) onboard Aurahas provided
concentrations of  NO,, SG,, HCHO, BrO, OCIO, and aerosol from 2004 to the present.
The Global Ozone Monitoring Experiment (GOME) and GORIBave also provided
valuable information on ozone and relevant gasemone Monitoring Profiler Suite

( OMPS) aboard NASAGO s-orbBingoParinersNip (NPR) Satdllite Po | ar
measuring profiles of ozone, together with aerosol and column densities @h8MIQ

since its launch in 2011. In the future, the TROPOsph®onitoring Instrument
(TROPOMI) is planned to be in low earth orfitEO) by 2016 to measure most of the
aforementioned gasesd6 concentrations and
Spectrometer (GEMS) in a geostationary earth ¢@itO) by the rd of 2018.

International campaignsconducted previously provided valuable dataset and
improved our understanding of atmospheric chemistry and their role in regional climate
change. The Distributed Regional Aerosol Gridded Observation Network (DRAGON)
Asia campaign in spring of 2012 produced phiotometer dataset in mesoscale grid over
China, Japan, and Korea to characterize the physical and chemical properties of aerosol,
and to evaluate and improve the satellite remote sensing using the Geostaticzamy Oc
Color Imager(GOCI). Although some of these campaigns contributed to the evaluation
and improvement of the satellite remote sensing products, such have been limited in terms
of facilities and scales. With this, a large demand to carry out the canfpaigarosols
and gases together with their precursors tdiigeensionally using both grourizthsed and
airborne platform still exists. Furthermore, by the end of 2018, the Asian region will be
presentedwith the first geostationary mission called the Geastary Environment
Monitoring SpectrometgiGEMS) to monitor tropospheric gas concentrations in both high
temporal and spatial resolutions, together with the Advanced Meteorological IpAMjgr
and GOCJ2 onboard the Geostationary Korea Mitirpose Satellite (GEG
KOMPSAT)2. Thus, it is crucial to carry out an airborne campaign to measure the
concentration of gases and aerosols in order to fully prepare for the success -of GEO
KOMPSAT-2 Mission.

The present air quality policy in the SMA focuses on major issues. The first one
is the dense smog occurrendkat often occur during the late fall to early spring season
despite such events being episoditis phenomenoris mostly caused by continental
outflows driven by the prevailing northwesterly wiader the East Asian region including
the Korean Peninsula. In a higlerosol episode, the stagnant hpyRssure system over
Korea played a decisivele in the accumulation of air pollutants (Lee et al., 2013).These
episodic heavy stagnant events haverbevorsening in a sense that BMand SQ
concentrations have been observed with higher concentrations over the past decades.
These observations are consistienrecent emission trends of China (Gu et al., 2013) and
long-term satellite studies over thisgion (Mijling et al., 2013; Zhao et al., 2013).

The second issue is the incriegstrend of Q and NQ for the last decades despite
nationwide efforts to reduce its precursors, NO and V@e@spitethe constant increase
of automobiles in the SMA, the nitgen oxide NOx) emission decreased steadily because
of the successfuNOx emission control strategy (Figure 3). At the same time with the
significant decreasef NOy, it is unsettling to observihat NG has relatively increased
for the last two decades. No significant annual trend in the relative fraction ahNNDyx



emission (f(NQ)) at roadside measurement sit@as found althoughNOyx emission
control strategies, such as diegatticulatefilter (DPF) or diesel oxidation catalyst (DOC),
should have direct fruences on f(Ng values (Sohn et al., 2011).If it is to be assumed
that the national emission control stratelggs been effective as claimed, then the
reasonable speculations would be 1) add#@i®Ox sources either from regional transport
or/and 2) longeNOyx photochemical chaifength that could extend the chemical lifetime
of NOx. The latter reason may be able to potentially explain the increasing trend of
secondary photochemical pollutargsich as @ as they are the direct reactionmpduct

of the NOx chain cycle However, it should also be noted that the observegdN&hich
make upmost of theNOyx poold is known for NQ*, which implies that there is a higher
level of NG than the actual NOlevel in the atmosphere because of artifacts from
thermally unstable NEspecies such as PANs or HNO

The emission control strategy during the Special Act Period relied mdi®©gmnhan
VOCs; for instanceNOx emission reduction by 53.0% and VOCs by 38.7% until 2014.
However, it turned out that VOC emission control measures were not effective to reduce
VOC emissions in recent years. Based on the yearly VOC emission in Seoul, which has
been highly uncertain s@aff, the decreasing rate of VOC emission has been much slower
than those oNOx for the last 10 years (Figws& and 9.
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Figure 3. Trend of the yearly average ambient concentrations of nitrogen dioxide, the oxides
of nitrogen, and number of vehicles in Seoul between 1980 and 2010 (Kim and Yeo, 2013).

In the absence of recently reported VOC concentrations in the SMA, it can be assumed
with caution that an increase ratio on VOB in the SMA is due to their unbalanced
emissionchanges. It is well known thahotochemical air pollution can worsen under the
increasing ratio of VOCsNOx with the decreasing concentration$ NOx in most
metropolitan areas (Seinfeld and Pandis, 1998). Tang et al. (2009) investigated ayerage O
trends in Beijing over the period from 2001 to 2006 and interpreted that rebid@ed
emissions and elevated VOC emissions contributed to the incregsedc@ntrations. It
is very likely that the increasing ozone can be attributed partly to the increasing VOCs/



NOyx ratios in Seoul as well. With this, tropospheric ozone concentrations have been
rapidly increasing over Asia. At the remote mountain site of NW&ppo, which lies
directly downwindof the Asian mainland, £has generally increased a faster rate than

that of European andorth American sites. This rapid increase has laggibuted, at least
partially, to the rapid increase of;@recursoremissons that has occurred in East Asia
(Tanimoto et al., 2009)0zone pollution was originally identified as a local and urban
problem; however, it has been recognized asgional issue given that ozone and its
precursors are chemically stable to be trartgpoin the range of the synoptic scale (i.e., a
few days of Touseahere ish nekdetd idemtiédy)the degree of contributions
from the transported origin or changes in baseline tropospheric ozone concentrations that
are tied to the increasin@s level in Seoul. A forest study near Seoul suggested that
BVOC emissions could enhance regional daytime ozone production from 5 to 20 ppbv.
The observed temporal variations evidently reflected the influence of BVOCs on ozone
formation andsuch findings songly indicated that interactions between anthropogenic
pollutants and BVOCs must be understood and quantified in order to assess the
photochemical ozone formation $eoul (Kim et al., 2013a).

The previous air quality policy in the SMA has focused ikely controllable
pollutant types and sources (for example, transportation and industrial sectors), and this
has made significant progress in terms of mainly primary pollutants sueiasNOx,
and CO. However, a number of serious air quality isse@sin unresolved; in particular,
the contributions of air pollutants transported and their chemical evolutions during the
transport; the recent change of oxidizing capacity in the SMA and background region; air
guality impacts because of the changing VOREx ratio, and BVOC emission in the
SMA and its surrounding region. The aforementionedpjese photochemistry can be
directly applicable to the understanding of secondary organic aerosol formation processes,
especially for PMs or lower, which is mo$¢ formed by condensable gases such as
sulfuric acid and organic acid from photochemical reactidnsaddition, it is also
anticipated thathe emissions of key pollutants over Northeast Asia will continue to grow.

To further i mprove the SMAOGs aisecogiual it
government mitigation plan, which is set to start in 2G18ew legislation and regulation
should be reinforced or evaluated in conjunction with scientific findifigshe effetive
for SMAGs air gual ity -prortyasgientiie researches inser i e
chemical perspectives will need to address all of these current challengesimary, the
accumulated experience in air pollution research and policy implementatithe past
decades of the field clearly brings up the need to establish an integrated research program
to investigate emissidphotochemistrijt r ans p or t phenomenon aff ec¢
guality with the most advanced research tools, such-sisuirandremote observations, so
that emission inventories amdgional air qualitymodels can be thoroughly constrained.
These scientific outcomes will eventually serve as solid basis to establish cqrality
policy that can be implemented with great configenc
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Figure 4. Trend of the yearly VOCs emiss®im Seoul between 2000 and 2009 (Choi and
Ko, 2013).

2. Overall Goals

The overall goal of MAPSSeoul is to establish a scientific research program that
integrates irsitu observations, remote sensing sashsatellite sensors, and modeling
platforms to provide snapshots of current air quality statusrapcbve forecasting tools
that can be utilized routihenow (dailyi seasonal forecagtand to eventually evaluatee
effectiveness of air pollutant rediant policy scenarios. MARS eoul 6s objectiwv
follows:

4 Increase the performance of the air quality model prediction by reducing the bias in
model simulation, and strengthen management decisions in policy development
- Improve emission inventorieparticularly for anthropogenidNOy, VOCs, NH3,
CO, SQ, andbiogenic VOCYBVOCSs)

a4 Assess longange transportef pollutants from Asian megacities, including Beijing,

Shanghai, and the SMA

- Characterize the chemical evolutions of oxidants and aerosalsdirout of the
SMA, including @, NG,, secondaryrganicaerosol (SOA), and their precursors
to precisely constrain critical photochemical proceshas should be considered
in the airquality forecast modeling framework

a Validate aerosol and selected gase products of GOCI and other satellite sensors to

integrate satellite observational products for reliable urban and regional air quality

and emission inventorgnalysis

- Characterize the optical/physical/radiative properties of aerosols in the SMA and
suroundings to resolve the effects of air quality on visibility reduction and urban
weather forcing

Field studies with one preliminary and the two intensive field campaigns in summer
and winter in the SMA are proposed and would be conducted in collabonatioNASA
and otherinternationalscientific communities. This plan utilizes the latest research tools
and best available collaboration to achieve the proposed scientific goals.



3. Scientific Aims

Previous studies illustrate that a comprehensive approaessential to understand
the current status of agquality problems as there are multiple fronts of uncertainties in
emission, transport, and chemistry that have been reported in the regional scale. The
current method forresohing discrepanies between observed and modekredicted
targeted air pollutants (e.g.,s@nd PM)is to apply empirical correction factors in the
prediction model system without solid scientific basis. This may work unless there are no
significant physical and chemical environmentilanges affecting the photochemical
processes in the region. However, it is well known that the East Asian region is
experiencing rapid environmental changes caused by efobd climate change and
ambitious pollution reduction plans by the Chinesellacd federal governmentshe top
aim for this program is to implemean intensive fieldbservationexperiment to study
the ozone and Pp pollutionsin the SMA governed by secondary chemical proesass
transport procees The specific goals targsd within this program will include the
following:

D

It is crucial toimprove the representation of critical processesodels for use of

air quality forecasting witlspatiallycomprehensive observations ofditu grounds,
flights, ships andsatellites The critical processes in the model include natural and
anthropogenic emissions, chemical transformation, wet and dry deposition, and
atmospheric transport of air pollutants and their precursors

a The attaired research findings must anticipate and proddentifically reliable
information forthefuture air quality mitigation strategy overe SMA.

a Within the framework of an internationally collaborative field campaign, it is
important for Korean scientists to build scientific capacity in air qualitgsfagions,
especially in aircraft and radical measurements.

a It is very important to assess the accuracy of satellite measurements of aerosol
optical depth and column density of trace gases through intercomparison with
airborne and grountdased measurementdourly aerosol products from GOCI can
be provided and validated with groubdsed and airborne measurements. The first
version of the GEMS retrieval algorithm can be tested using the radiance spectrum
of either OMI or TROPOMI to be in low earth orbit B916. The hourly aerosol
products from GOCI in particulaare crucial to estimate the effect of long range
transport from continents to the Korean peninsula.

The experimental design will be fully coordinated with modeling and remote sensing

researchcommunities to validate and improve their capability to be integrated into a
comprehensive aguality diagnosis and prediction system.
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4. ResearchQuestions andDirections

1) Scientific Questionsfor Atmospheric Chemistry

a Is it feasible to establish @@ asel i nebd condition t hat

relatively free to the onset of most local and anthropogenic activititae 8MA? An
amalysis of baseline air quality therefore provides an opportunity to identify the
contributions from local and regiah sourcesand offers the capacityto trace the
long-term air quality changes in regional scale.

a Can we observe or determine the production and loss rates of oxidantd,(

RO,, HO,) along VOC/NOy ratios at different parts of the SMA? What is the most
dominant VOC species for oxidant productions in an urban area, and what extends
urbanNOx influence to downwind ozone production? The ozone in the urban area of
the SMA is VOCIlimited and NOx-inhibited, while the reverse is true in the
vegetated outskirts of the SMA. The variation of oxidants at different VOCs and
NOx regime in the SMA is critical to track the chemical evolutions of photochemical
Os; and SOA along the megacity plume.

a What are the prodtion rates of secondary aerosols during the photochemically
active periods or the transported evertsddition what precursor species are the
main drivers for high aerosol loadings?

a Can we segregatethe contributions from anthropogenic and natural insigfor
photochemical oxidants and aerosol speci@s?zan we quantify the contributions
from different source regions, especially transportedbesl sources?

Qo

How much do the nighttime NQCand CI radicals contribute to the production of
aerosol and phothemical species in consecutive daytime periods? Although no
measurements for these radical species haverhadein the SMA, it is reasonable

to consider that these nighttime radicals may play significant roles in the production
of oxidized hydrocarbons thare in turn, essential ingredients for ozone and
secondary aerosols.

& What is the extenbf the ground ozonand aerosol interaction or exchange with
those in elevated levels? The detailed vertical profiles and their temporal and spatial
progression of ozone, aerosol, and precursor species will provide the insight about
the unresolved sources of ozone and,PM the SMA.To determine the manner in
which the horizontal and verticdistributions of air pollutants relate synoptic
meteorological conditions (e.g., stagnation, cloulilss necessary to identify the
meteorological conditions in whidn situ andcolumntintegrated optical properties
agree.To identify the role of the vertical structure of the boundary layer and the
turbulent mixing processes during pollution episodes.

¢ What are the effects tfeterogeneous chemistries on aerosol and oxidant prodsicti
in the SMA? While homogeneous reactions are familiar pathways to form the
secondary gases and aerosol species, more evidences have converged on the
conclusion that heterogeneous reactions over the aerosol and agueous phase droplets

11



may lead to a largenhancement of aerosol and oxidant production, especially in
conditions of heavy aerosol loads such as in the SMA.

e What is the relationship between aerosol properties and their radiative foltcing?
necessary tonvestigate the effects of locallgmitted and longange trasported
pollution aerosols otheradation budget irthe SMA.

2) Air Quality Models andEmissionPerspectives

4 Devel op -diuaiel abbelseto0 domestic and f osgreign
and PM precursors and improve them using the field campaign measurement
interactively.

U Developtop-down emissions inventories of aerosols and their precursors over
East Asia using adjoint inverse modeling.

Q»

Quantitative evaluation of the systematic magiedierprediction in PMp and PM s

forecasts and mechanistic analysis of model processes.

U Analyze PMpand PM smass closure.

U Diagnose the most important PM species for the bias in the model.

0 Quantify sourceaeceptor relationships of OPM, and their prursors between
East Asian countries: China and Korea; China and Japan; Korea and Japan.

0 Understandsimulatedtransport of @, PM, and their precursors in association
with the horizontal and the vertical structure of a marine boundary.layer

a Understand theole of natural sources in@nd PM formation and their impact on
air quality degradation including biogenic VOC emissionSMA.

a Assess the impact d¢iie marine boundary layer ons@nd PM using vertical profiles
of measured air pollutants and meteogital parameters in and around Korea.

3) Satellite Application

a Estimate the effect of loAgange transport from continents using satellite remote
sensing data in high temporal and spatial resolution

a Test GEMS retrieval algorithms under development udging raw data of
OMiI(and/or TROPOMInNd/or airborne remote sensjng

U Investigate the vertical distribution of trace gases and aerosols and their effects
on retrieval accuracy

U Quantify the effect of clouds on the retrieval processes of trace gas
concentratios

a Interrcompared observations from grodbased, airborne and satellite platferm

U Validate the trace gas products of OMI and OMPS (and/or TROPOMI) to be
launched in low earth orbit by 2016 with PANDORA, DOAS and LIDAR

U Validate the aerosol products of GO&id other relevant satellites

U Understand the effect aerosol propertiesn the retrieval accuracy dfO-

12



5. RecentProgress andFindings
1) Air Quality Models andEmission Studies

Scientists in Korea have made significant improvements in the regional emission
inventory for Korea and East Asia. The National Institute of Environmental Research
(NIER) and Konkuk University (KU) jointly developed an Asian emissions inventory,
named NIERKU-CREATE (Comprehensive Regional Emissions inventory for
Atmospheric Transport Experiment). For anthropogenic emissions, it has 54 fuel classes,
201 subsectors and 13 pollutants, including S®O0x, CO, NMVOC, NH, OC, BC,

PMyo, PM, 5, CO,, CHy, N2O, and mercury. It also includes biogenic and biomass burning
emissions inventags using theModel of Emissions of Gases and Aerosols from Nature
(MEGAN) and BlueSkyAsia frameworks, respectivelfdecausehe CREATE emission
inventory was developed using theternational climate and air quality assessment
modeling framework (i.e. GAINS) and is fully connected with the most comprehensive
emission processing/modeling systems (i.e. CMAS of US EPA), it can be used in support
of various climate and air quality rdeling researches and field experiments (Vgbal,
2013).Howeverthe domestic emissions of trace gases and aerosols are still very uncertain
as often indicated by large discrepancies between the simulated and observed CO and
PMjo concentrations in sura air. CO, which has a relatively long lifetime, can be
affected by the tranBoundary transport from countries upwind, but errors with the
national emission inventory cannot be eliminated and could imply possible missing
sources of domestic emissionsisas barbecuing and other minor sources in Korea.

During 20052010, the emissions &0, and PM s in East Asia have decreased by
15% and 12%, respectively, mainly because of the dacgée deployment of flue gas
desulfurization (FGD)oChi nads power plants and the pro
removal technologies in Chinadbés power pl ant
emissions oNOx and NMVOC have increased by 25% and 15%, respectively, driven by
the rapid increase iemissions from China because of inadequate control strategies. In
contrast, theNOx and NMVOC emissions in East Asia except China have decreased by
132% mainly because of the implementation of stringent vehicle emission standards in
Japan and Korea. Undeurrent regulations and levels of implementatii@y, SO,, and
NMVOC emissions in East Asia are projected to increase by abotquamter by 2030
relative to the 2010 level, while RiMemissions are expected to decrease by 7% as shown
in Figure 5 (Wanget al., 2014). South Korea has ambitiously set its sepbade capitol
air quality improvement program labeled as the Seoul Metropolitan Area Air Quality
Management Plan (SAQMP), targeting the year 2024. The air quality improvement targets
for 2024 are 8 pg/nt and 20 pg/nfor PMy, and PM s, respectively. Emissions &M
and PM s are required to be decreased by up to 35% and 45%, respectively, from their
future baseline level (Figure 6). Various special measures, such -andtapde, LNB,
and EURO standards programs, will be implemented to control emissions o&ivighe
(Kim Y. et al., 2014). Recent high ozone and PM episodes over the SMA and the entirety
of Korea, however, would indicate that the recent penetration of aggressive emission
control measures over China and Korea would not be that effective as expected. The
transport modeling studies with activity/emission factor/control me&ashaesed
comprehensive emissions inventory and precise measurement constraints-regsonn
boundaries should be conducted to understand the present emissions level and the
effectiveness of ersgion control technologies and policy measures over the regions.
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Figure 6. Historical trend and future reduction perspectioe the emissions of Seoul
Metropolitan Area. The emission reductions are estimatedSf@nd 29 SAQMP periods
(Gong et al, 2014).

Air quality models normallyinderestimate the observed Rlvhass concentrations in
Seoul and large cities in Korea; howgvihe reasons for the bias are still subject to in
depth investigation for a clearer understanding. Sulfate aerosol was the dominant chemical
species for PM and is relatively well reproduced on a regional scale by a global chemical
transport model as showin Figure 7. However, the underestimate issue still exists on a
local scale as shown in FigurerBwhichthe simulated value is by a factor of 2 lower than
the observation at the Bulkwang site (NIER) during the second half of 2013. Sulfate
aerosol has r@dually been superseded by organic matter (OM) aerosols because of the
deployment of flue gas desulfurization (FGD) and the less use of sulfur containing coals in
Korea. The model also significantly underestimates OM concentrations (Figures 8 and 9).
As previously mentioned, a clear explanation on the reasons for the lsasthheen
provided yet and thus would be a critical factor for PM forecast. Observations of PM
composition and their precursors would be necessary to diagnose a cause for PM forecast
errors, to evaluate the model including its emission, and to improve the model
performance. At this moment, the composition data consisting of PM and its precursors
are very limited to the modeling community in Korea.
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Figure 7. Simulated annual mean concentrations of,?S@ft), NO,” (middle), and NH
(right) aerosols in surface air over northeastern Asia for March 2G@bruary 2007 (top
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concentrations at the site in Seoul are shown in the middle panel. Comparisons of the

observed and simulated seasonal mean concentrations,bf 8O;, and NH* aerosols at
the site in Seoul are shown in tlegver panel adapted fromJeong et al.(2011)
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Figure 9. Scatter plots of the observed and simulated monthly mean OC concentrations at
sites in Seoul (left), Chuncheon (middle), and Gosan (right) for March -2B@ruary 2007.
Comparisons of observed (squares) and simulated (stars) seasonal mean concentrations of OC
aerosol (lower panel) in surface air at Seoul, Chuncheon, and Gosan sites. One standard
deviation of the observed values is plotted with vertical error bars. Tkeevakisn data at the

Gosan site were only availablerfSeptember 200B6ebruary 2007 adapted fromJeong et
al.(2011).
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Mountains and other vegetative areas, wHg¥OC emissions considerably occur,
surround Seoul and other large cities in Koreac@centration in Seoul is normally low
because of the titration of higNOx from the heavy traffic; however, it sometimes
increases rapidly when highOyx in polluted air is mixed with natural VOCs from the
surroundings. Thus, £&simulations show high seiigity to emission models oBVOCs
(Kim et al., 2014), which is often parameterized using surface types and meteorological
variables. Significant errors in surface types specification in Seoul and South Korea are
often found in the U.S. database leading to large uncertaintB?¢@C emissions (Park et
al., 2014), which affect both ©Oand OM aerosol simulations. With this, extensive
observations of VOC species would be very helpful to better estimate biogenic emissions
and deepen the understanding of their roles yra@ PM air qualityin Seoul and its
surroundings.

Satellite observations of column concentrations of trace gases havexiesnely
successful in detecting changes in anthropogenic emissions and even useftd@snop
constraints to update a botteup emission inventory ith the inverse modeling technique
(Han et al., 2009; Han et al., 201The retrieved vertical column concentrations, however,
are very sensitive to air mass factor (AMF), which is used to convert slant column into
vertical column. With this, the speciéiton of AMF depends on the assumed vertical
profile of retrieved species, which is obtained from CTMs. Thus, the validation of
modeled vertical profiles of species is critical for the success of satellite observations and
has been very lacking in East AsiThe profile validation is particularly important for the
Korean GEMS whose missions are to measure the diurnal variation ofligadrt
chemicals. Loworbiting satellites conduct measurements for the same local overpass time
over particular regions ardb not need a priori information with high temporal variation.
However, the GEMS requires at least hourly a priori information of species profiles and
the validation of those a priori information shouldableigh priorityduring the campaign.

For topdown emission estimates, the analytical inverse modeling has been widely
used; however, it is limitedh giving full constraint to the emissions of ozone precursors
over East Asia because of the great length of the lifetime of aerosols and the precursors
that dlows enough time for the tracers to be transported beyond the range of the
observable time span (e.g., hours). AdjoiriD(4/ar) inverse modeling can utilize each
model grid as a state vector and consider the chemical and physical feedback of pollutants
a the receptor site (e.g., transport; Figure 10: the casg)ofJSing the adjoint sensitivity
of precursor emissions (e.g., NOx, and NH emissions) with respect to the aerosol
concentration at the receptor site, the ambient or -transdary impact of aerosol
precursors on the aerosol concentration over Korea can be identified. The chemical data
assimilation can be applied to species includW@y, SO, NHz, and BC or OC (to be
confirmed). A procedure of the chemical data assimilatismg the 4D variational
method is as follows: 1) build the adjoint modeling framework of GEXD8m to use
satellite observations (e.g., OMI, SCIAMACHY, TES), 2) constrain emissions of aerosol
precursors NO,, SO,, NHz) from East Asia through satellitdogervations, 3) constrain
emissions of aerosol precursors from East Asia with the combination of satellite
observations and aircraft measurements (from MAPS). This mission will deepen the
understanding on significant aerosol precursors over East Asia alotig the
characteristics and main contributors to the tfamsndary pollution event.
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Figure 10. The adjoint sensitivity ambieMOyx emissions with respect to TES @ong the
AURA satellite track (black line) in April 11, 2007 (Sandu, 2007).

Vertical profiles of recent irsitu measurement of ONOx, CO and meteorological
variables show a distinct effect of advection, and the transport process of air pollutants
especially over the western marine area of Korea and multiple elevated mixed or boundary
layers are often found. These are closely related to the transport process of air pollutants.
Caseby-casébased analysis showed that measurements have a vertical distribution of the
air pollutant properties. For example, a general dust case in Asia fpr2Ma2008,
showed only single peak of RMat around 1,200 m, based on the diagnosis of the
measurement of vertical profiles of meteorological parameters. However, as illustrated in
Figure 11, the Asian dust case observed on May 22, 2008, showed twaopeakscal
profiles: the first peak was shown about 800 m and the second appeared about 2,500 m
(Figure 11). This suggests the complexity of the transport process associated with
boundary layer dynamics over Northeast Asia. A modeling study requirededeta
information of boundary layer structure in order to interpret the transport process of
measured species during the campaign.
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Figure 11. Recent measurement of vertical distributioraofpollutants and meteorological
variables. Red square, blue, green, and gray indicgt®&Qyx, SO, and CO, respectively

(left panel), and blue and black indicate vapor mixing ratio and potential temperature (right
panel), respectively, observed at M2, 2008.
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2) Atmospheric Chemistry Studies

0 Oz o nite precursdChemistry

It is well known that background ozone levels have steadily increased, espaaally
Northeast Asiawith its levels at the highest rate for the last 20 years. However, there are
recent indications that the increase in baselinec@ncentrations has slowed and the
accelerations are also generally, statisticadlyd significantly negative in the Japanese
background station of Mt. Happo (Figure ltkese findings, however, are vgmyone to
change with the data produced in recent years and so should be considered with caution
(Parrish et al., 2012). Xu et al. (2008) also reported a decrease in the average ozone
concentrationat a regional background station in eastern China fronil 1692006.
However,they also pointed out that all other letegm trends, such ascrease in the daily
amplitude of the relative diurnal variations, increase in the monthly highest 5% of the
ozone concentration, decrease in the monthly lowest 5% ofztireeaconcentration, and
increase in the frequencies at the high and low ends of the ozone distribution, indicated
that the variability of surface ozone has been enhamesduse of increasedOyx
concentrations.
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Figure 12. Seasonal @ averages measured at high elevation (1.9 km) sites in Japan at
Mt.Happo. Lines indicate linear and quadratic regressions for the complete data sets (Parrish
et al., 2012).

In contrast to the recent slowdown in increase rates of ozone in background
atmosyhere,the longterm trends of tropospheric;@ the seven major cities in Korea in
Figure 13 showed consistent increases in troposphetiev@ls of 118 + 69% in the seven
cities over a 2ear period from1989 to 2010 (Susaya et al., 2013). This studg h
confirmed that increases in VOCNOyx emission ratio would affect increases in O
concentrations, but no significant evidence was found that ozone concentrations were
affected by changes in emissions of HEICI. They concluded that emission patterns of
precursor compounds and regional/leagge transport combined with meteorological
parameters are likely to play a significant role in increasigde{els over this region.
Although lbcal emissions were Btimajor contributors for @in South Korea, Chinese
emissions were the dominant contributor in a highly episodic caseN@ihand VOC
emissions from China, which contributed approximately 82% and 91%, respectively, to a
maximum 8hr ozone over this rego(Choi et al., 2014).
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Figurel3.Plot of annual mean concentrations of troposphegim@asured from seven cities
in Korea for a 22ear period (1982010)(Susaya et al., 2013)

Peroxy acetyl nitrate (PAN)is regarded as a more effective indicator of
photochemical air pollution because it originates solely from tropospheric photochemical
reactions unlike g which has stratospheric origin in part. In recent measurements, PAN
concentrations in the marif®undary layer between China and Korea were about two
times higher than those of previous studiasing thelate 1990s over aimilar area (Lee
et al., 2012a). The observed increase rate of PAN is much steeper than than tfheéO
regional backgrounddpospheric airs. Its fast increase is also coherent to the fach¢hat t
average PAN/@ratios in the SMA and large cities in China was much higher than those
observed in cities of Europe and North America where control strategies have been
enforced effeately to reduce hydrocarbon emissions (Lee et al., 2008; Zhang et al., 2011).
These studies showed that levels and compositions of VOCs in the SMA and Chinese
megacities are particularly favorable to fast production of photochemical species. Despite
the inmportance of VOCs onto ozone and PMchemistry, studies on the subject with
regard to the SMAavebeen very sparse except for a selected few (Na et al., 2003; Na et
al.,2004; Shin etl.,2013. In addition to the anthropogenic VOCs, it was found that
BVOC photochemistry could play a si§iwant role in ozone formation in the suburban
region of the SMA (Kim et al., 2013). This study showed the importance of natural VOC
emissions in regional photochemistry near megacities.

w

0 Aer o HsdrecuraorCHemistry

Aerosol concentration mostly depends on its local sources in the SMA, such as
mobile and industrial emissions, similar to other typical megacities. However, evidences
are accumulated that prove that transported origins from the outside can eothpris
significant proportion of aerosols in the SMA pasitive matrix factorizationRMF) study
predicted that the major contributors of P the SMA were secondary nitrate (20.9%),
secondary sulfate (20.5%), gasolineled vehicles (17.2%), and biass burning (12.1%)
followed by lesser contributions from diesel emissions (8.1%), soil (7.4%), industry
(6.7%), road salt and twstroke engine (5.1%), and aged sea salt (2.2%; Heo et al., 2009).
The same study identified that both secondary sulfate erwhdary nitrate factors were
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regional sources from the eastern coastal industrial area of China, especially for secondary
sulfate. It also suggested that the high contribution of secondary nitrate observed in Seoul
was likely influenced by ammoniuemissons from large agricultural regions in China.

Jeong et al. (2013) applied a new index to estimate the change in mean mixing ratio
of a target species ata receptor site because of the contribution of tirarigegransport
in the SMA. The inteannual vaations in the change caused by the loaggé
transported S&Xo its mean mixing ratio iseoul wasestimated to range from 0.40 to 1.03
ppb,which accountor 8i 21% of the ambient mean $@ixing ratio inSeoul. Astudy at
a costal SMA(Incheon)successflly identified major local sources of Bl including
motor vehicles, sea salt, combustion processes,saild The statistical analysis with
potential source contribution function (PSCF) also indicated that likely regional pollution
sources included the southwest coast of industrialized China for secondary aerosol,
northern Asia for foredire combustion particlesnd Mongolia for yellow sand particles
from both desettication and industrial emissions (Choi et al., 2013). Jeong et al. (2011)
demonstrated that the domestic source contributions were the moBtaignwith values
of around 74% for OC (9% from foss$uels and 65%from biofuels) and 78% for BC (42%
from fossil fuels and 36% from biofuels) aerosol concentrations on an annual mean basis
while the transboundary transport of Chinese sources was also found to be an important
factor in Korea, with contribions of 13% and 20% to the OC and BC concentrations,
respectively. The OC emission frommder firedcharbroiling meat cooking was assessed
to contribute to about 2.5% of the ambi&,o levels in Seoul, although it was projected
that the contribution oPM, s from meat cooking restaurants should be much greater to
atmospheric PM composition than thaiRdfl;o (Lee et al., 2011).

Cayetancet al. (2011) observed that the chemical characteristics of aerosol particles
evolved as they undergo lomgnge transport over the Yellow Sea from continent source
region. Although the chemical components of aerosol were strongly related to distinct
souce regions, enrichment of acidic secondary aerosols on minergdaitistesand even
of seasalt components during transport was observed. In relatively clean air mass with
limited preexisting aerosol loadings but with sufficient precursors available, new particle
formation events were often witnessed. Strong new particle famatvents were
frequently observed over the Yellow Sea. With this, Kim et al. (2013a) found that strong
new particle formation events were observed on 7.5% of all days (60 daystaf of 800
days) at Gosan station in Jeju Island and 14.6% of all d4ysdays of a totadf 958 days)
in Anmyun Island.The maximum occurrence season of strong new particle formation
events was spring at Gosan, but winter in Anmyun Island with arfaging cold and dry
air mass from the Asian continent after the passagdrohtal system.
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3) Satellite studies

There have been significant efforts to improve the accuracy of aerosol products for air
guality studies (e.g., Levy et al ., 2013)
high spatial resolution products (g.G. Li et al., 2005). Most aerosol properties retrieved
from satellite remote sensing have been from low earth @) satellite, including the
SeaViewing Wide Fieldof-View Sensor (SeaWiFS), MODIS, and the Visible Infrared
Imager Radiometer Suite [NRS; Figure 14), and increasing products have been from
geostationary orbit(GEO) including the conventional meteorological imager(Ml),
including GOES and the Communication Ocean and Meteorological Satellite(COMS;
Figure 15). Recently, as the first oceanloc imager in GEO, GOCI started to provide
valuable information on aerosol properties in high temporal and spatial resolution in East
Asia since 2010.

In order to understand the mesoscale distribution and processes of aerosol properties,
the DistributedRegional Aerosol Gridded Observation Network(DRAGONE Asia
Campaign was held in Koreant{p://aeronet.gsfc.nasa.gov/new_ web/dragon)htinl
collaboration with NASA of U.S. and NIER of KoreWith the dataset obtained during
the campaign, aerosol properties retrieved from GOCI and M|l were compared, and a more
accurate aerosol model was established in this region to improve the accuracy of satellite
remote sensing products. With the PM sangplgperated together with AERONET sun
photometers during the campaign, surface PM was estimated from satellite and ground
based observation of aerosol optical depth (AOD), which showed a reasonably good
correlation. This would extend the spatial coverage® e st i mat i onfieldo t he
of view.
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http://aeronet.gsfc.nasa.gov/new_web/dragon.html

Figure 15. Aerosol retrieval using satellite (GEO) measurement: past and present (project,
satellite, and sensors)

The accuracy of aerosol products from MODIS has been better over the ocean
because of less noise from the surface, while that over land has beeh@uoever, the
recent progress in MODIS Collection 6 showed improved performance over land as well
as seen in Figure 16. The aerosol products from MODIS onboard Terra and Aqua have
been available for the past decade (http://modis.gsfc.nasa.gov/data/).

(@) (b)

Figure 16. Comparison of MODIS Collection 6 against AERONET for (a) AOD and (b)
Angstrom exponent (Levy et al., 2013)

Remer et al(2012) investigated the data availability of aerosol products for different
spatial resolutions using MODIS. Retrieval of aerosol properties in finer resolution
provides much more frequent data than that in coarser resolution; that is, retrievals with a
nominal 4km footprint will lose 6070% of those that would have made with a hominal
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