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Abstract

Fine particulate matter (P)) is theleading environmental risk factor for the global
burden of diseas®lack carbon (BC) and metal components are primarily responsible for the
adverse health effects associated withoBNM:.s alsohas climate effects, especiaBy that
contributessignificantly to Arctic warming.We interpret satellite, aircraft, and groubdsed
measurements using the GEG8em global chemical transport model to better understand
PMz s and its chemical composition.

We determine and interpret BMconcentrations ovezastern China for 2013 from
aerosol optical depth (AOD) retrievéeg the new Korean geostationary ocean color imager
(GOCI) satellite instrument. Significant agreement is found between @&ded PM s and
groundbased measurements in both annual aver@fes0.66, N = 494) and monthly averages
(relative RMSE = 18.3 %)Becondary inorganics (S®, NOs', NHs*) and organic matter are the
mostimportantcomponent®f GOCHderived PMs. The populatiorweighted GOCGlderived
PVesover eastern Chi rfawith400 milkod residents én refi@is tBat € g
exceed the Interim Targétof the World Health Organization.

We interpret a series of recent airborne and grénasdd measurements with the GEOS
Chem model and its gint to attribute the sources of Arctic BC. We find that anthropogenic
emissions from eastern and southern Asia have the largest impact on the Arctic BC column

burden (~37%) and that anthropogenic emissions from northern Asia are the primary source of

theArctic surface BC (~40%). Our adjoint simulations indicate noteworthy contributions from
emissions in eastern China (15 %) and western Siberia (6.5 %) to the Arctic BC column
concentrations. Gas flaring emissions from oilfields in western Siberia cotddarstriking

impact (13 %) on Arctic BC loadings in January

We presenan initial simulation of 12 trace metals: Si, Ca, Al, Fe, Ti, Mn, K, Mg, As,
Cd, Ni and Pb over continental North America for 2013 at a fine resolution of 0.25 ° x 0.3125 °
by usingthe GEOSChem transport model. The evaluation of modeled trace metal

concentrations with observations from more than 200 monitors across North America indicates a

promising spatial consistency.
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Chapter 1: Introduction

1.1 Aerosols

Aerosolsaresuspendegarticles or droplets in the atmosphevéh a size typically between
0.01 ym and 10 pum in diamet@Pasceri and Friedlander, 196Bespitetheir small sizg
aerosas stronglyinfluencethe climate ecosystenand human healti\erosok canalterthe
Eart hds ener gy thealimaebgneeracng with solargadiatibrnythrough
absorption and scatterifamanathan and Carmichael, 2008)rosok can also change the
climate by enhancingloud formatiorsince they caserveas cloud condensation nuclei
upon which cloud droplets forh.ohmann and Feichter, 200%8)erosolscontibute to acid
depositionthatdamagesquaticwildlife andplants(Galloway et al., 1987)Aerosok are
repository health hazard evbalow the level of the US national standachcentration$l2
ug nm3; Crouse et al., 2012; Di et al., 201&)thoroughunderstanding ahe pocesses and
propertiesof aerosol particles in the atmosphefters the opportunity to inform decisions

affecting humarhealth andhe environment.

Aerosol sizas a fundamental property that affects themation chemical composition,
removal,andoptical properties of aerosoAtmospheric arosos originate from two
pathways: emissions of primary particulate matter@nstering of gas molecules
(nucleation) Newly emitted omucleatecherosos are primarily found irthe ultrafine size
range(aerodymmicdiametedess than 0.1 um), thempidly growto accumulation mode
(diameterin 0.17 2.5um) particlesthrough condensation, coagulation aruaprecipitating
cloud processingRamabhadran et all976; Seinfeld and Ramabhadran, 19Fbiyther
growth of accumulation particles to coarsetjrles (diameter larger than 2uf) is slow as
the condensation and coagulation satecrease witlparticlemassand siz§ Ramabhadran et
al.,, 1976; Seinfeld and Ramabhadran, 19Thus, @cumulation modés the most abundant
contributor to masm the atmospherén addition tothe growth of accumulation patrticles,

coarse particle@.e. mineral dust or sea sadtlso originatdrom the mehanical action of the



wi nd o n stsurfacesElas dukt&torffrairlie et al., 2007dr ocean wave breaking
(Alexander et al., 2005)

The chemical compdsn of atmospheric aeroswearies with particle sizé=ine aerosa
(particle diameter < 2.5 un@retypicaly composed obrganic aerossl(OA), inorganic
aerosad (i.e. sulfate, nitrate, ammoniuyrblackcarbon(BC) andtrace metalsd.g.iron, lead,
cadmium, nickelSnider et al., 2016Mineral dust, sea spray and lmgical particles (e.qg.
pollen, spores, plant fragments etc.) are major constituents of coarse périae al.,
2009; Pakkanen et al., 2001)

Depending on th&rmation processeshe chemical composition of aercs™ categorzed
into primary and secondary aerasétrimaryaerosas (i.e., BC, trace metals and coarse
particled areemitteddirectlyinto the atmospheras particlesSecondary aerosofi.e.,
sulfate nitrate, ammoniupalso termedogether asecondary inorganic aerosalr SIA), are
formedin the atmospher#rough gago-particle conversionFor examplesulfate, nitrate,
and ammonium aerosols are formed through the oxidation and condensdhiein of
precursor gassesulfur dioxide (S@), NOx (NO and NQ) and ammonia (NEkj. Freshly
emittedSO, and NQ in the atmospherns oxidized to HSQs and HNQ through a series of
chemical reactionsSulfate andnitrateaerosa are formed through the condensatioryaé
phaseH>SQ: andHNO;3 sincethey have dow vapor pressurédmmoniumaerosas are
formed wheratmospheric Nklgasneutralizesacids such asl,SQs and HNQ. In addition to
SIA, secondary organic aeros¢BOA) arealsoformed through gato-particle conversions.
The oxidation ofjasphasevolatile organic carbons (VOCsuch assopreneand benzendn
the atmosphere reductir volatility by adding oxygen/nitroger torganicmolealles,
facilitating ther condensatioionto particleor nucleatiorto form SOA. SOA can be formed
aternativdy by the polymerization of lownolecularweight aldehydesn acidic aerosol
surfaceqJang et al., 2002; Kalberer et al., 200&)e amount oprimary and secondary
aerosoin the atmospherearies considerably with time and location, depending on the local

emissionsourcegJimenez et al., 2009; Snider et al., 2016)



Aerosobk and their precurso@eemitted fromnatural and anthropogenic sourddatural
sources include soil (mineral dust and crustal elementsangsea salanddimethyl

sulfide), forest fires(VOCsand BC) volcanoeqsulfateand SQ) and biospheré\Hs and
organics) Anthropogenic sources includiessil fuel combustion§IA, BC, VOCs andrace
metals),industrial processg8C, SIA, organics, trace metal®jomass burning (BC and
POA) andanthropogenidugitive dust(crustalelements)Fossil fuel combustin and biomass
burning dominat@nthropogenic sourcel.is projected that by 204nthropogenisources
of aerosol could be comparaldtethose from natural sources in m@aglf and Hidy, 1997)

Aerosobk areremoved from the atmosphdrg wet anddry depositionWet deposition
removes aerosdiy incorporationinto cloud dropletgin-cloud scavengingr washoutand
subsequent precipitatiqbelow-cloud scavengingr rainouj. Dry deposition is the settling
of aerosol in the absence of precipitatibny deposition is effective for nucleation particles
by Brownian diffusion and for coarse particles by gravitational settiogsequently,
aerosad havea typical lifetime of 12 weeksin the lower tropospher@&entry and Brock,
1968; Toossi and Novakov, 1985; Williams et al., 2002)

This thesis studies primarily on fine aerosol (diameter less23apm) because it is

typically used as an indicator in epidemiological analysis and disease burden assessment of
adverse health effects associated wittpollution(Lippmann, 2014; Bell et al., 2015; Cohen

et al., 2017Di et al., 2017).

1.1.1 PMys

PMzsis fine particulate matter with aerodynandiameter less than 2.5 pi@iven the
small size, PM|s canpenetrate the thoracic region of the respiratory systesreasing
the morbidity and mortalitfrom respiratory and cardiovasculdiseases, particularin
the elderly and childrer{Bell et al., 2009; Di et al., 2017; Krall et al., 2016; Lippmann,
2014) It is estimated thanore than 4million premdure deaths are attributable to
outdoorPM:s globallyin 2015(Cohen et al., 2017inaking PM s one oftheleading risk
factorsfor global burden of diseasbue tothese adverse effects, the World Health



Organization (WHO) recommendsnaximum annuaPM s exposureof 10 pg/m?
(WHO, 2005) However thisrecommendatiors hardly meworldwide Theglobal
populationweightedannualaverageP M. s for 2010is estimated a82.6ug/m?, with the
highestannualaverageof ~50 pg/n¥ in eastern and southern Agjgan Donkelaar et al.,
2016) Therefore, @irther studies oRMz 5, especially over Asids necessary for health

benefits

1.1.2 Black carbon

Black carbon (BC), also known as soot, is blappearing carbonaceous aerosol with
strong light absorptiorThe direct radiative forcing of BC is estimated as + 0.881%V
with a total climate forcing of + 1XlV/m?, making BC the second most important
pollutants in terms of climate forcing (only after aamtdioxide) in the atmospheredid
et al., 2013)The strong absorption of solar radiatiomBC also contributes significantly

to Arctic warming.

Arctic BC is primarily longrange transportefilom sourceregions such as Europe, Asia
and North AmericgKoch, 2005; Shindell et al., 2008BC is emitted from incomplete
combustion of fossil fuels, biofuels and biomass (wood, forest, grass, solid waste, etc.).
Within hoursof emissionpureBC particlesbecome mixed witlotherco-emitted

aerosas from combustion(i.e., sulfate and organica¥ theycondense onto BC particles
andcoatthe BC core Themixing procesgovertsBC from hydrophobic to hydrophilic,
since the chemical components of the coafireg sulfate and SOAgre usually soluble
(Abel et al., 2003)The efolding time of theconversion is typically one d4iPark

2005) As BC become hydrophiligts major removal from the atmosphdrecomes wet
deposition through htloud scavenging and precipitatid@C particles can be transported
from their sources to the Arctic in sl days to week@leidam et al., 2004)Jong

enough foiBC to bewell-mixed agedand hydrophilicThere is als@a moderate amount
of Arctic BC transportedrom source regionsn the fringes of the Arctic,such as boreal
forest fires in Alaka(Warneke et al., 2009)nd gas flaring erssions fromoilfields in
Siberia(Stohl et al., 2013)



1.1.3

In order to develop appropriate B€ductionstrategies foArctic warming the
geographicasources contributing to Arctic BC must be known quantitativeripr
studieshave presentedkry different orevencontradictoryresults(Stohl, 2006; Stohl et
al., 2007; Warneke et al., 2008)Jore studes are necessary to understanddifferences

and to better quantify geographical source contributions to Arctic BC.

Trace metals

Metalsareimportantcomponents of Pl with a minor contributiorf< 1%)to PM s
mass. Although low in concentratiomsetals are responsible for a number of adverse
health effects associated with PdFor example, cardiovascular and respiratory
hospitalizaions have been positively associated with aluminum (Al), calcium (Ca),
silicon (Si), titanium (Ti) and potassium (Bgll et al., 2013; Krall et al., 2016)
Increased mortality risks are associated with transition metals such as iron (Fe),
manganese (Mn) and Ti even under stemntn exposur€Ostro et al., 2007; T. Burnett et
al., 2000)

Trace metals contain a wealth of information about P8&urcesK concentrations are
strongly associated with biomass burn{Rgchon et al., 2013; Tanner et al., 2001)
Crustal elemets (i.e., Si, Al, Ca, Mg and Tare useful for identifying dust sources
including road dust andimeral dusi{Chang et al., 2017; Khodeir et al., 20124gavy
metals (i.e., Cd, Pb and Artindicate industrial sources of PMChang et al., 2017;
Okuda et al., 2007; Pacyna and Pacyna, 2001)

Due to heterogeneous emission sources and short atmospheric $ifelays) trace
metalconcentrations cavary by several orders of magnitulilem region to region
presentinga challenge for understandittgeir distributions.Nonetheless, recent

dewelopments irchemicaltransport models are promisimgaddressing the problem.



1.2 Monitoring of atmosphericaerosols

The health and climate concernsaefosas have motivatedhe developmenof nationaland
internationaimonitoring networkgnd campaigngn situ observations provide

comprehensive measurements of aerosols,masgposition, ad optical properties. There
have beewariousextensive operational aerosol monitoring networks across North America
and Europesincethe 1970s(Chow, 2002; Holben et al1998; Tarseth et al., 20123 large
number ofmonitoring network$iave been established in Choharingthe past decade
monitormajor air pollutants including PM. Even in the Actic, there havéeen several

ground monitoring stations ihe North American and Europedurctic to measure aerosol
characteristics i pristine environmenilheseworldwidein situ observations provide

valuable information on aerosol properties.

The emergencef satellite remote sensits allowed unprecedentsplatial and temporal
observational coverag# the Earthwhichhasconsiderably improvedur undestanding of
aerosoloadings, optical properties and vertical profi{ese et al., 2009)Traditionallow
orbit (polar) satelliteinstrumentgprovideaerosol measurements oglabal coverageawith
fine spatial resolution Recent gostationary satellitemstrumentsallow for regionalaerosol
retrievals ahigh temporartesolutiors. Satellite remote sensing combined with in situ
measuremas offercomprehensivensight into aerosol propertiesom different

perspectives

1.2.1 In situ measurements atrosomass

Ambient a&rosol samplearecommonly collected bginair samplein whichaerosad
travel througha sizeselective inleand arecollected ora quartz fiberfilter. The btal
mass ofaerosol samples (typically Piyor PMps) canbedetermineckitherby the
manualweightingof the filter before and after sampling by automatic methods
commonlyincluding Tapered Element Oscillating Microbalances (TEQNY beta
attenuation monitors (BAM)ITEOM measureaerosol mass oa filter by its effect on the

resonant iequenyg of a vibrating supposwhile BAM measurethe aerosbmassby its



absorption of electrons emitted by a weak {setarce After the measurement of aerosol
masssamples areubsequently analgd for theircompositionincluding BC,trace

metalsandwatersoluble ions.

BC masscan beestimatedy threetechniquesespondingdo differentproperties of BC
Theoptical methodused by an aethalometi@ond et al., 1999r a particle soot
absorption photometer (PSA&)nverts the lighabsorption of BC to BC mass
concentrations by assuming a mass absorption coefficient (MAC). Measurements based
onthis method are known axjuivalent BC (EBC)The thermal metho(Huang et al.,
2006)measureson-volatile elementalarbon (EC) by heating the filter to evaporate
volatile organic carbonut of the total carbormhe refractory methodsed by a single
particlesoot photometer (SP&)easures thmmcandescence of dividual particles heated
to 36009 . Measurements based the refractory method are known as refractory BC
(rBC). Sincedifferent methodsespond to different properties of BC amzhe of these
methodsareuniquely sensitive tBC, the measurement of B@asss subject to large
uncertaintiegBond et al., 2013; Sharma et al., 2017)

Trace metals areftenmeasured by-ray fluorescencéXRF) spectromety. This method

is based on thprinciple that individual atomsvhen excited by an external energy
source, emit Xay photons of a characterisgoergy By counting the number of photons
of each wavelength emitted from thample, the elements present may be identified and

guantfied.

1.2.2 Satellite emote sensing @&erosoloptical properties
Satellite remote sensingeasureserosol abundance through the total atmospheric

columnbased on the fact that aerosol reflects and absarbight The extnction of

light passing through the atmosphere can be describeddbbyBes | aw a s,

1=lo exp ¢1) (1.1)



wherelo andl arethe intensity of incoming anautgoinglight, respectively, at a
particular wavelengtht is the opticadepth of traersing medium. Aerosol optical depth
(AOD) describes light extinction through the atmospheric column due to the presence of

aerosolwhich is described as

T . o Qo (1.2)

wherez is the length of light patheghis light extinction coefficienthat isdetermined by

aerosokize distribution and extinction efficiency.

AOD can be retrieved by satellite remote sensing thrtlugaerosoreflectanceof

sunlight.Aerosol reflectanc€Y ) is retrievedoy
Y g VYg Y ¢ Y g (1.3)
where'Yis total atmospheric columreflectance retrieved by satellité. AT X are

reflectance byasmoleculesand theEarthsurface, respectively is viewing angle.

Aerosol reflectance is theronverted to AOD by the followingquation,

500 — (1.4)

whered is aerosol phase function that describes the angular distributiightodcatteed
by aerosal” is aerosol single scattering albedo that quantifies the scatter fraction of

incident radiation.

1.3 Chemical transport model and inverse modeling

In addition to direct measuremeragrosol properties such as concentrationsoatidal
propertiescan also be calculatedrough modeling. Chemical transport models solve for the

temporal evolution odtmospheric aerosols using meteorological datasets, emission



inventories, and equatiotizat represent the physics and chemistry efatmosphee.
Aerosolpropertiescalculatedoy chemical transport models have proven to be a valuable
source of information with complete horizontal and vertical global coverage at high temporal

resolution.

1.4 Goal of this work

In situ measurements, sattdlremote sensing and chemical transport maeieth provide
valuable insight into aerosol properties. This work brings together these sources, drawing on
their individual strength to investigate global and regional aerosol concentrahensical

composiion and transport.

Given the adverse health effects associated withsPiMs importance to understand BM
distributions especially in China wherdose to 1 million premature deaths are attributable to
PM.sin 2013(HEI, 2016) The first part of this thesis estimates the distribution of Pahd

its chemical composition over eastern China by using the first geostationary satellite
instrument (GOCI) for air quality and the GE@&em chemical transport model. This work

was published in AtmospherChemistry and Physics in 2015

The Arctic iswarming at a ratewo timesfaster than anywhere on the EafifOAA, 2017)

BC has a considerabt@ntributes tahis warming due to its strong absorption of sunlight
However, geographical sources of BC remain uncertain given limited observations in the
Arctic and missing emission sources in previous modelling studies. The second part of this
thesis interpretthe most ecently aircraft and groudosiased measurements in the Arctic with
the GEOSChem model to better understand sources of Arctic BC. This work was published

in Atmospheric Chemistry and Physics in 2017.

Airborne metalsare responsibléor a number ohdverséhealth effects associated with PM
because of their toxicity and carcinogenicity. Studies on the health effects of airborne trace
metals are limited by the strong spatial heterogeneity of trace metal distributions due to their
complex emission sourcesdishort lifetimesThe last part of this thesmgesents the first



simulation of 12 trace metals: Si, Ca, Al, Fe, Ti, Mn, K, Mg, As, Cd, Ni and Pb over the
continental North America for 2013 at a fine resolution of 0.25° x 0.3125° by using the
GEOSChem tiemical transport model. Results from this simulation provide valuable basis

for further investigations into the health effects of trace metals andg.PM
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2.1 Abstract
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We determine and interpréine particulate matter (PM) concentrations in eastern China for
January to December 2013 at a horizontal resolution of 6 km from aerosol optical depth (AOD)
retrieved from the Korean Geostationary Ocean Color Imager (GOCI) satellite instrument. We
implement a set of filters to minimize cloud contamination in GOCI AOD. Evaluation of filtered
GOCI AOD with AOD from the Aerosol Robotic Network (AERONET) indicates significant
agreement with mean fractional bias (MFB) in Beijing of 6.7% and northern Taiwar2%. We

use a global chemical transport model (GECI&m) to relate the total column AOD to the rear
surface PMs. The simulated PWMYAOD ratio exhibits high consistency with groubhdsed
measurements in Taiwan (MFB8.52%) and Beijing (MFB=8.0%) We evaluate the satellite
derived PM; versus the grountktvel PMbs in 2013 measured by the China Environmental
Monitoring Center. Significant agreement is found between G@@@died PMs and in-situ
observations in both annual average$&@r66, N=494) and monthly averages (relative
RMSE=18.3%), indicating GOCI provides valuable data for air quality studies in Northeast Asia.
The GEOSChem simulated chemical composition of Galerived PM s reveals that secondary
inorganics (S@, NOs, NH4") and organic matter are the most significant components. Biofuel
emissions in northern China for heating increase the concentration of organic matter in winter. The
populationweighted GOGlderived PM s over eastern China for 2013 is 53.8 pd,nwith 400

million residents in regions that exceed the Interim Tatgeftthe World Health Organization.

2.2 Introduction

Fine particulate matter with agisardbystiiadicatar di am
of mortality and other negative health effectscasated with ambient air pollution (Goldberg et

al., 2008; Laden et al., 2006). It is estimated that more than three million people lost their lives
prematurely due to PMin 2010(Lim et al., 2012), of which one million occurred in East Asia

(Silva etal., 2013). In China, there have already been several episodes wighdestribed as
Abeyond indexo | evels. Thus, i2sconcentraionacimssr a mo ur

China. Satellite remote sensings a high potential to monitor BM

Satellite retrievals of aerosol optical depth (AOD), which provide a measure of the amount of light

extinction through the atmospheric column due to the presence of aerosols, have long been
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recognized to relate to ground level PMWang and Christophe003). Many studies have
developed advanced statistical relationships to estimate with high accuracy surtackeoRM
satellite AOD (Liu et al., 2009; Kloog et al., 2012; Hu et al., 2013). For example, Ma et al. (2014)
estimated PMs concentrations inChina from satellite AOD by developing a naticsable
geographically weighted regression model, and found strong agreerfwh64) with ground

measurements.

In addition to empirical statistical methods, satellite AOD can also be geophysically telated
surface PMs by the use of a chemical transport model to simulate thes BRMAOD relationship

(Liu et al., 2004; van Donkelaar et al., 2010). This approach was first demonstrated using data
from the Multiangle Imaging Spectroradiometer (MISR) abddl S A6 s Terra sat el |
United States for 2001 (Liu et al., 2004). Van Donkelaar et al. (2006, 2010) extended this approach
to estimate PMs from AOD retrieved from both the MODIS (Moderate Resolution Imaging
Spectroradiometer) and the MISR sktieinstruments, and developed a leiegm global estimate

of PM2s at a spatial resolution of approximately 10 km x 10 km. Boys et al. (2014) used AOD
retrieved from MISR and the SeaWiFS (S&awing Wide Fieldof-view Sensor) to produce a-15
year 20129 @oBal trend of grounl@vel PMes. These previous studies have proven to be
globally effective, but more detailed regional investigation is needed in densely polluted and

populated regions like China.

The Geostationary Ocean Color Imager (GOCIhesfirst geostationary satellite instrument that
offers multispectral aerosol optical properties in Northeast Asia (Park et al., 2014). GOCI has a
high observation density of 8 retrievals/day (hourly retrievals from 09:00 to 16:00 Korean Standard
Time) ower a location, which exceeds the retrieval density of traditionaHaxth polarorbiting
satellite instruments. Thus, GOCI is promising for more detailed investigations on aerosol

properties in highly polluted and populated regions including eastera.Chin

In this study, we estimate growhelel PMb s in eastern China for 2013 at a horizontal resolution
of 6 km by 6 km, by using AOD retrieved from GOCI, coupled with the relationship et RM
AOD simulated by a chemical transport model (GECH&m). Seabn 2 describes the approach
and data. Section 3 evaluates the GOCI AOD, the simulated #MAOD relationship, and the

GOClderived PMs using recently available groudevel measurements from the China
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Environmental Monitoring Centehttp://113.108.142:20035/emcpublishWe also interpret the
GOClderived PMs by using the GEO£hem model to estimate its chemical composition.

Section 4 summarizes the major findings and potential future improvements of the current analysis.

2.3 Methods

2.3.1 Aerosol optical depth from the GOCI satellite instrument

GOCI operates onboardglfCommunication, Ocean, and Meteorology Satellite (COMS) that was
launched in 2010 in Korea (Lee et al., 2010). The spatial coverage of GOCI is 2500 km x 2500 km
in Northeast Asia, including eastern China, the Korean peninsula and Japan (Kang et al., 2006)
GOCI has eight spectral channels for aerosol retrievals, including six visible bands at 412,
443,490,555, 660, 680 nm and two near infrared bands at 745 and 865 nm (Park et al., 2014).
The Level 2 AOD products are retrieved at a spatial resolutiorkif By 6 km, using a cleaky
composite method for surface reflectance and a lookup table approach based on AERONET

observations (Lee et al., 2010; Lee et al., 2012)

A challenge using GOCI to detect aerosols in the atmosphere is the absencendfaned (IR)
channels to detect clouds, which means that significant errors could be induced in the estimates of
AOD. The operational GOCI products screen clouds based on spatial variability and threshold
tests at each 6 km x 6 km pixel in combination withedeorological imager that has 4 IR channels

(at 3.7 um, 6.7 um, 10.8 um, 12 um wavelengths) at 4 km by 4 km resolution onboard the same
satellite (Cho et al., 2006). However, as will be shown here cloud contamination still occurs.
Therefore, we apply a sef spatial filters following Hyer et al. (2011) and temporal filters to
further eliminate cloud contamination in GOCI AOD. The filters include 1) a buddy check that
sets a minimum number of 15 retrievals per 30 km x 30 km grid cell, 2) a local varimuteto
eliminate grid cells where the coefficient of variation of AOD is larger than 0.5 within the
surrounding 5 x 5 grid cells and 3) a diurnal variation check that excludes grid cells with diurnal
variation (maximuni minimum) of AOD larger than 0.74hich is the 98 percentile of diurnal
variation of AERONET AQOD in Beijing and northern Taiwan for 2013. In this study, we use GOCI
AOD for JanDec 2013 to derive grourdvel PMbsin eastern China.

2.32. Aerosol optical depth from AERONET ground-basal measurements
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The Aerosol Robotic Network (AERONET) is a globally distributed network of CIMEL Sun
photometers (Holben et al., 1998) that provide mu#tvelength AOD measurements with a low
uncertainty of < 0.02 (Holben et al., 2001). Here we use AERDIN#vel 1.5 cloud screened data
(Smirnov et al., 2000) for Jeldec 2013 from 4 stations within the GOCI domain: Beijing, Beijing
CAMS, Taipei_CWB and EPAICU. AERONET Level 2 data for 2013 are not available for some
stations discussed in this paper. Thususe Level 1.5 for consistency. We compared Level 2 and
Level 1.5 data for 2013 for stations that do have Level 2 available, and found Level 1.5 AOD is
highly consistent with Level 2 AOD with RMSE of 0-0102 (relative RMSE of 29%%). Criteria

for seleting an AERONET station are 1) a Rk¥ground monitor has to be located within 10 km

and 2) a complete time series of AOD data records for the period of study has to be available.
Beijing and BeijingCAMS stations are located in downtown Beijing, with thesest available

PM2.s monitors 9.5 km and 7.5 km away, respectively. However, due to interrupted time series of
PM2 5 records at both these stations, we combine the AERONET AOD from the Beijing and
Beijing-CAMS stations and P from the correspondingvp in-situ groundbased sites as a
Acombi ned Beijingo sNQUestationE are Ipcated in(pupBlateal nadtheid P A
Taiwan, with nearly collocated P/ monitors (< 3 km). We similarly combine the Taipei_ CWB

and EPANCU as fdnor t heWeruseThase sitesnt@ evauaté 8OCI AOD and the

relationship between AOD and BMsimulated by a global chemical transport model.

2.4 Simulation of the relationship between AOD and PMsby GEOS-Chem

We use the GEOEhem chemical transport model (versign®1-03; http://geomhem.org) to
calculate the spatiotemporally resolved relationship between gieuaedPM s and satellite
retrieved column AOD.

Our nested GEOE&hem simulation at 1/2° x 2/3° spatial resolution with 47 vertical levels (14
levels in tle lowest 2 km) is driven by assimilated meteorology from the Goddard Earth Observing
System (GEOS). A global simulation at 2° x 2.5° spatial resolution is used to provide boundary
conditions for the nested domain (Wang et al., 2004). We spin up the foodeé month before

each simulation to remove the effects of initial conditions on the aerosol simulation.
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GEOSChem includes a fully coupled treatment of tropospheric oxidardsol chemistry (Bey

et al., 2001; Park et al., 2004). The GEORem aerodasimulation includes the sulfatatrate
ammonium system (Park et al., 2004; Pye et al., 2009), primary (Park et al., 2003) and secondary
(Henze et al., 2006; Henze et al., 2008; Liao et al., 2007; Fu et al., 2008) organics, mineral dust
(Fairlie et al.,2007), and sea salt (Jaegle et al., 2011). We estimate the concentration of organic
matter (OM, which includes elements such as hydrogen, oxygen and nitrogen) from the simulated
primary organic carbon (OC) using spatially and seasonally resolved valoe©iti (Ozone
Monitoring Instrument) N@and AMS (Aerosol Mass Spectrometer) measurements following
Philip et al. (2014). Gaserosol phase partitioning is simulated using the ISORROPIA 1l
thermodynamic scheme (Fountoukis and Nenes, 2007). GH@8 calculees AOD using
relative humidity dependent aerosol optical properties following Martin et al. (2003). Dust optics
are from Ridley et al. (2012).

Anthropogenic emissions are based on the Makolution Emission Inventory for China (MEIC;
http://www.meicmalel.org) for 2010, and the Zhang et al. (2009) inventory for surrounding East
Asia regions for 2006. Both inventories are scaled to the simulation yearZ2@3® following
Ohara et al. (2007). Neanthropogenic emissions include biomass burning emis$GFED3)

(Mu et al., 2011), biogenic emissions (MEGAN) (Guenther et al., 2006), sqilXiénger and
Levy, 1995; Wang et al., 1998), lightning NQVvurray et al., 2012), aircraft NGQWang et al.,
1998; Stettler et al., 2011), ship 5®om EDGAR (Oliver et al., 2001) and volcanic 30
emissions (Fischer et al., 2011). HNEncentrations are artificially decreased to 75% of their
values at each timestep following Heald et al. (2012) to account for regional bias (Wang et al.,
2013). Emissions are didtrted into the lower mixed layer, with a correction to the GIBOS
predicted nighttime mixing depths following Heald et al. (2012) and Walker et al. (2012).

We apply GEOSChem to simulate daily relationships between ground levelsRivid column
AOD, spediically PM25AOD. PM. s concentrations are calculated at 35% relative humidity for
consistency witlin-situ measurements. For consistency with GOCI AOD and fjvbundbased
measurements, we sample the simulated AOD only from hours that GOCI has |s=(f161@0-
07:00 UTC), and calculate the simulated daily2BNtom 24-hour averages as reported for the

groundbased PMsmeasurements. The simulation period is May 204gril 2013 as the GEOS
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5 meteorological fields are not available afterward. Theamatch with observations for Mdyec
2013 has the potential to degrade performance, but as will be shown here no clear loss of quality

is apparent.

2.5 In-situ PM2.s measurements

We collect PM:s measurements from 494 monitors to evaluate the Gi@@GVved véues.In-situ
PMz 5 daily measurements in Mainland China for 2013 are primarily from the official website of
the China Environmental Monitoring Center (CEM@ip://113.108.142:20035/emcpublikh/

Data ae also collected from some provinces (e.g. Shandong, Zhejiang) and municipalities (e.g.

Beijing and Tianjin) with additional sites that are not included in the CEMC website.iDsilyl
PM.s data in northern Taiwan for 2013 are from the Taiwan Enviemal Protection
Administration (TEPA;http://tagm.epa.gov.tw Thein-situ PM. s data in both Mainland China

and northern Taiwan are measured by a collection of the Tapered Element Oscillating
Microbalance Methods (TEOMSs) and beattienuation methods (BAMs) with some TEOMs being
heated to 30 °C and others to 50 °C (CNAAQS GB3R952,2012;http://tagm.epa.gov.tfv The

specific instrument (BAMs or TEOMSs) used by each monitoring site is unknown. The effective

relative humidity of the resultant Pl measurement likely varies diurnally and seadgras a
function of the ambient temperature. Semivolatile losses are expected from the TH@Ms.
network design appears to include compliance objectives that may affect monitor
placement.Despite these issues, we use the monitoring data to evaluatealitesderived PM 5

since the monitoring data offer valuable information about gréevel PMb s concentrations. We

also collect PMs measurements from a monitor in Beijing as part of the Surface PARTiIculate

mAtter Network (SPARTANwww.spartametwork.org using a thregvavelength nephelometer
and an impaction filter sampler (Snider et al., 2015). The SPARTAN, CEMC and TERA PM
monitoring data combined with AERONET AOD are used to estimate the empéaiaabnship

between PMsand AOD, and to further evaluate the relationship simulated by the model.

2.6 Statistical Terms
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Root mean square error (RMSE), relative root mean square error (rRMSE), mean fractional bias

(MFB) and mean fractional error (MFE) atefined as

RMSE= -B 3 / 1)
rRMSE =— (2)
MFB=-B ——x 100% (3)
MFE=-B £ —°x100% (4)

where $is the satellitederived value of the parameter in question,i€Othe corresponding
observed value, and N is the number of observations.

Coefficient of variation (CYs defined as

CV= (%)

2.7 Results and Discussion

2.7.1 Evaluation of satellite AOD and the simulated relationship between Pbkand AOD

Figure2-1 shows the effects of our clowdreening filters on GOCI AOD. The left panel shows
GOCI true color images from 5 July 2013 at 10:30 (top) and 11:30 (bottom) Korean Standard Time.
The boxes identify challenging regions with thick white cloudk admudfree oceans and grey
shading that appears to be thin cloud. The operational GOCI AOD retrievals, shown in the middle
panel, correctly exclude thick clouds, but report high AOD for the potentially thin clouds.
Although these grey regions could cantaerosol, we err on the side of caution. Application of

our additional temporal and spatial cloud filters removes the suspicious pixels from the original
GOCI data, as shown in the right panel. Our filters reject 10.3% of all the operational GOCI AOD

data investigated in this study. We evaluate the cloud filters further below.
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Figure 2-1: The GOCI granules from 5 July 2013, 10:30 (top) and 11:30 (bottom) Korean Standard Time. From left to right on
each panel are the GO@iue color images, the operational AOD retrievals and the AOD retrievals after applying temporal and
textual filters to reduce cloud contamination. The boxes highlight examples of challenging cloud fields, and are enltdinged wit
the lower right subplot agach panel.

Figure2-2 (top) shows monthly averages of coincident filtered hourly GOCl and AERONET AOD
for JanDec 2013 at combined Beijing and northern Taiwan stations. GOCI AOD is highly
consistent with AERONET observations with MFB of 6.7% in Beignd-1.2% in Taiwan. GOCI

AOD and AERONET AOD are positively skewed at both stations, and the skewness is reduced in
GOCI AOD at both stations due to more records for extremely small AOD (< 0.04) in GOCI
products. The relatively larger rRMSE between GO@ AERONET AOD in northern Taiwan

may reflect the fewer observations there.
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Figure 2-2: Top: monthly time series of AOD from AERONET and GOCI for JanDagember 2013. Numbers above the x axis
denote the number abincident hourly observations in each month. Bottom: monthly averages2cdf-fA®D from ground
measurements and the GEG8em simulation at AERONET sites. The grebaded ratio is sampled from daily ground £
coincident with AERONET AOD for JanuaBecember 2013. The GEOSChem simulation is for MayiZ{d@ 2013, non
coincident with the grountlased ratio for MalyDecember 2013. Numbers above the x axis denote the number of daily-ground
based observations in each month. Error bars represent standans.eStatistics are root mean square error (RMSE), relative

root mean square error (rRMSE), mean fractional bias (MFB) and mean fractional error (MFE).

We investigate the filtered diurnal variation of GOCI AOD at the above AERONET stations and
find thelevel of AOD is uniform within a day (e.g. the coefficient of variation in Beijing is 0.1),
similar to AERONET observations.

The effect of excluding our cloestreening filters is negligible for coincident comparisons with
AERONET since AERONET is alreadyoud-screened. The exclusion of our cloud filters for a
non-coincident comparison that includes all GOCI data would introduce significant error versus
AERONET observations, increasing rRMSE by a factor of 3.3 in Beijing and northern Taiwan.
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Changirg the buddy check threshold in our cloud filters from 15 to 10 would significantly
underestimate AOD especially in northern Taiwan where the MFB would increaseli@9to
-15.0%. Decreasing the threshold of local variance check to 0.4 has little a&l(re®.1%) for
rRMSE, MFB and MFE, but would have larger influence on G@&lved PM sas will be shown
later. Limiting the diurnal variation of GOCI AOD to the8percentile of diurnal variations in
observations would introduce bias (rRMSE would éase by 4% in Beijing) to GOCI AOD. As
will be shown here, GOGerived PM s offers an additional test of cloud screening filt&igure

2-2 (bottom) shows the relationship between the ground levelsRRd the columnar AOD as
simulated by GEO€£hem androm groundbased measurements. The measured ratio in Beijing
has pronounced seasonal variation with values high in winter and low in spring. The measured
ratio in northern Taiwan exhibits little seasonal variation. The annual mean -GE@S
PM2s/AOD rato well reproduces the groufithsed measurements despite the temporal
inconsistency of the two metrics for Mapec. The simulation captures the pronounced seasonal
variation in Beijing and the comparably aseasonal behavior in northern Taiwan. The esiimulat
seasonal variation of PAJAOD in Beijing arises from the seasonal variation of mixed layer depth
(factor of 2 higher in summer than winter) combined with the -neastant columnar AOD
throughout the year as shown in R2eR (top).

Snider et al. (208) interpreted coincident measurements of AOD,2EMind nephelometer
measurements of aerosol scattering and found that the temporal variation ob#a®Mratio

in Beijing was primarily driven by the vertical profile in aerosol scattering. We exathée
seasonal variation in the simulated PAAOD and similarly find that the ratio of grousevel
aerosol scatter to columnar AOD contributes most (89%) of the monthly variability in the
PM2 5/AOD ratio in Beijing.

2.7.2 Evaluation of ground-level PMzs derived from GOCI AOD

Figure2-3 shows the seasonal and annual distribution of RiMer East Asia at a spatial
resolution of 6 km by 6 km for 2013. In both GOGddrived and measured BM winter
concentrations in eastern China exceed 100 fi@ver \ast regions, with lower values in
summer. Both GOGdlerived and irsitu measurements reveal that 2vh northern China is

higher than in southern China, especially for the Beijing, Hebei and Shandong provinces where
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the annual PMsis almost 100 pg mior more. Prior work has attributed this regional
enhancement to high emission rates (Zhao et al., 2013; Zhang et al., 2013) that in part arises

from emissions when producing goods for exports (Jiang et al., 2015).
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Figure 2-3: Seasonal and annual distribution of RKlconcentrations at 6 km by 6 km resolution over East Asia for 2013. The
background color indicates averages of G@ferived daily surface PRIsconcentrations. Filled circles represent averages of
daily groundbased measurements of P& Gray denotes missing values. Boxes in the annual map denote regions used for
monthly comparisons in Fi@-5 from top to bottom: Beijing and surrounding areas, Shandong and surrounding regions,
Shanghai and surroundingeas and northern Taiwan.
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Figure2-4 compares annual and seasonal averages of daily gnoeaslired Pisfrom 494 sites

with coincident daily GOGtlerived PM: from pixels that contain the growfihsed sites. A
significant correlation ¢~0.66, N=494) \ith a slope near unity (1.01) is found in the annual scatter
plot. The slope remains near unity (0B91) in seasonal scatter plots. The weaker correlation for
all four seasons implies random representativeness differences betweémgtinteasuremats

and areaaveraged satellite values when data density diminishes. Semivolatile losses froim some
situ instruments (TEOMs) might contribute to scatter in winter when nitrate constitutes a larger
fraction of PMs. We focus on more meaningful aggregatedasurements. Using the same
technique, we also estimated PMrom MODIS Collection 6 AOD for 2013, and found GQOCI
derived PM; achieves greater consistency than MO@&ived PMswhen compared with
groundbased measurements (slope=1.350161). GOGQ-derived PMs also corrects the
significant underestimation of PM from GEOSChem (slope=0.68,2¥0.85) when compared

with ground measurements.
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Figure 2-4: Scatterplots of the annual mean (left) and seasonal rtrigdnt) GOClderived PM.5for 2013 against PI5from
494 ground monitors over the GOCI domain in eastern China.

Figure 2-5 shows monthly averages of GO@drived PM s and in-situ measurements at four
regions outlined in Fig2-3. Regions are selectedded on the level of PM concentration and
the population of residents. A high degree of consistency is found in all regions. Both datasets

show more seasonal variation in northern regions like Beijing and Shandong than southern regions
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like Shanghai andorthern Taiwan. Both indicate that RMconcentrations in northern regions

are generally higher than in southern regions. The exclusion of our cloud screening filters from the
GOCI AOD would introduce significant bias in GOG¢rived PMs versus groundbased
measurements especially in summer, increasing rRMSE by a factorids.B.1h all four regions.
Changing the threshold of local variance check in our cloud filters to 0.4 would introduce bias by
restricting the variation of P concentrations. & example, GOGCderived PMs would be
generally underestimated in Beijing areas (rRMSE=16.6% and MFE8%) and Shandong areas
(rRMSE=16.6% and MFB3.42%).
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Figure 2-5: Monthly averages of daily PA6from in situmeasurements and daily RMestimated from GOCI AOD for 2013.
Regions are defined in Fig-3. Error bars represent standard errors. Statistics are root mean square error (RMSE), relative

root mean square error (rRMSE), mean fractional bias (MFB) and rfreational error (MFE).
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2.8 Seasonal variation of PMs

Figure 2-6 shows the monthly averages of coincident daily GO&€Ived andin-situ PMz s
concentrations for the domain of eastern China. Both the @@fled PM s and grounebased
observations exhibit similar seasonal variation with values high in winter and low in summer.
Exclusion of our temporal and spatial clesteening filters from GOGderived PMs would
increase rRMSE by a factor of 3.4. F2g6 also shars the chemical composition of GO@érived

PM2s, as calculated by applying the GE@8em simulated mass fraction of PMthemical
components to GO@lerived PM.s mass concentration. Aerosol water is attached to each
component according to its hygrosamty. Secondary inorganic aerosols (SIA; SONOs, NHs")

are the most abundant components throughout the year, accounting for 65% .ef PM
concentrations, followed by OM (18%). The Bl@nd OM concentrations increase by a factor of

2 in winter, togethecomprising most of Pkk (31% for NQ and 26% for OM). Summer is
predominately controlled by SIA (74%). Dust plays an important role in spring (15%) and fall
(15%). Our seasonal variation of chemical composition is generally consistent with-tpaset
measurements in previous works across eastern China. A number of studies in Beijing, the Yangtze
River delta and Pearl River delta regions all reported that OM and SIA are the most important
components of Pk through the year (He et al., 2001; Ye et 2003; Tao et al., 2012; Zhang et

al., 2013). Zhang et al. (2008) showed consistent seasonal patterns in OM at 18 stations in China,
with a winter maximum, and a summer minimum, similar to the seasonality of OM in this work.
Zhang et al. (2013) studiedetithemical composition of PMin Beijing and found the percentage

of SIA in PMesis largest in summer, consistent with our result.
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Figure 2-6: Monthly variation of GOGlerived PM.5and in situ PN2.5for 2013 over eastern China, with chemicamposition

for GOClderived PM.5. The in situ PM.5is determined from the averages of all ground stations in eastern China for 2013 and
GOCl-derived PM.5is calculated from the average of all grid boxes that contairz. Bfound monitors. The chemical
composition is calculated by applying the GEOisem simulated mass fraction of P&¥chemical components to GOGérived

PM25 mass concentration. Aerosol water is associated with eachsebdmponent according to its hygroscopicity. Error bars

represent &ndard errors.

The seasonal variation of BMin Fig.2- 6 is driven by a combination of meteorological conditions,
emissions, and nitrate formation. All three processes have greater seasonal variation in the north
than south. The mixing height over northeastern China has strong seasonal variation with summer
having an average mixing height from GEG&hat is 1.9 times higher than in winter. The GEOS
Chem simulation reveals that the increase of OM in winter is primarily driven by biofuel emissions
from burning wood, animal waste and agricultural waste (Boatl,62004) for heating in eastern
China. The spatial distribution of biofuel emission is primarily north of the Yangze River,
especially from the North China Plain. The significant contribution from biofuel emissions to the
OM concentration in our work isonsistent with Bond et al. (2004) who found residential biofuel
emissions were responsible for ~70% of OC emissions in China. The increasg iof WiBter in
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Fig. 2-6 is consistent with prior attribution of the increase of3N® winter to the favoralel

formation of NHNOz3 at low temperatures (Wang et al., 2013).

Table2-1 shows the annual chemical composition of G@&ilived PM:s in regions outlined in

Fig. 2-3 and in overall eastern China. SIA and OM are the most abundant species. Among the SIA
compnents, S& and NQ concentrations are similar in the Beijing, Shandong and Shanghai
regions, whereas in eastern China and northern Taiwafi S@he dominant component. OM
concentrations in the Beijing and Shandong regions are considerably highen tthee other
regions, similar to or even exceeding the concentrations £f &@ NQ". Our estimation of Pl
composition is generally consistent withsitu measurements in prior studies. In Beijing, the
concentrations of SlA this work aresimilar to Zhang et al. (2013) who measured concentrations

for 20092010 of 13.6 + 12.4 ug rthfor SQ:*, 11.3 + 10.8 pg Mfor NOsg and 6.9 + 7.1 pg m

for NH4". Our SIA concentrations in Beijing are also comparable with Yang et al. (2011) who
measuredoncentrations for 2008006 of 15.8 + 10.3 ug thfor SQ*, 10.1 + 6.09 pg m for

NOs and 7.3 + 4.2 ug rifor NH4*. The OC concentration in Beijing in this work is smaller than
Zhang et al. (2013) of 16.9 + 10.0 pg’and Yang et al. (2011) of 24.512.0 ug n*. In Shandong

and surrounding regions, our concentrations are smaller than in Cheng et al. (2011) by a factor of
about 2, perhaps related to unresolved sources. Our results in Shanghai cluster are comparable
with Yang et al. (2011) for 1992000, except the OC concentration in this work is considerably
lower than Yang et al. (2011) of 16.8 pug®mn northern Taiwangur NOs™ is similar to Fang et

al. (2002) for 20042003, yet our estimations of $0and NH" are higher than Fang et al. (2002)

by a factor of two, which could be driven by changes in emissions over the last decade. In summary,
the chemical composition broadly represenisitu measurements with some locatidependent

discrepancies.

Table2-1: AnnualPMzsconcentrations, areaveighted concentrations of chemical composition and
affected population of PMin regions outlined in Fig.-3 and in overall eastern China (excluding
northern Taiwan) for 2013. Aerosol water is not associated with eacts &hponent for consistency
with measurement protocols. Bstoncentration is at 35% relative humidity. IT1 refers to the WHO air

quality interimtargett. of 35 &g m
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Region Beijing Shandong Shanghai Taiwan Eastern Ching
Populatiorweighted GOCHerived
90.8 89.1 56.9 18.9 53.8
PMzs (€ g3 m
Areaweighted GOClderived PMs
86.5 89.1 51.0 23.6 44.3
(egd m
SOZ( € g® m 12.8 14.0 9.2 5.1 13.1
NOs ( € g3 m 14.5 16.1 8.5 2.1 4.2
NHs (€ g% m 8.9 9.8 5.7 2.2 3.3
OC (&g m 10.3 9.6 4.3 1.6 2.9
BC (¥g m 6.3 5.2 2.6 0.8 1.6
Dust Jeg m 9.1 8.3 4.9 2.9 4.4
Sea SaPt (&g 02 0.4 0.9 2.2 1.9
OM (€)g m 17.1 15.7 7.4 3.0 5.4
Population (million people) exposed i
P ( .p ple) exp 37.8 91.8 109.0 15.8 603.3
PM; s exceeding IT1 level

2.9 Population exposure to ambient PMsin eastern China

We estimate the population exposure to ambient M eastern China for 2013 at a spatial
resolution of 6 km by 6 km using our GO@érived PMs and the Gridded Population of the
World (GPW,; Tobler et al., 1997) data for 2010 from the Socioeconomic Data and Applications
Center (GPW version 3; http://sedac.ciesin.columbia.edu/). TaHle also provides the
populationweighted GOGlerived PM s for regions outlined in Fig2-3 and for overall eastern
China. The populaticweighted PM s exceeds the areaeighted for all regions except northern
Taiwan and Shandong and surrounding regions. The overall populagighted PM:s
concentration for easterChina for 2013 is 53.8 ug P The level of PMs for Beijing and
Shandong regions in this study is similar to Ma et al. (2014) who suggested that 1be PM
concentration over the North China Plain for 2013 is 85 pug m®. The PM s concentration in
eastern China in this study is also comparable with previous works. Van Donkelaar et al. (2015)
estimated the Pikconcentration over eastern Asia for 2a010 is 50.3 + 24.3 ug ¥ Geng et

al. (2015) estimated the Riconcentration in China for 20812 is 71 pg m, higher than our
work. According to the World Health Organization (WHQO) Air Quality Interim Tafgean
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annual mean Pl concentration of 35 pg thor higher is associated with about 15% increased
risk of premature mortality. As shown Trable2-1, populatiorweighted PM for eastern China
considerably exceeds the Interim Tarfjdevel of PM s concentration, especially in Beijing and
Shandong regions where the Pdoncentration is almost triple the Interim Tarddevel. These
elevated concentrations threaten the health of 433 million inhabitants (F-able eastern China

who live in regions that exceed this target.

2.10Conclusiors

We estimated the grourdvel concentration of Pp% in eastern China for 2013 using AOD
retrieved fom the GOCI satellite instrument, coupled with the relationship of AOD tesPM
simulated by a global chemical transport model (GED®m). GOClderived PMs was
compared withn-situ measurements throughout eastern China.

We applied a set of filters 8OCI AOD to remove cloud contamination. The filtered GOCI AOD
showed significant agreement with AERONET AOD at Beijing and northern Taiwan (MFB of 6.7%
to-1.2%). We also evaluated the simulated relationship of=ivid AOD from GEOSChem by

using an empical relationship calculated from nearly collocated grobaded PMs monitors

and AERONET AOD stations. A high degree of consistency was observed between the GEOS
Chem simulation and grourzhsed measurements with MFB-6f52% to 8.0%.

The GOCliderivedPM. s were highly consistent witim-situ measurements, capturing the similar
seasonal and spatial distribution throughout eastern China. The highastd*dentrations were
found in winter over northern regions. The annual averages of @&ted PMs were strongly
correlated (¢=0.66) with surface measurements with a slope near unity (1.01). Monthly
comparison of GOGCtlerived PM . with groundbased measurements across the entire region of
eastern China was also in good agreement with rRMSE =18.B&eXclusion of our cloud
screening filters in GOCI retrievals would introduce significant bias in Gd2@ied PM s,
especially in summer and would increase the rRMSE by a factor e56137

The chemical composition of GO@Eerived PM srevealed thadecondary inorganic aerosols (SIA,
SO, NOs, NHs*) and organic matter (OM) dominated throughout the yeas N&l a winter

maximum due to aerosol thermodynamics. OM increased by a factor of 2 in winter, which was
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primarily driven by biofuel emissiorof heating in northern China. Dust played an important role

in spring and fall.

The populatioaveighted GOCGlderived PM s for 2013 at 6 km by 6 km resolution in eastern
China was 53.8 ug ™ suggesting ~400 million people in China live in regions wik,P
concentrations exceeding the suggested 35 figyrthe World Health Organization (WHO) Air
Quiality Interim Targetl, of which ~130 million people in Beijing and Shandong regions are
seriously threatened by even higher 2Moncentrations. Populatiemeighted PMs of pixels
containingground ased moni tor s i s “Snsuggestindithiegygatue of theanewlys 2 .
established Pkk network to monitor these seriously polluted regions.

The satellite measurements of AOD from the GOCI instrumenpled with the relationship
between AOD and Pkt simulated by a chemical transport model have the potential to provide a
unigue synopsis of grourddvel PMv s concentrations at fine spatial resolution in the most polluted
and populated part of China. Fuet development of this capability will depend on both the quality

of GOCI aerosol products and the aerosol simulation. Assimilating satellite observations of trace
gases from the forthcoming GEMS (Geostationary Environment Spectrometer) geostationary
plattorm would provide additional constraints on Piomposition.
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3.1 Abstract

Black carbon (BC) contributes to Arctic warming, yet sources of Arctic BC and their geographic
contributions remain uncertain. We interpret a series of recent airborne (NETCARE 2015,
PAMARCMIP 2009 and 2011 campaigns) and grebaded measurements (at Alé&arrow

and NyAlesund) from multiple methods (thermal, laser incandescence and light absorption) with
the GEOSChem global chemical transport model and its adjoint to attribute the sources of
Arctic BC. This is the first comparison with a chemical tpors model of refractory BC (rBC)
measurements at Alert. The springtime airborne measurements performed by the NETCARE
campaign in 2015 and the PAMARCMIP campaigns in 2009 and 2011 offer BC vertical profiles
extending to above 6 km across the Arctic amtuie profiles above Arctic ground monitoring
stations. Our simulations with the addition of seasonally varying domestic heating and of gas
flaring emissions are consistent with grotrased measurements of BC concentrations at Alert

and Barrow in winterrad spring (rRMSE < 13 %), and with airborne measurements of the BC
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vertical profile across the Arctic (rRMSE=17 %) except for an underestimation in the middle
troposphere (50000 hPa).

Sensitivity simulations suggest that anthropogenic emissions ereastd southern Asia have
the largest effect on the Arctic BC column burden both in spring (56 %) and annually (37 %),
with the largest contribution in the middle troposphere {400 hPa). Anthropogenic emissions
from northern Asia contribute consideralBC (27 % in spring and 43 % annually) to the lower
troposphere (below 900 hPa). Biomass burning contributes 20 % to the Arctic BC column

annually.

At the Arctic surface, anthropogenic emissions from northern Asia (48386) and eastern
and southern sia (20 %- 40 %) are the largest BC contributors in winter and spring, followed
by Europe (16 % 36 %). Biomass burning from North America is the most important

contributor to all stations in summer, especially at Barrow.

Our adjoint simulations indi¢a pronounced spatial heterogeneity in the contribution of
emissions to the Arctic BC column concentrations, with noteworthy contributions from
emissions in eastern China (15 %) and western Siberia (6.5 %). Although uncertain, gas flaring
emissions from diields in western Siberia could have a striking impact (13 %) on Arctic BC
loadings in January, comparable to the total influence of continental Europe and North America
(6.5 % each in January). Emissions from as far as theGashgetic Plain could hawe

substantial influence (6.3 % annually) on Arctic BC as well.

3.2 Introduction

The Arctic has warmed rapidly over the last few decades at a rate about twice the global mean
(AMAP, 2011; AMAP, 2015). By directly absorbing solar radiation, black carbon (BC)
contributes substantially to the warming, impacting the Arctic in multiple {&gsner et al.,

2007; Ramanathan and Carmichael, 2008; Shindell and Faluvegi, 2009; Bond et al., 2013; Sand
et al., 2016)Nearsurface (< 1 km) BC particles over a highly reflective surface (i.e. snow and

ice in the Arctic) warm the atmosphere, and subsequently the s(Bfze and Stamnes, 1980;
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Quinn et al., 2008 BC particles well above the surface warm the layer in which they reside and
increase the stability of the Arctic atmosphere (Brgck et al., 2011)Deposition of BC onto

snow and ice can reduce saagé albedo and enhance light absorption by snow and ice
(Wiscombe and Warren, 1980; Chylek et al., 1988) trigger chain reactions involving the
acceleration of snow agir{§larke and Noone, 1985; Hansen and Nazarenko, 2[@@dling to
accelerated meltin(Quinn et al., 2008; Namazi et al., 201%he modified local radiative

balance exerted by deposited BC has the potential to further affect climate at a larger scale
(Flanner et al., 2007; Doherty et al., 2010)

Analyses of observations have revedleat ArcticBC is primarily transported from regions

outside the Arcti¢Klonecki et al., 2003; Stohl, 20Q@n winter, northern Eurasia is the primary
source where air masses are cold enough to penetrate the polar dome into the Arctic lower
troposphere§tohl, 2006) Air masses from the relatively warm matitudes (i.e. North America

and Asia) are forced to ascend above the polar dome to the Arctic middle and upper troposphere
(Law and Stohl, 2007)n spring,the warming of the surface leads to higher potential

temperature over the Arctic and the northward retreat of the polar dome, facilitating the transport
of air masses from mithtitude regions to the ArctiS¢ohl 2006) However, large uncertainties
remain in sources and geographical contributions to Arctic BC that require additional

interpretation of observations to address.

Elevated BC concentrations in the Arctic especially in winter and spring have beeredbser
over the past few decad@elene & Ogren, 2002; Sharma, et al., 2006; Eleftheriadis et al.,
2009; Yttri et al., 2014)Some studies attributed the surface BC primarily to emissions in high
latitude regionsncluding Europe and northern Eurageag. Stohl, 20065Shindel et al., 2008;
Hirdman et al., 2010Vang et al., 2014ayhile others found eastern and southern Asia had the
largest contributionoch and Hansen, 2005; Ikeda et al., 2017). Some studies suggested that
Europe was the dominant source of BC aloft (Stohl, 2006; Huang et al, 2010b) while others
found eastern and southern Asia was the most important source (Shatmagdt3; Breider et

al., 2014; Wang et al., 2014a; Ikeda et al., 2017) in the middle tropospleesnt work bystohl

et al. (2013pnd Sand et al. (2016) raised questions about prior studies by identifying the

importance of seasonally varying residahbieating and by suggesting a significant overlooked
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source from gas flaring in higlatitude regions. In addition to anthropogenic emissions, biomass
burning is another important source of Arctic BSthl et al., 200AVarneke et al., 2009; Yttri

et al., 2014; Evangeliou et al., 201t its contribution remabns uncertainFurthermore,

evidence is emerging that the BC observations to which many prior modeling studies dompare
may have been biased by 30 % (Sinha et al., accepted) or a factor of 2 (Sharma et al., 2017) due
to other absorbing components in the atmospheric aerosol. Additional attention is needed to these

issues.

BC emissions in midand lowlatitude regions increase the Arctic climate forcing efficiency by
altering the BC vertical distributiofBreider et al., 207). Thus it is also crucial to quantify the
source contributions to the vertical distribution of Arctic BC. However, vertical profiles in the
Arctic have been scar¢@acob et al., 2010; Brock et al., 2011) and anomalously influenced by
biomass burning (Warneke et al., 200he NETCARE (Network on Climate and Aerosols:

Addressing KeyJncertainties in Remote Canadian Environmemits,.//www.netcare

project.cd aircraft campaign in 2015 and the PAMARCMIP (Polar Airborne Measurements and
Arctic Regional Climate Model Simulation Project) aaftrcampaigns in 2009 and 2011 offer a

new dataset of BC measurements across the Arctic.

Source attributions of pollution in the Arctic are commonly estimated by-toa@ctory analysis
(Huang et al., 2010a;dtrigan et al., 2011; Barrett et al., 2015; Liu et al., 2045 by

sensitivity simulations using chemical transport mo@eéisher et al.2010; Sharma et al., 2013;
Mungall et al., 2015; Evangeliou et al., 2016hese traditional approaches have been insightful,
but suffer from coarse regional estimates of the source location. The adjoint of a global chemical
transport modelHenze et al., 2008fficiently determines the spatially resolved source
contribution to receptor locations by calculating the gradient of a costdaor{etg. Arctic

column BC concentrations) with respect to the perturbations of the initial conditions (e.g.
emissions). This approach has been successfully applied to quantify source contributions to
Arctic surface BC in April 2008 (Qi et al., 2017b). Wetend the application of this method to
investigate the seasonal and annual responses of Arctic column BC to changes in regional

emissions.
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In this study, we first evaluate the BC concentrations simulated with the @B&& global

chemical transport motleith surface and aircraft measurements in the Arctic to assess the
quality of different emission representations. Then sensitivity simulations are conducted to assess
the regional contributions to the observed BC in the Arctic. We subsequently uspihiecdd

the GEOSChem model to investigate the spatially resolved sensitivity of Arctic BC column
concentrations to global emissions. Our work builds on knowledge gained from previous GEOS
Chem studies of Arctic BC (Wang et al., 2011, Breider et al., ;2Bdelder et al., 2017; Qi et al.,
2017a; Qi et al., 2017b) with major improvements including 1) new airborne measurements
during 2009, 2011 and 2015 when more typical fires than in previous studies foster better
understanding of anthropogenic source @gbations to the Arctic; 2) new refractory BC
measurements in the Arctic more accurately constrain emissions in simulations; 3) more recent
and improved emissions better represent the global redistribution of BC emissions, include
flaring and seasonal emisss of residential heating; and 4) seasonal source attribution using the

adjoint of GEOSChem reveals thienportance of specific sources.

3.3 Method

3.3.1 Surface measurements of BC in the Arctic

Surface BC mass concentrations are measured at three Arctinstafiert (Nunavut, Canada;

62.3° W, 82.5° N), Barrow (Alaska, USA; 156.6° W, 71.3° N) and®8sund (Svalbard,

Norway; 11.9° E, 78.9° N). Station locations are shown in3-ig.Following the

recommendations d¢fetzold et al. (2013)nmeasurements of BC based on light absorption are

here referred to as equivalent BC (EBC); measurements based on a laser induced incandescence
technique (e.g. single particle soot photometer; SP2) areaéfierias refractory BC (rBC); and
measurements based on a thermal volatilization in an oxgigeched environment are referred

to as elemental carbon (EC).

EBC mass concentrations derived from anZ{EAethalometer (Magee Scientific Inc.) at Alert

for 2011-2013 are obtained from Environment and Climate Change Canada and those at Barrow
for 20162014 and NyAlesund for 2002010 are obtained from the EMEP (European

Monitoring and Evaluation Programme) and WDCA (World Data Centre for Aerosols) database
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(http://ebas.nilu.no/). The Aethalometer measures the absorption of light at 880 nm transmitted
through particles that accumulate on a quartz fiber filter and relates the change of light
absorption to light absorption coefficients ) using Beer's Law. EB@&ass concentrations are
derived fromlap by adoptinga mass absorpticcrosssection(MAC) of 16.6 nf g at all

stations. This MAC value is recommended by the manufacturer for Model AE31 at 880 nm to

account for absorption by BC and additional light satg by both particles and filter fibers.

EBC mass concentrations are also derived from a particle soot absorption photometer (PSAP,
Radiance Inc.) that operates on a similar principle to the Aethalometer at the three stations.
PSAP measures the absooptiof light at 530 nmllap data at Alert for 2012013 are obtained

from Environment and Climate Change Canada,lapdata at Barrow for 2002015 and Ny

Alesund for 20022014 are obtained from the EMEP and WDCA databiatse:{/ebas.nilu.ng/

Uap has been corrected for scattering following Bond et al. (1999) and is further reduced by 30 %
at all stations followinginhaet al. (acceptedjiapvalues less than the detection limit (0.2 Mm

are excluded. Recent evidence is emerging that the MAC is lower than the traditional value of 10
m? g1, with recent effective MAC values ranging from 8 git (Sharma et al., 20179 8.7 nf g

! (Sinhaet al., accepted). We adopt the average of these two values’(§3 for application to

PSAP measurements at all three sites.

Two additional measurements of BC mass concentrations are available at Alert f@02311

rBC and EC. rBC is measut@ia laser induced incandescence by an SP2 instrubeoylét
Measurement Technologies Inc., Boulder, CO). The &R2 a high intensity laser (Ni:YAG)
operating at 1064 nm wavelength to selectivedgt individual particles up to 4000Kt such

high tenperature, the nerefractory componenisvaporatend rBC mass is proportional to the
intensity of the emitted incandescent light. The incandescence signal is calibrated using Aquadag
particles of known size selected with a differential mobility analy@eafma et al., 2017). The
detection range of the SP2 at Alert spans approximately between 75 nm and 530 nm volume
equivalent diameter (Sharma et al., 2017), assuming an rBC density of 3B and
Bergstrom, 2006)A lognormal function fit over the range of-225 nm is applied to calculate
rBC concentrations over the-4@00 nm size range that increases the rBC concentrations by
about 50 %{Shama et al., 2017)
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EC measurements at Alert are inferred fnogekly-integrated samples of particles collected on
quartz filters with a 1um upper size cut and analyzed using-hause thermal technique
referred to a&nCantotal900 (Huang et al., 2006 he EnCantotal900 methodas three
temperature steps with different redox conditions: 35@nd 870C under pure helium and
900 C under helium + 10 % oxygen. The retention times are 600 seconds @tf6bOrganic
carbon (OC), 600 seconds at 8ZTor pyrolysis of OC and carbonate carbon, 43@d seconds

at 900C for EC. The 870C pure helium step releases pyrolysis OC and carbonate carbon to

minimize the effect of OC charring on EC.

3.3.2 Aircraft measurements of BC in the Arctic

Prior Arctic aircraft campaigns (i.e. ARCTAS) were strongly influenced by the unusually
extensive Russian fires in 2008 (e.g. Warneke et al., 2009; Wang et al., 2011; Breider et al.,
2014). This study uses new aircraft observations when fires were |lessipced over multiple

years (2009, 2011 and 2015) to better understand anthropogenic source contriblaéons.
PAMARCMIP campaigns conducted springtime surveys of sea ice thickness, aerosol and
meteorological parameters along the coast of the westerit Ardgioard the Alfred Wegener

Institute (AWI) Polar 5 aircraft. Data from two campaigns in April 208®ne et al., 201&nd

March 2%"i May 6" 2011(Herber et al., 2012)re used here. The NETCARE campaign in

April 2015 continued and extended the PAMARCMIP campaigns observations using the Polar 6
aircraft. Flight tracks of each campaign are shown in3-y. All three carpaigns traveled along
similar routes across the western Arctic and near-teng ground monitoring stations in the

Arctic (Alert, Barrow and NyAlesund). Measurements of rBC mass concentrations during all
three campaigns were performed with the stéditthe-art SP2 (Droplet Measurement

Technologies Inc., Boulder, CO) instrument. The SP2 used during the PAMARCMIP campaigns
was previously described Btone etal. (2010) The NETCARE 2015 campai gt
8-channel SP2 with a detection range ofl 790 nm of volumezquivalent diameter (assuming a
particle density of 1.8 g ci) without corrections for particles outside the size range. The

incandescence signal was calibrated with particles of Fullerensizedtelected with a

37



differential mobility analyzer. The spatial and muléiar coverage of airborne measurements

during these campaigns offer comprehensive representation of Arctic BC.

3.3.3 Simulations of Arctic BC

We use the GEOEhem global chemical trapsrt model (version 201; http://geoschem.org)

and its adjoint (version 35) to simulate Arctic BC concentrations and their sensitivities to local

emissions.

Figure3-1 shows the annual mean BC emissions in our GE®&n simulation averaged over

2009, 2011 and 2015. We develop the simulation here to use global anthropogenic emissions of
BC from version 2 of the HTAP (Hemispheric Transport of Air Pollution; http://www.htap.org/)
emission inventory for 201@ilardoni et al., 2011; Janssel®enhout et al.2015)with

regional overwrites over tHenited States (NEI 2011) for the most recent year (20&lgbal and
regional BC emissions remain largely constant after 2010 (Crippa et al., 2016). The HTAP
inventory is a compilation of different official emsisn inventories from MIC®\sia, EPA

US/Canada and TN@&urope data, gaplled with global emission data of EDGARv4 . The

HTAP contains BC emissions from all major sectors, including energy and industrial production,

transport and residential combustion.
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Figure 3-1: The colormap indicates annual total BC emissions averaged over 2009, 2011 and 2015 as used in {68&pEOS
simulation. Black open circles indicate the locations of ground monitoring stations (Alert, BarraMyakldsund). Colored
lines indicate the flight tracks of the NETCARE 2015 (AgHRFY), the PAMARCMIP 2009 (Aprilf1-25") and the
PAMARCMIP 2011 (Mar 301 May 8") campaigns. Black lines outline the source regions used in this study. Regional BC

emissions are in Tablg-1.

Table3-1 contains the annual regional BC emissions used in the simulation. Total BC emissions
from eastern and southern Asia exceed by more than a factor of 4 the BC emissions from either

North America or Europe.
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Table 31. Regional annual BC emissions averaged over 2009, 2011 and 2015 as used in the GEOS

Chem simulatiorfs

Eastern and
o North Northern
Emission Source ) Europe _ southern
America Asia _
(Tg CyrH Asia
Anthropogenié 0.62 0.48 0.11 3.36
Biomass burning 0.17 0.02 0.13 0.20

2Regions are outlined in Fig-1.

® Including gas flaring, fossil fuel combustion and biofuel combustion.

Figure3-2 shows annual HTAP BC emissions and its seasonal variation over the Arctic and the
Northern Hemisphere. ThHgond et al. (R07)emission inventory for 2000 is included for
comparison, since it has been widely used in modeling studies of ArctiStdadell et al.,

2008; Koch et al., 2009; Liu et al., 2011; Wang et al., 2011; Breider et al., 2014; Qi et al., 2017a;
Qi et al., 2017h)TheBond et al. (2007invertory is based on energy consumption in 1996 and
contains similar emission sectors as in the HTRie HTAP annual emissions over the

Northern Hemisphere exceed thos&ond et al. (2007hby 30 %, with a substantial difference

in China and India where HTAP ersisns are double those Bbnd et al. (2007)A

considerable increase of global energy consumption since 2001 especially in China and India
contributes to the differen¢@hang et al., 2009; Li et al., 201 Both inventories have low BC
emissions within the Arctic. Figu®2 also shows the seasonal variation of HTAP emissions

that are high in winter and spring and low in summer over the Northern ptemés owing to

the seasonal variation of emissions from residential heating in the HBoKE. et al. (2007)

emissions are neseasonal.
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Figure 3-2: Anthropogenic BC emissions. Lines indicate monthly anthropogenic BC emissiarthe Bond et al. (2007) nen
seasonal inventory for 2000, the HTAP inventory for 2010, the HTAP inventory wiseasanal emissions from residential

heating, and the HTAP with additional flaring emissions for 2010. Annual values are given in the text.

We also include additional BC emissions from gas flairinipe oil and gas industry taken from
version 5 of the ECLIPSE (Evaluating the climate and Air Quality Impacts of kivexd

Pollutants) emission inventory (Klimont et al., 20h&p://eclipse.nilu.np Gas flaring

emissions of BC are calculated based on gas flaring volumes developed within the Global Gas
Flaring Reduction initiative (Elvidge et al., 2007, 2011) with emission factors derivibe on

basis of particulate matter and soot estimates from CAPP (2007), Johnson et al. (2011) and US
EPA (1995). Despite the small percentage (~5 %) of flaring in total anthropogenic BC emissions
over the Northern Hemisphere, flaring from Russia alone atedmmn93 % of total

anthropogenic BC emissions within the Arctic in the ECLIPSE inventory.

Emissions from biomass burning are calculated from the GFED4 (Global Fire emissions
Database version 4) inventai@iglio et al., 2013)The GFED4 combines satellite information

on fire activity and vegetation productivity to estimate globally gridded niypbtirned area
(including small fires) and fire emissions. We use emissions for 2009, 2011 and 2014 (the most
recent year available) for the simulations of 2009, 2011 and 2015. The mismatch of emission
year is unlikely to strongly influence the simulat@smno abnormal fire activities were reported

for 2014 and 2015. Biomass burning emissions are injected into the boundary layer in our

simulations.
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As discussed in Sect. 2.1, measurements of BC depend on the analysis method. However, it is
ambiguous whatinalysis method is used to derive BC emission factors or BC speciation factors
in particulate matter in various emission invento(isnd et al., 2013)Therefore, we directly
compare simulated BC conaeattions with the best estimate of measured atmospheric BC.

The simulation of BC in GEO&hem is initially described iRark et al. (2003 BC emitted

from all primary sources is in hydrophobic and hydrophilic states with a constant conversion
time of one day. Dry deposition of BC aerosols adopts a standard resistaeces skeme as
described irZhang et al. (200vith improvements on BC dry deposition velocity over snow

and ice followingFisher et al. (2018nd Wang et al. (2011). Wet deposition of BC aerosols is
initially described irLiu et al. (2001)and developed by Wang et al. (2011) to distinguish
between liquid cloud (T > 268 K) in which 100 % hydrophilic BC is removed and ice cloud (T <
268 K) in which only hydropbbic BC is removed. The scavenging developments of Wang et al.

(2014b) are not implemented since they have little effect on Arctic BC.

Our GEOSChem simulations are driven by Modefna Retrospective Analysis for Research
and Applications (MERRAIneteorobgical fields from th&slobal Modeling and Assimilation
Office (GMAO) at 2° x 2.5° spatial resolution with 47 vertical levels from the surface to 0.01
hPa. We conduct the simulations with arfilhute operator duration for transport and a 20
minute operatoduration for chemistry as recommendeditylip et al. (2016)The model is
initialized with a émonth spirup before each simulation to remove the effects of initial
conditions on aerosol simulations. The time period simulated is 2009, 202D &/, which is
coincident with aircraft measurements when fikese more typical than for previous
evaluations of GEO&hem versus Arctic observations (i.e., Wang et al., 2011; Breider et al.,

2014) to better understand anthropogenic source contrilsutiene.

We conduct sensitivity simulations using the GECi&am model to quantify the contributions of
regional emissions to Arctic (hereafter refer to the region north of 66.5° N) BC concentrations by
excluding the regional anthropogenic source. RegmmadNorth America (180° V80° W, 0° N

T 80° N), Europe (50° W50° E, 30° Ni 80° N), eastern and southern Asia (50° £550° E, 0°

N 50° N) and northern Asia (50°TEL80° E, 50° N' 80° N), as outlined in Fig-1. We also
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conduct sensitivity simulatiato quantify the contribution of biomass burning from North
America and from the rest of the world to Arctic BC concentrations. These simulations are

initialized with a 6month spirup as well.

We also apply the GEGShem adjoint model to quantify theadfally resolved sensitivity of

Arctic BC column concentrations to local emissions. A detailed description of the adjoint model
is given inHenze et al. (2007Here we briefly describe the concept in the context of our study.
The adjoint model offers a computationally efficient approach to calculate the sensitivity of a
model output scalar, the cost functiom a set of model input parameters such as emissions. In
this study, we define the cost function as the column concentrations of BC north of 66.5° N. The
adjoint model calculates the partial derivatives of this cost function with respect to the modeled
atmospheric state in each model grid box at each time step. This calculation is performed
iteratively backward in time through transport toward emissions to yield the sensitivity of the

cost function with respect to emissions.

Our adjoint simulation is dren by GEOS5 meteorology at 2° x 2.5° spatial resolution with 47
vertical levels from the surface to 0.01 hPa for 2011. Differences between MERRA
meteorological fields that are used in the forward model and GE@8&teorological fields that

are used intte adjoint are negligible{= 0.99 for Arctic column BC concentrations for 2011) in
the simulation of BC. Although the adjoint simulation is based on an earlier version (v8) of the
GEOSChem model than the forward model version (@10 used in this sty the differences

in BC concentrations at Arctic stations that are simulated with the adjoint and with the forward
model are within 15 % (Qi et al., 2017b).

3.3.4 Statistics

To assist with the evaluation of simulations, we define root mean square error (RMEE

relative root mean square error (rRMSE) as

RMSE= -B  6¢ Q 6:Q (1)

rRMSE=100 % ——— (2)
B
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whered: "Qis the model simulated concentration @adQis the measurement concentration. N

is the number of measurements.

3.4 Results

3.4.1 Evaluation of GEOS-Chem simulated BCconcentrations in the Arctic

Figure3-3 shows the seasonal variation of BC concentrations from measurements and
simulations at the Alert, Barrow and Mytesund stations. Different black line types indicate
different instruments. Slight differences exissampling periods from different instruments.
Restricting measurements to common years changes monthly means by less than 13 %, except
for a 40 % change at N&lesund in April that arises from limited data coverage in common

years since PSAP measuremdotsApril are not available at Nflesund in 2009. At Alert, a
diversity of instruments offers valuable insight into the suite of BC measurements throughout the
Arctic, and perspective on previous model comparison with only one instrument type. EBC
concerrations measured by the Aethalometer are biased high by a factor of 2 relative to rBC
measurements, due to the presence of absorbing substances other than BC (e.g. brown carbon
and mineral dust), extinction issues associated with the filter matrix aedainties in MAC

values (Sharma et al., 2017). EC concentrations are lower than EBC concentrations from the
Aethalometer, yet still high relative to rBC partly due to the presence of pyrolysis OC and
carbonate carbon (Sharma et al., 2017). PSAP EBC cmatiens are close to the average of EC
and rBC concentrations throughout the year. At Barrow, EBC concentrations from the
Aethalometer are higher than those from the PSAP, especially in summer when the Aethalometer
shows a pronounced increase in concéiotna to around 55 ng B whereas PSAP

measurements reach a minimum for the year of 10-AgdTime summer peak is also observed in
Aethalometer EBC measurements at 370 nm that is sensitive to brown carbon, indicating the
influence of biomass burning. Unentional exclusion of biomass burning plumes in the local
pollution data screening performed for PSAP measurements at Barrow could contribute to the
bias between the PSAP and the Aethalometer there (Stohl et al., 2006).
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Figure 3-3: Seasonal variation of surface BC concentrations from measurements and simulations at selected Arctic stations.
Black lines represent measurements from different instruments according to the legend. Error bars represent standard errors.
The thickblack line with squares at Alert is the average of rBC and EC concentrations. Error bars on the thick black line denote
standard errors of monthly mean BC concentrations across instruments that are included in the calculation. Red shaukngs are t
contribuions from flaring to BC concentrations. Numbers below the tapiscdenote the total number of weekly observations

from all available instruments in each month. Simulated monthly BC concentrations are the monthly averages of simulated
concentrations fo2009, 2011 and 2015. Simulations use different emission inventories that are represented in color according

to the legend. Error bars on the simulation represent standard errors. Concentrations from measurements and simulations are

all calculated at standa temperature and pressure (STP).

Following Sharma et al. (2017), we treat the best estimate of measured BC surface
concentrations at Alert as the average of rBC and EC measurements, as shown by the thick black
line with squares in Fig-3. Since the BAP EBC concentrations are close to the average of rBC
and EC measurements throughout the year at Alert, we adopt the PSAP EBC measurements as
the best estimate of surface BC at Barrow andidyund. The seasonal variations of surface

BC at the three siteshow similar features, characterized by higher concentrations in winter and

early spring than in summer. At Nlesund, peak months are March and April, slightly later

45



than at the other sites (January and February). BC concentrationsidesuyd are geerally

lower than those at the other sites.

The surface BC concentrations from measurements are used to constrain emissions in the
simulations. Tabl&-2 summarizes the RMSE and rRMSE between measurements and different
simulations. The green line in Fig3 shows simulated surface BC concentrations using
anthropogenic emissions of BC from tBend et al. (2007hon-seasonal emission inventory

Stohl et al(2013)found that accounting for BC emissions from gas flaring and from seasonal
variation of residential heating imgpred their simulation with a particle dispersion model
(FLEXPART) during winter and early spring. Our simulation at Alert and Barrow in winter and
spring is also improved by using the HTAP emissions that include seasonal variation of
residential heating @by adding flaring emissions to the HTAP inventory, decreasing the bias
by about a factor of 2 and reducing the rRMSE to 5.6 % at Alert and 13 % at Barrow. At Barrow
all simulations show a distinct peak in July, which is partly due to the timing of sdmoasing.
Eckhardt et al. (2015imilarly observed enhanced concentrations in July at Barrow in three
models (DEHM, CESMALCAMS5 and ECHAMGHAM?2) driven with the GFED3 inventory for
biomass burning emissions. At Myesund, allsimulations overestimate measured

concentrations for most of the year, potentially indicating insufficient wet deposition from

riming in mixed phase clouds that occurs more frequently at this site (Qi et al., 2017a).

Table3-2: Summary of root mean sq@aerror (RMSE) and relative root mean square error (rRMSE)
between simulations with different emissions and measurements for BC surface concentrations at Arctic
stations (in reference to Fi§-3) and for vertical concentrations from airborne measuremg@mts

reference to Fig3-5).

RMSE (ng n; rRMSE) Alert Barrow Ny-Alesund  Vertical
Bond® 13 (55%) 17 (66%) 15 (88%) 17 (40%)
HTAPnonseasonalheatiy 11 (48%) 16 (61%) 12 (71%) 11 (27%)
HTAPheating 8.7 (37%) 13 (52%) 14 (82%) 9.4 (23%)
HTAPheatingflaring 3.7 (16%) 11 (44%) 25 (150%) 7.2 (17%)

2Bond et al. (2007) emission inventory for 2000.
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® HTAP v2 inventory for 2010 with neseasonal residential heating

¢HTAP v2 inventory for 2010 with seasonal residential heating

dHTAP v2 inventory for 2010 with seasonal residential heating and the addition of flaring emissions from
the ECLIPSE v5 inventory

Figure3-4 shows vertical profiles of BC concentrations at Alert andiiysund averaged from

the NETCARE 2015, the PAMARCMIP009 and the PAMARCMIP 2011 campaigns, along

with the best estimate of gromdsed measurements of April BC concentrations averaged over
2009 and 2011. Barrow is not included here due to limited number of airborne measurements (a
total of 12 measuremends all pressures). The measured profile at Alert exhibits layered

structure with enhanced concentrations in the middle troposphere that are attributable to a plume
on April 8" 2015 around 6660 hPa with a peak concentration of 128 n§ frhe mean
ground-based measurements of BC concentrations at Alert are higher than airborne
measurements at the same pressure by ~10°n¢neiuding only rBC measurements in ground
based mean concentrations reduces the difference with airborne rBC measuremensaio fess

ng n®. At Ny-Alesund, the measured vertical profile exhibits a zigzag shape that arises from
averaging multiple years each with individual features. The mean April gioasetl

concentration (20 ng ®) is about half that of the airborne measuret®i¢d7 ng ) at the same

pressure.
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Figure 3-4: Vertical profile of BC concentrations averaged from all points along the flight tracks of the three aircraft campaigns
(NETCARE 2015, the PAMARCMIP 2009 and the PAMARCNIIRL) in Alert and NyAlesund areas, along with the best

estimate of April BC concentrations from grodmased measurements averaged for 2009 and 2011. The Alert area is defined as
59°W65°W, 81.3°N83.4°N and the NyAlesund area is within 122E8°E, 77.8N-79.1°N. Numbers along theaxis are the

number of airborne measurements in each pressure bin. All concentrations are presented at STP. Error bars on ground

measurements are standard errors.

Figure3-5 shows spring vertical distributions of BC averaged over all points along the flight
tracks of the three campaigns in R3gl for measurements and simulatio&snulated vertical
profiles of BC are coincidently sampled with airborne measurements fog909, 2011 and
2015, and are averagamthe GEOSChem vertical resolutiorThe measured rBC concentrations
remain roughly constant (~38 ng3rfrom the surface to 700 hPa, followed by an enhancement
to around 50 ng Mmbetween 700 hPa500 hPa, andien a rapid decrease with altitude. This
vertical distribution is similar to the measurements of the ARCTAS aircraft campaign in the
Arctic in spring 200§Wang et al., 2011 xhough the magnitude of concentrations in this work is
lower by a factor of about 2, likely because the Arctic was substantially influenced by strong
biomass burning in northern Eurasia during the ARCTAS in spring @0@dneke et al., 2009)
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All simulations generally represent the near constant vertical distribution of BC measurements
from the surface to 700 hPa, and the decrease above 500 hPa, yet none represent the
enhancement between 7600 hPa. Despite the comparable distributions, thgmtudes of
concentrations simulated with different emissions vary substantially. Their consistency with

airborne measurements is summarized in Taifle
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Figure 3-5: Mean spring vertical profiles of BC concentrations fromaasurements and simulations averaged over 50 hPa
pressure bins from all points along the flight tracks of the NETCARE 2015, the PAMARCMIP 2009 and the PAMARCMIP 2011
campaigns. The red shading denotes the contribution of flaring to BC concentrationsat&imartical profiles of BC are
coincidently sampled with airborne measurements for spring 2009, 2011 and 2015, and are averaged to {6h&E@Stical
resolution. Simulations include different emission inventories that are represented in differertdcording to the legend.

Error bars are standard errors. Numbers along thaxys represent the number of measurements in each pressure bin. All
concentrations are presented at STP.

Figure3-5 shows that the apparent bias of 40 % rRMSE (17 ABMSE) in simulated
concentrations with thBond et al. (2007honseasonal inventory is reduced to 27 % rRMSE (11

ng m3RMSE) by the HTAP inventory with neseasonal residential heating. The improvement
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is larger aloft than neaurface, indicating that the incessl BC emissions in Asia in the HTAP
inventory (discussed in Sect. 2) substantially contributes to the improvement. The bias versus
measurements is further reduced to 23 % rRMSE (9.4 hgMSE) by the HTAP emissions

with seasonal residential heating, wiarger improvement below 600 hPa. Adding flaring
emissions further improves the consistency (17 % rRMSE; 7.2W@MSE) with

measurements at all levels with larger effects in the lower troposphere, especially near the
surface where the RMSE is only 31¢ m®. The substantial portion (93 %) of flaring in BC
emissions within the Arctic (Fig-2) explains the larger effect near the ground. The remaining
underestimation of 14 ng #WRMSE in 508700 hPa in the HTAP+flaring simulation is possibly
due to insufficient emissions or preferential sampling of plumes by the aircraft as discussed
further below. If the measurements are representative in this region, the Arctic BC burden below

500 hPa in springtime could be 6.5 % larger than simulated here.

Figure 3-6 (Al and A2) shows the spatial distribution of BC concentrations from aircraft
measurements gridded onto the GECI®m grid along with that from the HTAP+flaring
simulation. The simlation represents well the spatial distribution of BC measurements, with
concentrations of 30 ng m® near Barrow and NyAlesund and lower concentrations of-20

ng m® near Alert, yet the simulation underestimates concentrations at three hotsdés! (4eba,

b, c). Hotspot a is near Barrow along the coast of the Beaufort Sea that is affected by a plume
around 800 hPa on Aprif'62011 and a plume around 500 hPa on Aprif 2015. Hotspot b is

west of the Baffin Bay in Nunavut that is affected bylame near 800 hPa on April 1@011.

Hotspot ¢ is near NyAlesund that is caused by a plume at around 700 hPa on'V2§13 . The
underestimated magnitudes of these plumes, likely related to emissions or numerical diffusion,
may contribute to the undestimation of BC concentrations between-500 hPa in Fig3-5. Fig.

3-6 (A3) shows mean simulated BC concentrations betweeif@0®Pa in April. Concentrations

are highest (~70 ng A in northeastern Russia and near Barrow, with a gradual decreagardast

to around 50 ng finear Alert to reach the lowest concentrations of below 40hig the southern

Arctic near NyAlesund. This gradient illustrates the overall sources and transport pathways
affecting BC in the Arctic middle troposphere in springti The next section will investigate the
enhanced concentrations in northeastern Russia and their relation to sources in eastern and

southern Asia.
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Figure 3-6: Top left: BC concentrations from the NETCARE 2015, PAMARCI® 2nd 2011 aircraft campaigns averaged on
the GEOSChem grid, along with three hotspots labeled as a, b, c. Top middle: BC concentrations frorCB&® Simulations
coincidently sampled with flight measurements. Top right: BC concentrations betwe@d(60Pa simulated with the

HTAP+flaring emissions in April averaged over 2009, 2011 and 2015. Circles are ground monitoring stations. Middle: pan
Arctic BC column concentrations simulated with the HTAP+flaring emissions for January (left), April (middil&)larfright)
averaged over 2009, 2011 and 2015. All concentrations are at STP. Bottom: total BC emissions for January (left), Apjil (middl
and July (right) averaged over 2009, 2011 and 2015. Letters and numbers in brackets refer to figure numbers.

Figure3-6 (B1-B3) shows patArctic spatial distributions of BC column (1000 hiP300 hPa)
concentrations from the HTAP+flaring simulation for January, April and July. Strong spatial and
seasonal variation is observed in BC columns with the highest beenakentrations in April

and in the eastern Arctic. Emissions remain similar for the three months as showr8i6 Eiy.

C3, indicating that the main reason for the seasonal variation of Arctic BC column is transport
efficiency. In July, the enhanced @amtrations in western Siberia due to flaring are less

obvious, due to more effective wet scavenging in summer. North America exhibits remarkably

high BC column in July (Fig3-6 B3) from biomass burning as will be discussed further in Sect.
3.2.
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Since BCconcentrations simulated with HTAP+flaring exhibit overall consistency with the
measured seasonal variation, and the measured spatial distributions, we use this inventory in the

following simulations for sourcattributions.

3.4.2 Source attribution of BC in the Arctic

Figure3-7 (top left) shows the contribution of anthropogenic emissions from regions defined in
Fig. 3-1, and of biomass burning from North America and the rest of the world, to springtime
airborne BC along the flight tracks of the three aftarampaigns in Fig3-1. Contributions are
guantified by excluding regional emissions. At all levels, anthropogenic emissions explain more
than 90 % of BC concentrations, of which 56 % is contributed by eastern and southern Asia,
followed by Europe with aontribution of 19 %. Biomass burning is minor (~8 %) compared to
anthropogenic emissions in the contribution to springtime Arctic BC loadings, and the biomass
burning impact on the springtime Arctic almost exclusively originates from regions other than
North America. The relative contribution of anthropogenic emissions from each source region
varies with altitude, partly reflecting different transport pathways and scavenging efficiencies.
The influence of eastern and southern Asia increases considertdbbftitude, with a

contribution of 66 % between 40000 hPa and 46 % between 3QM00 hPa, because

transport from midatitudes follows isentropic surfaces that slope upward toward the middle or
upper troposphere in the Arctiklbnecki et al., 2003)in contrast, the influence of northern

Asia decreases rapidly with altitude by a éaaif 10 from the surface to 46000 hPa, reflecting
transport from sufficiently cold regions along the {ewvel isentropic surfaces into the Arctic

and direct transport within the polar dofkdonecki et al., 20035tohl, 2006) The impact of

Europe is roughly uniform throughout the troposphere, suggesting bothaifdtre pathways

are possible.
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Figure 3-7: Top left: mean spring B@ertical profiles from flight measurements and simulations that are -culded to
anthropogenic sources from regions defined in Bid. and biomass burning sources from North America and the rest of the
world. Flight measurements and error bars are the same as irBfgSimulated vertical profiles of BC are taken coincidently
with flight measurements. Numbers along theig represet the number of measurements in each pressure bin. Top right:
annual mean vertical profile of BC for the entire Arctic from simulations that are-colded to source region€oncentrations
are all presented at STP. Bottom: regional contributions birtnegressure.

The gas flaring contribution to the springtime vertical BC concentration is shown as the red
shading in Fig3-5. The contribution decreases with altitude from ~20 % near the surface to <
10 % above 800 hPa because flaring occurs almost exclusively below 2 Ki&tald.et al.,
2013)and because the hightitude sources of flaring limit isentropic lifting in the polar dome
(Stohl, 2006).

Figure3-7 (top right) shows the annual mean vertical contribution of anthropogenic emissions
from each source region andmdmass burning to Arctic BC. Anthropogenic emissions from
eastern and southern Asia (37 %) and biomass burning emissions (25 %) are major sources of

Arctic tropospheric BC, along with a substantial contribution (43 %) from anthropogenic
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emissions in norérn Asia near the surface (900 hPa). Unlike in spring, roughly half of
biomass burning BC originates from North America in the annual attribution. Compared to
springtime, the annual anthropogenic contribution from eastern and southern Asia isamdaller
that from northern Asia is substantially larger in the lower troposphere. This reflects that long
range transport from eastern and southern Asia is more favorable in spring due to warm
conveyor belts (Liu et al., 2015), and that proximal transpam fiorthern Asia is more efficient

in winter owing to the extended Arctic front to the south of northern Asian sources (Stohl, 2006).

The dominant role of eastern and southern Asia in the middle troposphere is consistent with
Ikeda et al. (201 Avho studied the source attribution of Arctic BC using a tagged tracer method
in GEOSChem with the HTAP v2.2 emission inventory. The largest contribution from eastern
and southern Asia to Arctic BC burden in this study is also consisteniaitt al. (2013) and

Wang et al. (2014aHowever, some prior studies suggested that Europe had the largest
contribution to the Arctic BC burden (Stohl, 2006; Shindell et al., 2808ng et al., 2010Qb

Sharma et al2013). The difference likely arises from trends in anthropogenic emissions with
reductions from Europe and increases in eastern and southern Asia as discussed further below.

Figure3-8 shows the simulated source attribution of surface BC at Alert, BamdviNy

Alesund. For all stations, anthropogenic emissions from northern Asia, eastern and southern
Asia, and Europe are major contributors to high concentrations of BC in winter and early spring.
In summer, anthropogenic contributions decline rapidly whibenass burning predominantly

from North America becomes the primary source. At Alert and Barrow, the largest contributions
are anthropogenic emissions from northern Asia in winter (~50 %), and from eastern and
sourthern Asia in spring (~40 %). Barrow slsoa pronounced peak in summer, more than 90 %

of which is explained by biomass burning from North America. Atf\8sund, anthropogenic
emissions in Europe and northern Asia are significant sources of BC in winter and early spring

with a contribution of 30 % from each source.
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Figure 3-8: Monthly variation of BC surface concentrations at selected Arctic stations from measurements and simulations that
are colorcoded to anthropogenic sources from regions defined ir3Higand biomass burning sources from North America

and the rest of the world. The measured monthly mean concentrations of BC and error bars are the same as the best estimate of
surface BC concentrations in Fig-3. Simulated monthly concentrations are monévgrages of 2009, 2011 and 2015.

Numbers below the topakis denote the total number of weekly observations from all available instruments in each month.

Concentrations are all presented at STP.

The contributions from gas flaring to surface BC concépira are shown as the red shadings in
Fig. 3-3. Flaring accounts for ~25 % of concentrations in winter and spring and less than 5 % in
summer at all stations except dMyesund where flaring contributes 14 % of BC in summer. This

result is consistent witBtohl et al. (2013)vho studied the flaring contribution to surface BC

concentrations at Arctic stations usimhg FLEXPART model.

We also investigate the influence of international shipping from the HTAP v2 inventory for 2010
on Arctic surface BC concentrations, and found the contribution is less than 1 % at all stations

owing to the small magnitude of emissiorsl(% of total anthropogenic BC emissions globally
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and within the Arctic). This source is expected to increase by 16 % by(\0bther et al.,
2014)

Our source attribution of Arctic surface BC has consistencies with tiatabf and Hansen
(2005)who investigated the origins of Arctic BC using a general circulation model and found
that Russia, Europe and south Asia each accounted for-BD% of springtime surface BC.
However, some studi€¢e.g. Stohl, 206; Shindell et al., 2008; Gong et al., 2010; Sharma et al.,
2013)suggested lower contributions (< 10 %) from eastern and southern Asia and higher
contributions (> 30 %) from Europe than our results. The main difference is due to emission
trends suchhat our anthropogenic BC emissions from eastern and southern Asia are generally
30 % higher than those in earlier studies (8hgndell et al., 2008; Sharma et al., 20d3¢ to

rapid development since 2000 and that our anthropogenic BC emissions ie Brgdpalf those

in prior studies due to European emission controls.
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Figure 3-9: Contributions to Arctic BC column concentrations from changes in local emissions (as percent change in Arctic BC
column concentration per fréional change in emissions) in 2011. Local emissions include anthropogenic and biomass burning

emissions. The annual map is the average of contributions in January, April, July and September calculated with the adjoint

model.
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Figure3-9 shows the contribigins to Arctic BC column concentrations from changes in local
emissions in 2011 as calculated with the GEGfe#m adjoint. Pronounced seasonal variation

and spatial heterogeneity are found. Sources in January are strongly influenced by specific Asian
regiors including western Siberia, eastern China and the-Galogetic Plain, whereas sources in

other seasons are more widespread across Europe and North America. Several hotspots are found

in each season.

In January, oilfields in western Siberia have a tmgdact of 13 % on Arctic BC loadings, of

which 4.4 % is from the TimaRechora basin oilfield and 6.4 % from the West Siberia oilfields,
suggesting that the influence of western Siberia is comparable to the total influence of
continental Europe and Norfimerica (~ 6.5 % each in January). Considerable flaring emissions
(67 % of total flaring emissions north of 60° N in January) and close proximity to the Arctic
contribute to the substantial influence of these oilfields in western Siberia. Th&amdyetic

Plain also exhibits considerable impact (7.2 %) to the Arctic in January, reflecting the substantial
emissions there as shown in F3gl. In April, the influence of western Siberia decreases to

4.4 % with the northward retreat of the Arctic front. Intrast, contributions from emissions in
eastern China (25 %) and North America (8.2 %) are enhanced owing to the facilitated transport
of air masses from warm regions (e.g. the US and Asia) in sptiagégcki et al., 2003)

Emission contributions to Arctic BC loadings are generally weak in July, but the Tarim oilfield

in western China stanaait as the second most influential (3.2 %) grid cell to the Arctic, which

is comparable to the influence of half of continental Europe (6 %). The Tarim oilfield is located
in a high altitude (~1000 m) arid regiohiaklamakan DesértConsiderable flaring emissions,

less efficient wet scavenging and elevation all facilitate its large contribution to the Arctic. The
contribution from North America is the largest (13 %) in July, consistent agttemarkably

high BC loadings over highatitude North Americas shown in Fig3-6 (B3).

Annually, eastern China (15 %), western Siberia (6.5 %) and theGadgetic Plain (6.3 %)
have the largest impact on Arctic BC loadings, along with a noteworthy contribution from the
Tarim oilfield (2.6 %). At continental scales, eastern and southeeacasitributes 40 % to the
Arctic BC loadings. Northern Asia, North America and Europe each make a contribution of

~10 %, consistent with the vertical source attribution from sensitivity simulations i8-Fig.
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(right). BC emissions within the Arctic genblyacontribute less than 3 % of Arctic BC loadings

in all seasons except for January (5 %).

3.5 Conclusions

Airborne measurements of BC concentrations taken across the Arctic during the NETCARE
2015, the PAMARCMIP 2009 and the PAMARCMIP 2011 campaiglm)g with longterm
groundbased measurements of BC concentrations from three Arctic stations (Alert, Barrow and
Ny-Alesund) were interpreted with the GE@®em chemical transport model and its adjoint to
guantify the sources of Arctic BC. Measuremensnfmultiple BC instruments (rBC, EC, EBC)
were examined to quantify Arctic BC concentrations. We relied on rBC and EC measurements,
and on EBC inferred from PSAP absorption measurements with a MAC calibrated to rBC and
EC measurements. The new rBC measergmat Alert differed by up to a factor of 2 from
commonly used measurements as discussed by Sharma et al. (2017) and played a major role in
our ability to simulate observations at Alert. Our simulations with the addition of seasonally
varying domestic regting and of gas flaring emissions were consistent with grbasdd
measurements of the BC concentrations at Alert and Barrow in winter and spring (rRMSE <

13 %), and represented airborne measurements of BC vertical profile across the Arctic (rRMSE
=17 9%, yet underestimated an enhancement of BC concentrations betwe@d®bBa that

was affected by several plumes near Alert, Barrow andNgund. The weaker biomass

burning influences on the airborne measurements used here than in prior ARCTAS and
ARCPAC campaigns facilitated our interpretation for anthropogenic source attribution.

Sensitivity simulations with the GE@Shem model were conducted to assess the contribution of
geographic sources to Arctic BC. The Arctic tropospheric BC burden was preddsnina

affected by anthropogenic emissions from eastern and southern Asia (56 % in spring and 37 %
annually from 1000 hPa to 400 hPa) with larger contributions aloft (66 % in spring and 57 %
annually between 40000 hPa) than near the surface (46% in spaimd)20 % annually below

900 hPa), reflecting lorgange transport in the middle troposphere. Anthropogenic emissions
from northern Asia had considerable contributions in the lower troposphere (27 % in spring and
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43 % annually below 900 hPa) due to Hawvd proximal transport. Biomass burning contributed
25 % to the annual BC burden.

Surface BC was largely influenced by anthropogenic emissions from northern Asia ( > 50 %) in
winter and eastern and southern Asia in spring (~ 40 %) at both Alert and Bancbfwom

Europe (~ 30 %) and northern Asia (~ 30 %) atMNgsund in winter and early spring. Biomass
burning, primarily from North America, was the most important contributor to surface BC at all

stations in summer, especially at Barrow.

Our adjoint simtations indicated pronounced spatial and seasonal heterogeneity in the
contribution of emissions to Arctic BC column concentrations. Eastern China (15 %) and
western Siberia (6.5 %) had a noteworthy influence on Arctic BC loadings on an annual average.
Emissions from as far south as the If@angetic Plain also had a considerable influence (6.3 %)
on the Arctic annually. The Tarim oilfield stood out as the second most influential grid cell with
an annual contribution of 2.6 %. Gas flaring emissions frofielois in western Siberia had a

striking impact (13 %) on the Arctic BC burden in January, which was comparable to the total

impact of continental Europe and North America (6.5 % each in January).

The increasing BC fraction from eastern and southernadiagher altitudes could have

significant implications for Arctic warming by extending the trend in increasing BC radiative
forcing efficiency found by Breider et al. (2017) driven by strong increase with altitude of the
direct radiative forcing of B@Zarzycki and Bond, 2010; Samset and Myhre, 2015)

Furthermore, anthropogenic emissions of BC in southern Asia are projected to increase under
several IPCC scenari¢Streets et al., 2004; Bond et al., 20I@)eclimate implications of BC
emissions within the Arctic are concerning given their disproportionate warming effects and the
potential for increasing Arctic shipping activity as ice cover declines (Sand et al., 2013). The
considerable impact of emissionsrft China and Ind@angetic Plain on the Arctic deserves
further investigation. Additional work to reconcile the different BC mass concentrations
measured by different instruments would be valuable to reduce uncertainties in BC studies not

only in the Arctt but also globally.
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41  Abstract

A representation of trace metal distributions can inform sources gbditieulate matter (Pb%)

and can facilitate assessments of:RBiklated health effect®Ve present a simulation of 12 trace
metals: Si, Ca, Al, Fe, Ti, Mn, K, Mg, As, Cd, Ni and Pb over continental North America for

2013 using the GEOShem chemical trasport model. Evaluation of modeled trace metal
concentrations with observations from more than 200 monitors across North America indicates a
promising spatial consistency within a factor of 2. Elements with mostly crustal origins (Si, Ca,
Al, Fe, Ti, Mn)show high concentrations over the central and southwestern US due to
anthropogenic fugitive dust (AFD) and mineral dust, respectively. Heavy metals (As, Cd, Ni and
Pb) are abundant over the eastern US where stack emissions from power plants are censiderabl
Enhanced concentrations of Mg are observed along the coastline as contributed by sea spray

aerosol. K is high over the southeastern US due to biomass burning.

Biases remain in the modeled distributions of trace metals compared to observations. Mostly
crustal elements are biased high over the central US due to an overestimation of AFD emissions.
Decreasing AFD emissions by 50% reduces the error of modeled crustal element concentrations
with observations, especially for Si, Al and Ti with a reductiorrioreby about 15%. However,
reducing AFD emissiagenerally increases the bias of crustal elements between the simulation
and observations, due to a pronounced underestimation over the southwestern US. Heavy metals
are largely biased low (45987%), postbly indicating an underestimated magnitude of stack

emissions from power plants.
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Based on our simulation over North America, K and Nisageificantlycorrelated with Pls
(r>0.7) and black carbon (BC; r= 0.8 for both) annually. Pigsificantly corelatedwith PM, 5
(r=0.7) and BC (r= 0.8) in winter, but not in summer (r<=0), highlighting the importance of
stack emission® PMbsin winter. K issignificantlycorrelated with Ps, organics and BC in

summer (r=0.9 for all), driven by biomassrning sources of Ppin summer.

4.2 Introduction

Metals are important components of airborne fine particulate matters{Wth concentraons
ranging fromabout 206 of PM2.s massfor crustal metals (i.e., Si and Al) to less thandf%

PM2 s massfor heavy metalgi.e., As and PpSnider et al., 2016Metalsare toxic and

carcinogenic to humans, making tiaignificant contributors to adverse health effects
associated with Pk (Burnett et al., 2000; Ostro et al., 2007; Bell et al., 2013; Lippmann, 2014;
Krall et al., 2016) Through atmospheric deposition, airborne metals are transferred to the
surface posing a potential threat to soil and marine environs(®&#gajyoti et al., 2010; Nriagu
and Pacyna, 1988 herefore, representation of trace metal surface concentrations and

atmospheric deposition is needed to evaluate their impact on human health emdrtirenent.

Trace metals have both natural and anthropogenic sources. Natural sources incltidewnnd
mineral dus{Prospero et al., 2002)iomass burning for potassiuid; Pachon et al., 2013nd
sea spray aerosol primarily foragnesium (Mg)calcium Ca), and K Galter et al., 2016)
Anthropogenic fugitive dust (AFD; Tegen et al., 1996) and industrial comb{Stemyna and
Pacyna, 2001are primary anthropogenic saes. Other minor anthropogenic sources include
vehicles(Khodeir et al., 2012and agricultural fire¢Li et al., 2017)Due to their signature
sources,race metals are useful for identifying PdsourcesFor exampleK is commonly used
as a marker of wood burnirf@anner et al., 2001; Pachon et al., 20E}¥ments with mostly
crustal origins such as silicon (S9a,aluminum (Al), iron (Fe)manganese (Mn) and titanium
(Ti) can indicate mineral dust sourd€hang et al., 2017; Khodeir et al., 201Z4¢avy metals
are associated witihhdustrial canbustion, such as nickel (Ni) from oil combusti@kuda et al.,
2007; Thomaidis et al., 2003rsenic (As) and lead (Pb) from coal combus{gmmblecombe,
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1979; Chang et al., 2017)hus a representation of trace metal distributions can provide valuable

information about PMs sources.

Due to heterogeneous emission sources and short atmospheric lifetimes (days), teatb®rne
metals exhibit strong spatial heterogeneity. For example, surface concentrations for heavy metals
can vary by several orders of magnitude from urban regions to ruraléreltare et al., 2004;

Kim et al., 2002; Venter et al., 2017Mhus, a robust representation of trace metal spatial
distributions remains challenging. Nonetheless, recent developments of chemical transport
models are promisindgdutzell and Luecken (2008eveloped the first simulation of five metals
(Pb, Mn, Cd, Ni and Cr) over the United States by using the Community Multiscale Air Quality
(CMAQ) model.Dore et al. (20149leveloped a simulation of 9 heavy metals (As, Cd, Cr, Cu,

Pb, Ni, Zn, Se, Hg) over the United Kingdom by usamgatmospheric transport model
(FRAME-HM). Both studies found a significant underestimation of modeled metal
concentrations and attributed the bias primary to missing-blman dust sources and
underestimated anthropogenic emissidympel et al. (201Bfurther developed the simulation by
including anthropogenic fugitive dust (AFD) and naturally wirddwn dust sources and

presented a simulation of 8 mostly crustal elements (Al, Ca, Fe, K, Mg, Mn, Si and Ti) over the
United States by using the CMAQ model. Thipund a pronounced overestimation (40%

190%) in the simulatior\Vai et al. (2016§eveloped a global simulation of As with the GEOS
Chem model and found a general consistency with observations worldwide and a bias within a

factor of 3 over the United States.

Building upon recent developments of the Naaiohir Toxic Assessment (NATA) inventory

over North Americdor 2011 (https://www.epa.gov/natiorair-toxicsassessment/204data
assessmerfresults), we present an initial simulation of 12 tra@atats overcontinental North

America at a fine molutionof 0.25 ° x 0.3T using the GEO£hem chemical transport model.

The 12 trace metals include 6 mostly crustal elements: Si, Ca, Al, Fe, Mn and Ti; 4 heavy metals:
As, Cd, Ni, and Pb; and 2 other metals: K and Blkgction 2 describes model simulations

developed in this study. Section 3 elaborates the observations of trace metals for model

evaluation. Section 4 presents surface concentrations and wet deposition of trace metals, along
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with correlations between traceetals and PlMs. Section 5 provides the implicati®af this

study.

4.3 Simulation development

We use the nested GE&@3hem global chemical transport model (versior01iwww.geos
chem.org) to simulate trace metals, Bnd its major components over NoAmerica for
2013.

The simulation of trace metals from anthropogenic soyfasion 4.3.1)s based on a nested
passive species simulation over North America (60280°W, 9.75°NI60°N) at 0.25° x 0.3125°
horizontal resolution with 47 vertical levels (1013.25 WRe01 hPa) driven by assimilated
meteorological data from the Goddard Earth Obsgr@ystem (GEO$P) of the NASA

Modeling and Assimilation Office (GMAO). The model is initialized with an arbitrary small
concentration for all elements. A simulation that is initialized with annual median concentrations

by elemenfrom observations ig progress

The simulation of trace metals from natural souf&estion 4.3.2)s based on the simulation of
PM:zsand its chemical composition that is nested over the same domain in North America at 0.5°
x 0.625° horizontal resolution with the same iaidtlevels driven by assimilated meteorological

data from the Moderkra Retrospective analysis for Research and Applications, Version 2
(MERRA-2). A simulation driven by the GEGSP meteorological data at 0.25° x 0.3125°

resolution is under developmentrmatch the simulation from anthropogenic sources.
Boundary conditions for the nested domain is provided by a global simulation at 4° x 5° spatial
resolution(Wang et al., 2004We spin up the model for 1 month before any simulations to

remove the effects of initi@monditions on simulations.

4.3.1 The simulation of trace metals from anthropogenic sources
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Trace metals from anthropogenic sources are simulated by building upon the passive species
simulation of GEOSChem. We develop the passive species simulation hereltmlé
anthropogenic emissions of 12 trace metals based on the NATA2011 inventory, along with
sectoral emision factors from the National Emissianvéntory (NEIl)for 2011, since NEI and
NATA annual total emissionfer each metafor 2011 are nearly identat(<1% difference)A

simulation that includes anthropogenic metal emissions over Canada is under development.

FigureA4-1 showsanthropogenic metal emissioimsthe NATA2011 inventory. Anthropogenic
metal emissionBave5 major sectors: AFD, power plants, anthropogenic fires, mobile sources
and stack emissions. For mostly crustal elements, AFD contributes about 50% of their annual
total anthropogenic emissions. For Mg, AFD accounts for 40% of its anthropogenic emissions,
along with another 20% from mobile sources. Anthropogenic K has large contributions from
AFD (40%) and no#point (30%) sourcefeff et al. (2009jound thataluminum processing,

iron and steel production ameajor nonpoint source of anthropogenic K, with coributions of

10% and 21%, respeeely. In contrast to these metals, heavy metalnarnily arise from stack
emissions that account for more than 55% of their total anthropogenic emissions.

As will be discussed in Section54AFD emissionsn NATA2011 have been largely
overestimated. We thereby reduce AFD emissions by 50% in our simulations to better represent
observations. Simulations without AFD reductions are shoveppendix

We assume and parameterize all trace elements to undergo the same dvgtdeposition
processes as they are for mineral dust. A detailed description of deposition schemes of mineral
dust can be found iBey et al. (200LandLiu et al. (2001with updates fronfrisher et al.

(2011), Wang et al. (2011) and Wang et al. (20Thg precise scavenging treatment remains
uncertain du¢o considerable variations in metal fractional solubil#ghroth et al., 2009)

However, our simulated metal surface concentrations and atmospheric deposition are nearly
identical (R>0.96) if they are scavenged with high solubility as sulfate or with low solubility as

mineral dust.
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4.3.2 The simulation of trace metals from natural sources

The simulation of mineral dust follows the Dust Entrainment and Deposition (DEAD)
mobilization schem(Zender et al., 2003rombined with a topographic source funct@mnoux
et al., 2001; Cm et al., 2002as described iRairlie et al. (2007)and an optimized dust particle
size distribution as described4ihang et al. (2013)lable4-1 shows the mass fractions of trace
metals in mineral dust based on measurements for2005 at Phoenix, Arizona by the
Interagency Monitoring of Protect&dsual Environments (IMPROVE;

http://views.cira.colostate.edu/fedvgtwork. Cd measurements are not used here since more than

half of Cd measurements are belthe minimum detection limit (hg m3; Solomon et al.,
2014) Instead, we assume the mass fraction of Cd in mineral dust is about 10% of that of As
(Nriagu and Pacyna, 1988)jhe mass fractions are applied across the USitoasttrace metal

concentrations contributed by mineral dust.

Table4-1: Mass factions of mediantrace metal concentrations fine mineral dust based on
measurements at Phoenix, AZ, USA by the IMPROVE network fo122085

Si Fe Al Ca K Mg Ti Mn Pb Ni As Cd
15% 7.5% 5.4% 5.4% 4.1% 1.5% 0.52% 0.15% 0.07% 0.01% 0.007% 0.0007%

The simulation of sea spray aerosol follalegglé et al. (2011We assume that sea spray
aerosol contains 4 % Mg, 1 % Ca, and 1 % K as us&dlier et al. (2016)

Biomass burning emissions for K are calculated from the Global Fire Emissions Database
version 4 inventoryGFED4; Randerson et al., 20189FED4 combines satellite information on
fire activity and vegetation productivity to estimate globally gridded monthly burned area
(including small fires) and fire emissions, and then apply emission factors to calculate specific
aerosol emissions. Tabde2 shows the emission factors for K from various vegetation types as
used in our simulation. These emission factors are basaddreae and Merlet (209 and

Akagi et al. (2011ps used for GFED4. When emission factors are given as a range or multiple
emission factors are found, we take the mean. Emission factors for K from peat anchdioodla

were not available. Wassumehe emission factors for K fro peat and woodland as half that of
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BC used in GFEDA4, which is generally true for the other vegetation types.

Table4-2: Emission factors for potassium (K) from various types of biomass burning.

Emission factorg References
(9/k9)
Agricultural waste | 0.28 Andreae and Merlet (2001
Deforestation 0.29 GFED4 Akagi et al., 2011
Extratropical forest | 0.25 Andreae and Merlet (2001
Peat 0.28 Half of BC emission factorgn GFED4
(Akagi et al., 2011
Savanna 0.23 GFED4 Akagi et al., 2011
Woodland 0.28 Half of BC emission factorsn GFED4
(Akagi et al., 2011

4.3.3 The simulation of PMz.sand its chemical composition

PM:2sis simulated with the standard GE@&em that includes a fully coupled treatment of
oxidantaerosol chemistr{Bey et al., 2001; Park et al., 20@ith carbaaceous aeros@Parket
al., 2003) sea salfJaeglé et al., 2011nineral dus{Fairlie et al., 2007)secondary inorganic
aercsol (Park et al., 2004and secondary organic aerosol (S®Ae ¢ al., 2010. We implement
the additional SOA formation from aqueepisase isoprene uptake followiMparaiset al.
(2016) Gasaerosol phase partitioning is simulated using the ISORROPIA Il thermodynamic
schemgFountoukis and Nenes, 200Aerosol uptake of pOs is given byEvans and Jacob,
(2005) HNOs concentrations are reduced followiHgald et al. (2012)Aerosol optics affect
photolysis rates as describedMugrtin et al. (2003yvith updates on aerosol size distribution
(Drury et al. 2010Q)dust opticsRidley et al. 2012and brown carborHammer et al. 2016Pry
and wet deposition scheme is describeBewy et al. (200LandLiu et al. (2001with updates
from Fisher et al. (2011), Wang et al. (2011) and Wang et al. (2Qtganic carbon (OC) is
conveted to particulate organic mass (OM) followiRgilip et al. (2014)We calculate ground

level PMb s at 35% relative humidity to follow common measuegrinprotocols.
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Anthropogenic emissions are based on the NEI 2011 for the United Qtateis et al., 2016)
and the Criteria Air Contaminants (CAC) inventory for Can@dzhns et al., 2005Non
anthropogenic emissions include biomass burning emissions (GRaDdgrson et al., 2015)
biogenic emissions (MEGANGuenther et al., 201230il NOx(Wang et al., 1998; Yienger and
Levy, 1995) lightning NOx (Murray et al., 2012), aircraft N@Stettler et al., 2011; Wang et al.,
1998) ship SQ (Lee et al., 2011and volcanic S@emissiongFisher et al., 2011)

4.4 Ground-based measurements of trace metals and Pldlover North America

4.4.1 Ambient surfaceconcentrations

We collect measurements of the twelve trace metals (Si, Ca, Al, Fe, Mn, Ti, K, Mg, As, Cd, Ni
and PDb), dust and PMfrom IMPROVE (Malm et al., 2011and Chemical Speciation Network
(CSN; http:/lwww. epa.gov/ttnamtil/speciepg.html) over the United States for220®5 and

from National Air Pollution Surveillance (NAPS; http://www.ec.gc.ca/raspps/) program over
Canada for 2002015. The IMPROVE netork consisted of 167 sites primarily located in rural
areas such as national parks in the western UnitecsSTée CSN network consisted of 182

sites primarily located in urban areas in the eastern United States. There are 14 sites available
from NAPS.

IMPROVE and CSNneasure PMs by federal reference method (FRM) samglalm et al.,
2011) NAPS measures PMby dichotomous sampler and supplementary FRM sam{iiaisirneau
et al, 2016) All the three networks collect PN\ samples for 24 hours every third day and
analyze trace elements in RdMsamples with xay fluorescence (XRH)abekZlotorzynska et
al., 2011;RTI, 2009)

For CSN measurements, we remove all indaissites to better represent ambient conditions.
For both CSN andMPROVE networks, only sites witdt least 75% of the scheduled sample
days per season conteig valid records are retained for developing annual averages. These

filters remove about 30%f measurements.
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Dust in PM sincluding naturally windblown mineral dust and anthropogenic windblown dust is
not directly measured by these networks. Following equation (1) developédiioyet al.

(1994) we calculate dust concentrations based on trace metal concentrations measured by
IMPROVE, CSN and NAPS.

Dust = (2.20xAl) + (2.49xSi) £1.63xCa) + (2.42xFe) + (1.94xTi) (1)

Simulated anthropogenic dust concentrations are also calculated from simulated anthropogenic

metal concentrations following equation (1).

4.4.2 Wet deposition fluxes

Measurements of Mg, K and Ca wet deposition fluxes are collected from the National
Atmospheric Deposition Program (NADP; http://nadp.slh.wisc.edu/NTN/) over the United States
for 20102016.A total of 266 sites from NADP argsedin this study. NADP colles

precipitation samples in a AerochemMetrics Wey Collector on a weekly basis. Precipitation
depths are measured in a Belfort recording rain gaugé’, Mgand C4" ions in precipitation
samples are analyzed by Inductively Coupled Pla®pitacal Emisgon Spectroscopy (IG®ES;
Vermette et al., 1995)on concentrations in precipitation are then converted to precipiation

weighted deposition fluxes.

45 Results and discussion

Figure4-1 showsannual median trace metal concentrations over North America for 2013 with
AFD emissions reduced by 50%. The observed spatial distribution of trace metalsskiuibg
heterogeneity, reflecting various emission sources. Mostly crustal elements arenhbuedéhe
southwestern US, whereas heavy metals that primarily arise from industrial activities are
abundant over the eastern US. Mg exhibits enhanced concentrations over the oceans and coast
due to contributions from sea spray aerosol. Crustal elethawesgreater concentrations than

heavy metals by about 3 orders of magnitude. Measurements across the US indicate that Si has

the highest annual concentration of 86 ngiamong all the mostly crustal elements, followed by
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Ca (35 ng i) and Fe (35 ng i). Heavy metals are typically below 1 ng®nAll these features

are generally represented in the simulated distributions, yet mushdurement discrepaasi

are found. Compared to Fig. A4that shows results without the reduction of AFD emissions,
the owerestimation of crustal elements over the central US are largely corrected and errors in
modeled estimates are generally reduced in4-ig.especially for Si, Al and Ti (NME reduced

by about 15%). However, the reduction of AFD emissions ind-Iiggeneally amplifies the
negative biases of modeled crustal elemententrations compared to Fig. 4 This is due to

an underestimation over the southwestern US. Since southwestern US is frequently affected by
locally generated windblown du@€avouras et al., 2009)he underestimation possibly arises
from a lack of sukgrid dust generation processes such as convective dust storms in the model
(Foroutan et al., 2017Heavy metal concentrations show large negative bias. As and Pb are
biased low all over the US [about 80%likely implying an underestimatioof sourcesNi is

overall underestimated by %&§ but interestingly exhibits a shgoverestimation over the

majority of the eastern US. K and Mg are well represented by the model with bi&8esnd

11%, respectivelyPM.s mass concentrations are well represented with the lowest NME.
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Figure 4-1: Annual median trace metal, dust and RMoncentrations over North America. Background
colors are simulated concentrations for 2013 at 0.25° x 0.3125° resolution, with contributions from

mineral dust, sea salt and biomass burning that are interpolated dreimulation at 0.5° x 0.625°
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resolution. Anthropogenic fugitive dust (AFD) emissions are reduced by 50% in the simulation. Filled
circles aremedianobservations from the IMPROVE, the CSN and the NAPS networks fe2Q0B5

Observations of Cd are exded because more than half of its measurements are below the minimum
detection limit (24 ng ). Dust includes natural and anthropogenic windblown mineral dust. Statistics

are normalized mean bias (NMB) and normalized mean error (NME).

Similar discrepanes between simulations and observations have also been found in other
studiesHutzell and Luecken (2008)mulated Pb, Mn, Cd, As and Cr over the United States by
using the CMAQ model with the NEI 1999 emission inventory, and found an underestimation of
about a faar of 2 in modeled metal concentrations. A large underestimation of heavy metals
was also presented Dore et al. (2014in their simulation over the United Kingdom by an
atmospheric transport model (FRAMEM). Our As modelobservation consistency (within a
factor of 2) is slightly better than thatWiai et al. (2016jvho found a factor of 3 difference in
their simulation of As by using the GE&@3hem modeWwith NATA 1999 emissions over the
United StatesAppel et al. (2013jound an overall overestimation of K, Mg and crustal elements
by 30%- 190% over the United States by using the CMAQ model with the NEI2005 emission
inventory. Our simulation without reducing AFD by 50% also exhibits an overestimation (<

50%) ofthese elements, whigklargely corrected with the reduction of AFD emissions.

Figure4-2 shows annual mean precipitatimeighted wet deposition fluxes of Mg, K and Ca for
2013 with AFD emissions reduced by 50%. Observed fluxes exhibit different spatial distribution
for Mg, K and Ca, reflecting their different emission sources. Mg and Kdlaxe abundant

along the east coast since sea spray aerosol is one of their major sources. Considerable wood
combustion and agricultural burning over the eastern US also contribute to enhanced K in
precipitation. Ca wet deposition is the largest overctrgral US. These spatial features in
observations are generally represented in the simulation, ygnhth&tionlargely

underestimatethe magnitude by more than 80%, larger than the model bias for gieeid
concentrations (< 25%) for these metalskewn in Fig4-1. The underestimation is not
associated with reduced AFD emissions stheelargs bias remaisin Fig. A4-3 in which AFD
emissions are not reducékhe underestimation is not due to precipitation in the simulation and

observation®ithe as their difference is minoNMB=6.7%for annual total precipitatignFor K
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and Mg, the bias is evident along the coastline. Restricting the rabgetvation comparison of
K and Ca to about 25 km away from the coasttediceshe magnitude of NMB ad NME by
about 5% Since mineral dust is an important source for all three elements (Fahléw
underestimation of dust aloft transported from SafRidiey et al., 2012Jnay explain the
pronounced negativi@as over theentral US for all three elemenGiven the large discrepancy
in wet deposition fluxes, &focus the remainder of our analysis on boundary layer

concentrations that are betsémulated.
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Figure 4-2: Annual mean precipitatieweighted wet deposition fluxes of trace metals. Background is the
simulated fluxes for 2013 at 0.25° x 0.3125° resolution, with contributions from mineral dust from all size
bins, sea salt and biomass burning that are interpolated from a simulation at 0.5° x 0.625° resolution.
AFD emissions are reduced by 50% in the simulation. Filled circles are mean observations from the
NADP network for 201:2016.

Table4-3 summarizes thieoundary layer budget of trace metals as simulated in the GEOS

Chem model for 2013. Anthropogenic emissions are the primary source for most metals, except
for K and Mg. K is primarily emitted from biomass burning that contributes to 98% of its
emissionsn North America Mineral dust and sea spray are major sources of Mg, accounting for
44% and 30% of its emissions, respectively. Wet and dry deposition are weighted evenly in the
removal of trace metals, except that Mg, K and Ca are mainly removed by wsitidep Table

4-3 also shows that a consicible amount of trace metaldriansported out of the continental

North Americawith implications forthemarine environmentMahowald et al., 2018)
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Table4-3: Boundary layer budget of trace metals over continedtath America (NA) in the GEGS
Chem simulation for 2013.

Emissions We-t- Dry- ) Export from theboundary layer of
deposition | deposition
Anthropogenic
Natural (Gg) Gg) (Gg) (Gog) continental NA (Gg)

Fe 32 35 6.4 7.2 54

Al 24 45 5.8 6.7 56

Ti 2.2 4.2 0.54 0.61 5.3

Mg 13 4.9 34 2.8 -19

K 9.3E+02 45 20 11 9.4E+02

Si 65 1.3E+02 17 19 1.6E+02

Ca 25 40 14 6.7 45

Mn 0.67 1.6 0.14 0.16 2.0

As 0.030 0.078 0.0077 0.0079 0.093

Cd 0.0030 0.02 0.0011 0.0011 0.021

Pb 0.30 0.53 0.06 0.061 0.71

Ni 0.059 0.34 0.028 0.024 0.35

*Number difference due to rounding

Figure4-3 shows concentration spatial correlations of trace metals witty BiM its major

components over North America. In the annual relationghip,highly correlated with Pk
(r=0.8), OM (r = 0.7) an®C (r=0.8), driven by biomass burning source of 2M he

correlation of Ni with PM;s (r=0.7) and BC (r=0.8) reflects thelationship of oil combustion

with PM2 s concentrations. The correlat®between trace metals and PNh winter aresimilar

to those annually, while their correlations with BC are more pronounced in winter. It is

interesting that Pb is highly correlated with BC in winter (r=0.9), but not in other seasons,

highlightingthe asociations of stack emission wR\. s in winter. Summeexhibits a

correlation near unityad K with PMz.5, BC and OMreflecting pronouncetliomass burning in

summer. The correlation between trace metals and dust igralein summeryreflecting he

contributionof dust sources to PMin summer.
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Figure 4-3: Annual and seasonal concentratigpatial correlations of trace metals with PMand its
major components over continental North America as simulated by the-GEE&S model. Trace metals

from bottom to top are in the order of their correlations with,BM

4.6 Implications

This work presents an initial simulation of 12 trace metals thescontinental North America
using the GEO€hem model. Our modeled trace metal concentrations and wet deposition
exhibit promising spatial consistency with observations from more than 200 monitors across
North America. These initial results illustratee potential for further development of a more
thorough and comprehensive trace metal simulation. Further improvement will benefit from
better understanding of the spatial distribution and the magnitude of emissions from AFD and
power plants. Investigain into the influence dbng-range transport afust on crustal element
deposition will help to understand the pronounced negative bias over the central US.
Observations of wet deposition for more metals especially toxic metals will not only better
constrain the simulation but will also be benefical $tudies on the impact of metal deposition
on soil and marine environment. The development of emissions of more metals such as zinc (Zn)
and vanadium (V) will be useful for source appointment ob Pahd for health effect studies.
Results from this workrovide valuable basis for further investigations into the health effects of
trace metals and P), and the effects of airborne metal deposition on marine and soill
environment.
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Figure Ad-3: Similar toFig. 4-2, but without reducing AFD emissions in the simulation.
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Chapter 5. Conclusions

51 Summary

PMz s is theleading environmental risk factor for the globarden of diseasevith a number of
adverse health effects associated with BC and metal compoB€tsomakes a considerable
contribution to Arctic warmingThusa strong understanding of atmospheric processes that

impact PM s and its chemical components are essential for health and climate related research.
This thesis presents results from three projects that show how satellite remote sensing, airborne
and grounebased measurements can be used in combination with a chemical transport model to
enhance our understanding of emissions, transport and depositior: &Rd/is chemical

components regionally and globally.

In Chapter 2, we estimated B¥and its chemial composition concentrations over eastern
China by using the GOCI AOD combined with the GECItem model. We applied additiain
cloud filters to GOCI AOD, which improved its agreement with grebhaged measurements
(MFB from 6.7% to-1.2%). The annual avages of GOGHerived and in sit measurements of
PM..s exhibit a significantcorrelation (f=0.66) with a slope close to unity (1)0 Monthly
averages of GOGderived PM s arewithin an error of 20%The GEOSChem simulation
revealed that SIA (S£, NOs, NHs") and OM were dominant components of G@gtived
PMz s throughout the year. NOhad a winter maximum due to its favorable formation at low
temperatures. OM increased by a factor of 2 in winter, primarily driven by biofuel emissions for
heating innorthern China. The populatiameighted GOClderived PM s for eastern China was
53.8 pg n, suggesting that ~400 million people in China live in regions with £M
concentrations exceeding the suggested 35 figynthe World Health Organization (WHO)Ai
Quality Interim TargetlL. Furtherdevelopment ol OCI cloud maskingsuch asonstraints from
temporal smoothrss as demonstrated in this wonkquld improve the accuracy aerosol
retrievals(Choi et al, 2018) The pronounced increase of SIA and OM inBW winter

warrants further studies on their sources and formation mechaf¥smt al., 2018)
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In Chapter 3, we interpreted the recent airborne and grbaseld measurements of Arctic BC

with the GEOSChem modeto understand geographical sources of Arctic BC. Our simulation
with the HTAP+flaring emissions best represented airborne and surface measurements of BC
concentrations in the Arctic (rRMSE < 20%), weiderestimated an enhanced BC concentration
between 50-700 hPa that was affected by several plumes near Alert, Barrow aAteslynd.

With these emissions, our simulation revealed dastern and southern Asia were primary

source of Arctic BC in the midtroposphere, contributing to more than 50% of BC between 400
700 hPa. Northern Asia was the largest source of surface BC in the Arctic with a contribution of
47% below 900 hPa. Biomass burning, primarily from North America, comgah25 % to the

annual BC burden and was a major reason for a BC enhancement in summer at surface level. Our
adjoint simulation showed that oilfields in western Siberia had a striking impact (13 %) on the
Arctic BC burden in January, which was comparablte total impact of continental Europe

and North America (6.5 % each in JanuaRgturework to reconcile the differences in BC
measurements by different instruments would be valuable to reduce uncertainties in BC studies
not only in the Arctic but atsglobally(Bond et al., 2013; Sharma et al., 2QF)rther

improvement on model simulation (i.e., wet scavenging) to better represent observatipns at
Alesundwill help understan@erosol processes in the Arcfitie onsiderable ifluenceof the

Indo-Gangeit Plainon the Arcticdeservesurther investigation

In Chapter 4, we presented an initial simulation of 12 trace metals s &Mr continental

North America by using the GE@Shem model. Our simulated trace metal concentratand

wet deposition show promising spatial consistency with observations from more than 200
monitors across North America. Mostly crustal elements (Si, Ca, Al, Fe, Ti and Mn) exhibited

high concentrations over the central and southwestern US duétomogenic fugitive dust and
mineral dust, respectively. Heavy metals (As, Cd, Ni and Pb) were abundant over the eastern US.
Mg concentrations were enhanced along the coastline due to contributions from sea salt aerosol.
K was high over the southeastern thi& to biomass burningurther development dnace

metal simulatios would benefit froma better understanding emissions from AFand power
plants(Appel et al., 2013; Dore et al., 2014)vestigation into the influence whg-range

transportdust on crustal element deposition will help to understand the negative bias over the
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central US. The developmentearissions of more metals such as zinc (Zn) and vanadium (V)

will be useful for identifying PMs sources.

5.2  Implications on Future Work

GOClderived PM s andits chemical compositionver eastern Chinarovidesa basisfor health
effect studie®f PMz 5. Given extraordinary high concentrations of 2\h winteras foundn

our studyhealth risks associated with daily and stitermexposure tahis level of pollutions
neeed Several studieBavesuggestedhat carbonaceous aerosoigyht bemore toxic than
othermajorPM. s components (i.e., nitrate, sulfate and dust partidleaemisto et al., 2008
Lelieveld etal., 2015. Given the considerable contribution of carbonaceous aerosolsze PM
mass annuallya detailed evaluation ebmpositionspecifichealth effects associated w5

IS necessary.

Sources of Arctic BGevealed in Chapter &fers areferencefor theassessment on climate
impact of BC andhe developmentf mitigation strategie?otentialenhancement gjositive
radiative forcing due ttargeArctic BC concentrations in the midopospheraeeds to be
assesseasincethe direct radiative forcing of Bbicreases with altitud&arzycki and Bond,

2010; Samset and Myhre, 201%he positiveforcing due to Arctic BC in the midroposphere
may be furtheenhanced witlthe projected increase of anthropogenic emissions from southern
Asia(Streets et al., 2004; Bond et al., 2QMhichwarrants a detaileevaluation Although
shipping emissions within the Arctic aminor in our study, the projected increasslmpping
activitieswithin the Arctic(Sand et al., 2013)eserves more attention\aghin-Arctic emissions

are likelyto havealargeradiativeforcing per emissiofSand et al., 2013 aw et al., 201Y.

The simulation ofirbornetrace metalsleveloped in this thespovidesan excitingopportunity
for studieson health and the environment impacts of particulate medglscific health effects of
metals in PMs need toassessedssome metals (i.e., Pb, As and Cd) eaecinogenicUsing
trace metalasindicators of PMs sources, the simulation of trace metadsalso facilitatethe
source attribution of Pk andsourcespecific health effect studies of BM(Huang et al.,
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2018) The simulation of trace metal depositiorttie ocears, soil and vegetation can be further
developed tdetterunderstandts impact on the ecosysteovera large temporal and spatial
scaleandtheimpact of a wide range of metalinding both nutrients (such as Fe) and toxic

heavy metalgMahowald et al., 2018)
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