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Abstract. A first regional asessment of the impact shipping emissions oair pollution in the Canadian Arctic and
northern regionsvas conducted in this study. Modeéinsilations were carried out oa limitedarea domain(at 15km
horizontal resolutiongentred over the Canadian Arctic, using the Environment and Climate CBaage a d didesair 0 n
guality forecast model (GENWACH), to investigate the contribution frothe marine shipping emissionser the Canadian
Arctic waters(at both present and projected future levels) to ambient concentrations of criteria pollutaftd {6) NO,,

and SQ), atmospherideposition of sulphur and nitrogen, atmospheric loading and deposition of black carbon in the Arctic.
Several model upgrades were introduced fiois study, including the treatment of dea in the dry deposition
parametdration chemical lateral boundary condit®mndthe inclusion of North American wildfire emissiorishe model

is shown to have similar skills in predicting ambient &d PM s concentrations in the Canadian Arctic and northern
regions as the current operational air quality forecast models in North America and Europe. In particular, the motkzl is able
simulate well the observed;@nd PM components at the CanadiaghhArctic site, Alert. The model assessment shows that

at the current (2010) leveArctic shipping emissions contribute to less than 1% of ambignb@rentration over the eastern
CanadianArctic and between 1 and% of ambient PMs concentration over the shimg channels. Arctic shipping
emissions make a much greater contributions to the ambieptaNeD SQ concentrations, at 10 50% and 20° 100 %,
respectively. At the projected 2030 businassisual(BAU) level, the impact of Arctic shipping emissions isgicted to
increase to up to 5% in ambieng €oncentration over a broad region of the Canadian Arctic andi t@®%6 in ambient

PM, s concentration over the shipping channels. In contrast, if emission controls such as the ones implemented in the currer
North American Emission Control AregNA ECA) are to be put in place over the Canadian Arctic waters, the impact of

shipping to ambient criteria pollutants would be significantly reduéex. example, with NAECA-like controls, the
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shipping contributions tpopulationweighted concentration of S@nd PM s would be brought down to below the current
level. The contribution ofCanadianArctic shipping to the atmospheric deposition of sulphur and nitrogen is small at the
current level, < 5%, but isxpected tdncrease to up to 20 for sulphur and 50% for nitrogamder the 2030 BAU scenario.

At the current levelCanadiamrctic shipping also makesnly smallcontributions to BC column loadirend BC deposition

< 0.1% on average and up to 2% locally overexasCanadian Arctifor the former, and between 0.1 and 0.5% over the
shipping channels for the lattéFhe impacts are again predicted to increaiséhe projected 2030 BAU levehrticularly

over the Baffin Island and Baffin Bay area in response to tbieged increase in ship traffic there, e.g., up to 15% on BC
column loading and locally exceeding 30% on BC depositiverall, he study indicates that shipping induced changes in
atmospheric composition and deposition are at regional to local spalisylarly in the Arctic). Climate feedbacks #énes

likely to act at these scales climate impact assessments will require modelling undertaken at much finer resolutions than

those used in the existing radiative forcing and climate imgesgssments.

1 Introduction

Unprecedented rates of warming are increasing the navigability of the Arctic Ocean and, subsequently, rendering this regior
accessibled increasing resource exploitation and tlevelopment that goes along with thdver thepast several decades

the extent ofArctic seaice has decling Therate ofdeclineof late summer seige cover has begparticularlyrapid since

the beginning of this centulg.g., Serreze et al., 2007). The latest climate nmgidellatiors predict tlt theretreat ofArctic

seaice will continue throughout the 2kentury, and that an ideee Arctic oceanin late summertime may be realisegd b
mid-to-late this century (Wang and Overland, 2009¢Bbal., 2009).The declir in Arctic seaice hasraised the prospect

of increasedArctic shippingactivities and the potential use of new transit routes, such as the Northern Sea Route, the
Northwest Passage, and the Tr&wmdar Route (e.g., Stephenson et al.,2Melia et al., 2016)Pizzolato et al(2016)
conducted a coupled spatial analysis between shipping activity and sea ice using observations in the Canadian Arctic ove
the 19902015 period, and founthat there has been an increase in shipping activities in Hudson Strait, Beaufort Sea, Baffin
Bay, and regions in the southern route of the Northwest Passage, and that the increases in shipping activity are significantl
correlated with the reductions in sea ice concentration in these regions.

Shippingis an important source ofirapollutants Emissions of exhaust gases and particles from oegaing ships contain

carbon dioxide (Cg), nitrogen oxides (N¢), carbon monoxide (CO), volatile organic compounds (VOC), sulfur dioxide
(SO,), particulate sulfate (S black carbon (BC), and particulate argc matter (OM).These pollutants lead tthe
production of ozone (§ and fine particulate matter (e.g., P§ the latter primarily through oxidation of S©and
formation/productionof sulphate (Sg) particles, which degradair quality. At the sameime, O; and SO, resulting from

ship emissionsalorg with CO, and BCdirectly emitted from shippingrealsoclimate forcing agents whiotan impacthe

radiative balance through either direct or indirect effect. Shipping emissions also contributdapadsion of nitrogen (N)

and sulphur (S) which campact ecosystems througitidification and eutrophicatioiRecent studiehavesuggested that
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around 15% and-8% of all global anthropogenic emissions of Nfdd SQ, respectively, are froraceangoing ships (e.g.,
Corbett and Kohler, 2003; Eyring et al., 2@D5As most of the ship emissions occur within 400 km of coastlithés,
primarily contributs to air pollution in coastahrea (e.g.,Eyring et al, 2010; Viana et al., 2014; Aulinget al., 2016;
Aksoyoglu et al., 2016)However, these emissionan be transported hundreds of kilometwwnwind and impact a much
broader region (e.g., Eyring et,a2010; Aulinger et al., 2016Although Arctic marine shipping currently accosifior a
small percentagef global shipping emissions, inakes a proportionally bigger impact on t environmentthan does
shipping atower latitudesdue to thegenerallypristine Arctic backgroundparticularly in the Canadian Arctic Archipelago
Furthermorethe lower tropospherén the Arcticis more isolated during summevhich isalso the Arctic shipping season
due totheretreatingArctic dome,giving rise tomuch slower transpodf pollutants from lower latitudesnd more efficient
removal process (Law and Stohl, 2007; Stohl, 2006Local sources of air pollutigrsuch as shippingplay a more
important rolen determining air quality in this regiaturing this time

A number ofstudies assessing the impactAwttic shippng emissions have beeonducte in recent years.Based on the
high-growth scenarigrojection of Eyring et al. (2005b) on future international shipping emissions (to year 2050), assuming
a fraction of the increase would occur in the Arctic, Granier et al. (2006) predintattrease in Arctic surface ;0
concentrationby a factor of 2 to 3due to the increase in ship N@&mission. Jdemark et al. (201Bpkedinto shortlived
climate forcers fronturrent shipping and petroleum activities in the Arctic based on inventonetoded by Peters et al.
(2011) and found that radiative forcing from shipping emissions is dominatekelmirect and indirect effestof sulphate
from SQ, emissions during shipping season. The overall effech shippingon radiative forcing is negae. Dalsgren et
al. (2013) assesdthe changes in surface concentrations ob,N®, SQ,, BC, andorganic carbon@C) betwee year 2004
and 2030, based on the Arctic shipping inventories developed by Corbett et al. (201D),takdeiinto account Arctic
shipping growth, possible emission contnobasures, and the opening of diversion rotaeshipping in the Arctic due to
the expected melting of sea ice. Based on the same inventories of Corbett et al B26d8E et al. (2013hvestigaed the
impactof Arctic shippingon BC deposition at high latitudes, and found that the overall impact from Arctic shipping to total
BC deposition remains low. Thieesults show thafrctic shipping contributea maximum ofL.9%to the total annuaBC
deposition north 060°N at present leveland a maximum 05% at 2050 leved under a higilgrowth scenarioMost of these
assessmentsere conductedising global models at coarse resolutions (e.g., 2.8° x 218%. recent studpn crosspolar
transmrt and scavenging of Siberian aerosols, Raut et al. (2017) found that the model simulation atr haozostal
resolution {.e., 100 km instead of 40 km) was unable to resolve plume strisctienesported across the polar region in
summer. The modelgsformed much betteait simulating the crospolar transport and processinging a finer horizontal
resolution (40 km)At a regional scale, Marelle et al. (2016) used model simulations-mmnl®solution to estimate the
regional impacts of shipping pation in northern Norway during a 4day period in July 2012 when an aircraft
measurementampaign was conducted to characterize pollution originating from shipping and other local sbueaes.
estimateof the impact of shipping emissi@on O; production oveithe Norwegian coast was considerably lower than the

estimate of @demark et al. (2012) which was based on model simulation at a much coarser resolution (2.8° x 2.8°). The
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authors attributed thdifference in estimated impact, at least imtp# the nodinear effects associated with the unrealistic
instant dilution of ship N@emissions in global models run at coarse resolutipasgticularly under pristine background
conditions as found in Vinken et al. (2011).

In this study, we assedhe impactof emissions from marine shippingn the Canadian Arcticusing an ofine
comprehensivair quality forecast model (GEWWIACH) configured for the Arctic at £&m resolution. Adetailed baseline
emission inventoryor shipssailingin Canadian warswasdeveloped utilizing vessel movement data for 2010 supplied by
the Canadian Coast Guard (CCG) addivity-basedemissions factorsProjections ofCanadian Arcticmarine shipping
emissions to a future year (2030) were made based on two scemmE®ssasusual andemission controls (a.k.a.,
controlled). Malel simulationsfor the Arctic shipping seasowere carried oytwith and without the marine shipping
emissions over the Canadiafrctic waters, at both the current (2010 baseline) and futpeojected) levels. The
contributions fromCanadianArctic shipping emissions to ambient concentrations of criteria pollu¢@atM, 5, NO,, and
S0O,), total SandN depositionandBC loading and deposition were assessed in the context of their reteteaair quality,
local ecosysterg and climate. In the followingections we will describe the Canadian shippiegiissioninventories
(Section 2) and thenodeling systemand simulation setup €8tion 3).An evaluationof the 2010 baseline simulation agat
available observations is presented in Sectiandthe assessment of the impact of the Arctic shipping emissions in Section
5. We will endwith conclusions in Section 6.

2 The 2010Canadian national marine shipping inventory, Arctic shipping activities (current and projections)

The 2010 Canadian national marine shippiegnissioninventory used for this study was generated by using a Marine
Emission Inventory Tool (MEIT) developetbr Environment and Climate Change Canada (ECQ&YC-Lavalin
Environment 2012) The inventory includes all commercial marine vessel classes tracked by the Canadian Coast Guard
(CCG) within Canadianwaters, as well as small commercial craft such as ferries, tugboats and fishing vessels. All coastal
area as well as liand rivers and lakes are included in the inventory. The basis for the inventory is movement data as logged
in the Information System on Marine Navigation (INNAV) for eastern Canada and the Arctic and the Vessel Traffic
Operator Support System (VTOSS) thgtn CG Vessel Traffic Services (VT&)r the west coastiNNAYV data for 2010 is
representative of all oceangoing vessel (OGV) movements, whereas data gaps exist in the 2010 VTOSS dataset. In additio
Pacific Pilotage Authority movement data and pevel data are also used to supplement VTOSS data as neBdEd (

2012). The activity-basedemission factors used in MEIT for processthg 2010 national inventoryere specific factors
appropriate for engine sifbased on US EPA engine classificajiospeedand fuel typgWeir Marine Engineering, 2008;

SLE, 2012) Emissions were calculated on a voydmyevoyage basis, and vessel speed and implied load on theaméin
auxiliary engines were evaluated by each segment of a voyageporal resolution of the 20 national marine inventory
includes emissions by hour, day, and month of the year, and spatial resolution includes emissions allocated to regions ¢

Canada (by province and many segions defined in previous marine emission inventory analysis wohe. Arctic
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portion of the 2010 national marine emission inventory was further updatkdiing revised main engine load factors
(Innovation Maritime and SC-Lavalin Environment 2013). The emission inventory covers criteria air contaminants
(CACs), such asitrogen oxides (NQ, sulphur oxides (S{, carbon monoxide (CO), volatile organic compounds (VOCs)
(including VOCs from combustion and fugitive VOCs from crude oil tankers but not fugitive VOC emissions from oil
barges and other petroleum tankep@rtculate matter (PM, as totBIM, PM,y, and PM 5, as well as elemental, organic, and
sulphate fractions), and ammonia (§Hjreenhouse gases (GHGSs), and air toxics.

The Canadian Arctic waters defined in this stadgthe portion ofCanadian waterexcludedfrom the North America

Emission Control Area (ECA), which include both coastal and inland waters northf l808lson Bay and James Bay

(see Figure 1)Canadads A particulady intlhet hgh Arcticlare characterized by variable ice condisicand

extreme weather. The vastness and remoteness of the region further contribute to the challenges that shippers are faced w
whensailing throughthese waters. Even during the summer months when ice levels are at their lowest, ships must ensure
thatthey have icestrengthened hulls or be escorteda CCGicebreaker to ensure a safe and manageable tr&usient
marine traffic in Canadads Arctic is primarily compri se
function as avital link between remote Northern communities and the essential supplies they need, typically from Southern
Canada. In addition to these vital community resupplylseaf t s , ships transiting Canad
hydrocarbon and mineral expéion (i.e., seismic exploration) and extraction, -emarism and activigs of the CCG
including shipescorts and research missions.

Figure 1 shows 2010 vessel movements in Canadads Arctic
CCG data)The majority of these trips were made by merchant vessé#3, (fdllowed by tug boats engaged in community
resupply 800) and tankers (169)able 1 shows the emission estimates from these activities.majority of emissions

come from large @ammercial/merchant vessels such as general cargo vessels, bulkers,kens| toilectively Table 2
compares the Arctic portion of the marine shipping emission estimates to the other two Canadianthegiesscoastand

easern Canadaifcluding eastoast, the Great Lakesnd St. Lawrenc&eaway, by activities The Canadian Arctic marine
shipping emissions currently count fess thar2% of the national marine emission totals. Coraga&o existing parArctic
estimates, e.g., Corbett et al (2016) 2004 and Winther et al. (2014) for 2012, the Canadian portion of Arctic shipping
emissiongontributes to about 1% ofirrentpanArctic shipping emissions.

To project future shipping emissioms Canadian Arctic waters, a number of factarsre considered Marine traffic is
expectedto ncrease in Canada6s Arctic as both current and pl
sever al operating and planned resource deyv eseragnoeyships,pr o]
including product transport, resupply vessels, drilling ships, and platforms. In additiomexjtastedthat Arctic tourism,

al so knowmuas$ siméco wi || i ncr eas e inmorepoogsgibleighrthinhinglevels of idee st i n
as a result of a changing climate, and activities of the Canadian Coast Guard (CCG) will also likely increase.

An extensivereview of ship traffic projections was conductedilizing environmental assessment reports for resource

developmehand other projects in the Canadian Arctic that would be serviced by ships. As well, expected increases in other
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sectors, as noted above, were taken into acddnmbvation Maritime and SN€avalin Environment, 2013Based on this
information, a projetion of the types and number of sailings of vessels and their expected emissions in the future was
developedEnvironment and Climate Change Canada, 201T%) validate the forecast, the growth rates were compared with
published data from companies and Iglted studies related to shipping forecasts in the Aeti., Corbett et al. 2010
predicting future shipping traffic, a limited number of transits viaNbethwest Passage were assussed on restricting

the transit to bulk carrier vessels prind economic viability Despite predictions of an ifeee Arctic by mid-to-late this
century seaice variability, navighility and dangerous weather remain constant challefoge&rctic shipping(Haas and
Howell, 2015) Combined, these factors presan inherent degree of uncertainty in predicting future shipping levels in the
Canadian Arctic.

Also included inTable 1 arethe projected trips and emissioims Canadian Arctic water in 2030 by vessel clas3é®
largest anticipated increases in maridivities are from merchant vessels, particularly merchant bulk and passenger
vessels. In estimating emissions relatedh®sprojected shipping activitieshe emission ratewere adjusted to reflect the
regulatory (both domestic and internationadnd technological changesuch a fuel standards and fleet torer. The
MARPOL Annex VI global cap on the sulphur content of 0.5% for fuel abusn board ships is assumed to be in piace
the businessasusual(BAU) scenario For the controlled scanio, it is assumed thétte Canadian Arctic is designated as a
Emission Control Area (ECApr SQ,, PM and NQ and therefore ships are subject to comply with the 0.1% sulphur in fuel
limit, as well as the IMO Tier Ill NQstandards for new vesseldnderthe BAU scenario, a nearly thré@ld increase in
total NQ, shipping emissions is expected 2330 mostly from merchant bulk vessel activities. The increases jraBOPM
emissiong(compared to the present levetge moderate due to the global cap alplsur content in fuel. In comparison,
under the ECA scenario, the projected Ngnissions would be considerably redu¢édm BAU levels)i to about two
folds of the current (2010) level in total amount, while SO, emissions would beeduced to belowhe current (2010) level

by the more stringent regulation in sulphur content (0.1%).

3 Modelling system and simulation setup

The base model used for this stuEM-MACH (Global EnvironmentalM ulti-scale modeli M odelling Air qualty and
CHenmistry) is an online chemistry transport modéCTM) embedded withiEn vi r onment and CIl i mat e
(ECCC)numerical weather forecast mod&EM (Cotéet al. 198a,ls Charron et al.2012. A limited area version of GEM

MACH has been in use a8 C C Cdpsational air quality prediction model since 2009 (Moran et al., 2010). The
representations ofmany atmosphericprocessesn GEM-MACH are the same as ithe ECCCs AURAMS (A Unified

Regional Airqudity Modelling System) offine CTM (Gong et al., 2006), sluding gasphase, aqueousphase,

1 The projection for the 2030 NWP transit is based on a gradual (linear) increase from 2020 to a 2@BOwhigifor
businessasusual) scenario assumitigat bulk carriers would carryhe 2050 Northern Europssia bulk trade through the

NWP. The 2050 bulk trade between Northern Europe and Asia was projected at an annual rate of increase based on histor
trade data between 1975 and 2(€&e Innovation Maritime and SNiGvalin Environmat, 2013)
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hetepgeneous chemistrfinorganic gagparticle partitioning),secondary organiaerosolformation aerosolmicrophysics
(nucleation, condensation, coagulatiantivation),sedimentationof particles,and dry depositioand wet removalin-cloud

and belowcloud scavengingdf gases and particleSpecifically, he gasphase chemistry mechanism in GEWACH is a
modified version of théA\DOM-II mechanism $tockwelland Lurmann1989) with & gasphase species arid4 reactns;
aerosol cherital composition is representéy nine componentsulfate §0Oy), nitrate NOz), ammonium NH,), elemental
carbon (EC)primary organicnatter(POA), secondary organimatter(SOA), crustal materia{CM), sea salt, angarticle

bound wate aerosol particds are assumed to be internaityxed. The operational version of GEMACH uses a zin

sectional representation of aerosiesdistribution (Moran et al2010) i.e.,, 0T 2. 5 & m 7alnGd .<Rme Bbin

configuration was also used for this study.

In this study, model simulations were conducted over a domain with a rotateditet-longitudinal grid projection at 15

km horizontal resolution. The domain is centered over the Canadian Aitttidsssouthern boundary extending south of the

CanadaJs border(see Figured). Eighty vertical, unevenly spaced, hybrid coordinate levels were used to cover between the

surface and 0.1 hPwith the lowest terrairfollowing model layer ohbout20 m(GEM-MACH version 1.5) Several model
upgrades and special considerations were made for this study:

1. Representation of sea icench snow cover in dry depositio®eaice cover from the Canadian Meteorological
Centreds r e gisystana(Buehner et.a20daahdysrsow soveand depth based @urface diagnostics
were introduced tthe dry deposition modul® account for icesnow cover conditiondn contrast, te base model
(GEM-MACH v1.5) only takes into account permanent ice (glagieser in the dry deposition module. addition,
adifferent(lower) dry deposition velocity for @over snow and icevas introducedollowing the recommendation
of Helmig et al. (2003).

2. Chemeal lateral boundary conditiondnstead of using climatolggbased lateral boundary conditionsigsionein
the operational GEMMACH (see Pavlovic et al., 2016he MACGIFS (Monitoring Atmospheric Composition
and Climate; Integrated Forecast Systagmical reanalysis for 2010 (Inness et al., 2013), avaikxey 3-
hours, was used to build dgichemical boundary condition files for tli@&EM-MACH Arctic domain. In addion,
the southern boundary condition was enhanced by using the operationaMBEM forecastarchives for the

simulation time period in ordeo tbetter represent transpoftpollutants fromNorth American continent

3. North American wildfire emission$Vildfire emissions were included in this study as it has been shown that

northern boreal forest fires can be an important pollution sourcthéoArctic in summertimgLaw and $ohl,

2007). Retrospective daily idfire emissionsper fire hotspotfor the 2010North American fire season were

generated using the same methodolagy i n t he E CCCG§g sn akF gualigy\Wiboecalst systgns with m

representation of neaeakltime biomass burning essions(Pavlovic et al., 2016)The fire emission processing

relies onthe fire activity data froNASA6s Moder at e Rpectotadiameter f{MODIS)aagd n g

NOAAGs A d/enaHiigh ®ebsolution Radmeter (NOAA/AVHRR) a fire behaviour prediction systenthe
Canadian Wildland Fire Information Syste(@WFIS; Lee et al., 2002)and the Fire Emission Production
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Simulator(FEPS - a component of the BlueSky Modelifgamework (Larkin et al., 2009) determinethe daily
total emission per fire hotspdthe peffire-hotspot daily total emissiongerethen converted to hourlghemically
speciated, andrid-cell-specific emissionsising the SMOKE emission processing system for use in &ENH
(see Pwdlovic et al., 2016, for deta). The fire emissions are treated as major pstirce emissions in the model
using the same Briggs plunnise algorithm (Briggs 1975) as anthropogenic psimirce emissionaith assigned
fistacko par amendd ms for stackmeight7eXitdethierature and velocity, respecti@ilger fire
plumeinjectionschems were tested in thistudy including one designed using sateliizgived plume statisticén
this schemethe vegetation (biora) type based statiss for plume height and deptterived from 5year satellite
observation®ver North America (Val Martiret al., 2010were used to determine plume centre height and vertical
spreadfor flaming portion taking intoconsideratiorof atmosphericstability, while the smoldering portion of the
emission is evenly spread within thedelledplanetary boundary layer (PBL). The test results showedwimgle

the different plume injection schemes strongly impactedtbdelled pollutant concentrations over five source
region the differences wereonsiderablyreduced at longer transport distances. As a rethdtBriggs plumeise
algorithm was used in the final simulations for this stuabis used in the current FireWork system (Pavlovic et al.,
2016) for distributing fire emissions

Canadian marine shipping emissiofihe Canadiammarine shipping emissioimventories described iSection 2
above were further processed imtmdelready pointsourceemissions The MEIT database provides ship route
polygans, vessel activities information associateidh each route polyggrand linkbased monthly emissionby
ship track, ship types, and fuel typ&he database also includes stack parameters by ship type allowingrndame
calculationsn GEM-MACH. Table 3shows the averaged stack parameters assigned to each fueltypeduce
data size angrocessindime, themore detailecghip typesn the original MEIT databassere aggregatedased on
vessel activitiesinto four classes: merchant passenger, merchant commercial, fishing, and ofhdicétedin
Table 1). The monthly emissions for the falesses were mapped onto model gradong ship tracksn a form of
aggregated point sources (by class) #rahfurther allocatedo hourly emissionsby applying uniform temporal
profles for dayof-week and houof-day in the SMOKE emission processing system

(http://www.cmascenter.org/smoke/fFigure 2 shows an er®le of the final processed modeldy marine

shipping emissionover Canadian waterssed in this studyNO, emissions from shipping fahe month ofAugust

both at the currer2010 and the projected 2030 (BABYenariosThe changes in NQshipping emisions between

the projected 2030 and current 2010 level reflect the increased shipping activities over Baffin Bay and the reduction
over the Canadiaeast and west coagtie toNA ECA regulatios. For assessing the impact of shipping emissions
over theCaradian Arctic waters, the shipping emissianglined by the red line ifigure 2 are turned on or off in

the model simulations as discussed in Section 5.

Other anthropogenic emissions included in the model simulations are based on the 2010 @an&dilumtant Emission

Inventory (APEI) and the 2008 U.S. national emission inventories(NEI; https://www.epa.gov/aiemissions
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inventories/200&ationatemissionsinventorynerdatg, processed to hourly area and major point source emissions using
SMOKE. Suplementary anthropogenic emissidrsm Emissions Database for Global Atmospheric Reselliemispheric
Transport of Air Pollutants (EDGAIRITAP) v2 (seehttp://edgar.jrc.ec.europa.eu/htap_\inssendlaenhout et al., 2032
were usedor areas outside the North American contin®ibgenic emissions were estimatedlore using the BEIS v3.09
algorithms.Sea salt emissions were computed online within @&MCH based on Gong et al. (2003).

The simulations were carried out for the tiperiod of March to October, 2010; the first month of the simulation is counted
as spinup and not included in the analysihie eightmonth simulation was conducted by a series of staggerdd@0runs

with a 6-hour (meteorologyonly) overlap starting at 00JTC daily, to allow meteoroldgal spin-up from initialization; the
meteorology ighusinitialized atthe beginning of every 3Bour runusingthe CanadianMeteorologicalCe n t regidnal

objective analysewhile chemistryis continuous

4 Model evaluation- 2010 base case

The performance ofSEM-MACH over the North America domain has been evaluatedriomber oexisting studies (e.g.

Im et al, 2015a,b; Moran at., 2011) As this is a first adaptation of the model for the Canadian Arctic domain, evaluation of
model performance against available observatieesscarried ouffor criteria pollutantss;, PM, 5, NO,, and SQ, focusedon

the Julyto-September perio{the peak Arctic shipping seagoihehourly observational data used for the evaluatigere
obtained from the Canadian MNatal Atmospheric Chemistry (NAtCherhttps://www.ec.gc.ca/natchepdatdbase which
contairs monitoring data from the National Air Pollution Surveillance (NAPS) networkin Canada

(http://www.ec.gc.ca/rnspaaps) andtheU . S. Environment AiPQualityeSystein (AQ$ datgbase foy 6 s

U.S. air quality datghttps://ags.epa.govdaweb/documents/data_mart_welcome.lhtrrbr O,, additional data from the
World Data Centrefor Greenhouse Gase@VDCGG: https://ds.data.jma.go.jp/gmd/wdcygivere also usedData
completeness criteriaf 75% for daly dataand 66% for thdull period wereused to screen thaata Figure 3 indicatesthe
monitoring sitesafter the data completeness screening prosesscompletedor the 4 criteria pollutant®verall, most of
the monitoring sites within the model domain are located over sotgheagSanada (Ontario, Quebec and kharitime
Province$ and southwester@anada (British Columbia and Alberta). There are very few sites in central Canada and north of
55°N. For this studywhichfocuseson the Canadian Arctic and northern regions, a significant challenge is the data sparsity
over the region of interest: for the year 2010 (the base year for the,stleiy) on the northern tip of Ellesmere Island

(82.45°N, 62.51°W)is the only air mororing site in the entire eastern Canadian Ardtimr comparing with these ground

basedmonitoring observations, model results were extracted from the lowest model level (~20m above local surface) at

given observationdbcatiors (nearest grid points)n contrast tosurfacemeteorological observationdjere is no standard

height for the air chemistry measurements from the monitoring networks. However, the sampling probes are generally

located between 2 and 15 m above local surfscsed on networiuideines For thepurpose of modeévaluation the

model domain is divided into three geographical sub regi@sed orgeneralclimatological and source characteristics
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southwestern Canada (49 55° N, west of 100W), southeastern Canad4® i 55° N, 721 100 W] and[44°T 53° N,
51 75° W), and northermegion([55°71 90° N, 759 160° W and[53°7 90° N, 50% 75° W) coveringboth the Canadian
North andAlaska(U.S.). The division of the sulbegions is indicated in Figui®

4.1 Statigical scores

Various statistical measures wezemputed to evaluate model performance both at individual monitoring sites and as a
group in the three geographical sidgions.Three sets of statistics were evakdh based on hourly, daily averageohd
saasondly (July-to-September) averaged dafable 4 presents the results tie hourly basedregional(secto} statistical
analysisusinga few selected evaluation metricBosento characterise overall model performance for each of the criteria
pollutants while all three sets ofhe statistical metricéhourly, daily, and seasonaye showrin supplementary materil
(Table Q). The statistical evaluation metrics are definedppendix A.

O3

As shown in Tablel, for ambient Q concentratiog the model performs the best for the northern region in terms of model
bias and error (e.g., MB, NMB, RMSE, and NMSHEhere is an overall ovgrediction of ambient ©concentréons by~3

ppbv on averagdor the northern region;4 ppbv for the southwestern region, ar&lppbv for the southeastern regidine
model s predictive skill i ncreases with increased ti
seasonal avegad concentrations compared to daily and hourly concentratibakle S1) The Pearson correlation
coefficient (r) for hourly G; is highest for the southeastern region (0.66) and lowest for the southwestern region (0.54)
Overall, he model showed similar skilfor modelling Q in the northern domaias the operational regional air quality
modelsincluded in Im et al. (201 for modellingthe North Americadomainin terms ofNMSE, RMS, and r. Note that the
statistical scores in Im et al. (PBa,b)were based ondomainmean hourly data. The equivalestatisticalscores were
computed for this study and showmTable4 (in brackets)The averaging essentially minimizes spatial variability amongst
the sites within the domaifor geographicasub-regiors) and hence thetatistical scores othe regionakaveragd hourly
data are much higher (in terms of RMSBVSE, and r) thathe regional statistical scorbas& on hourly dataat individual
sites.

PMzs

The regional statistical scoré&s PM, sshow that the model performed beserthe southeastern region with lowest NMB
and NMSE and highest correlatiofhe modelunderpredicted PM; for the northern regiowith an overall negative biasf

~ -14% and he correlation is poor. It is worth notj, however, thathiere were very few sites with datavailable for
evaluating modeprediction of PM 5 in the northern and southwestern regidhin each, compared to 36 in the southeastern
region In particular of the nine northern sitefive arelocated in Alaska 4 in Anchorageand surrounding areand 1 in
Juneauwith the other fourin Northwest TerritoriefNT). There were nd®M, s monitoring sites availableover theentire
eastern Canada Nortiegion The four sitesin NT include one locatd in Yellowknife, the only city gnd the largest

community) in NI', while the othersarelocated insmaller communitieg¢inuvik, Norman Wells, and Fort Lidy. As PMs
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contains both primary and secondary components, the ambient concentration at these sites is influenced by both
long-range transport and local emissiombere are large uncertainties in both emission estimates and the spatial surrogates
used for distributing estimatedemissiors in the northern region(note that the Canadian emissigmventory is at
Provincial/Territorial level) These uncertainties contribute to the poor model performance at these northerRosites.
exampleas shown in supplementary matertak model ovepredicted PMs at the Yellowknife site while underedicting

at the other NT sites (see Tabbp Furthermore, thenodelled PMsat Yel | owkni fe site is domi
(seeFigure ) which is a major component ofiprary PM emissions in NTThe spaal surrogates used for crustal material

are paved roads and mine locatiofise paved road network in Nilisedin processinghe 2010 emission inventoryasvery

limited, mainly concentratd in Yellowknife andits surrounding. As for mine locationsthe surrogate was based on place

of-work data from the2006 Canadiancensusfor mining industry (http://www12.statcan.ca/censtecensement/2006/rt

td/powltd-eng.cfn), which can lead to allocatingnining related emissions to cities rather than actual mining operation sites

as many mining company employees work at headquarters which tend to be located in cities (e.g., Moran et &0r2015)
the Inuvik siteon the east chaehof the Mackenzie Delta, the model ungeediction maybe partiallyattributable toan
underestimation of emissions from the oil fisld n Pr udhoe Bay on AledsSK@08 smisSlanr t h
inventory fttps://www.epa.gov/aiemissionsmodeling/2007200&ersion5-air-emissionsmodelingplatforms).

NO,

For predicting N@, the model performed the besbmparatively for the Northern sitesverall with the lowest NMB
(8.3%), RMS (5.6 ppb)nd highest R (0.56), based on howlta(Table4). However, the relatively small evall bias may

be misleading as there are large positive and negative model biasesratividual northernsites(Table 2¢). This is

indicated by the largBIMSE value (104%). The 10 northern sites here include 4 in NT, where the model generally under
predided, and6 in thelower Athabasca oil sandegionin Alberta where thesite-specificmodd biasesin terms of NMB
varied between64% (at Fort Chipewyan) and 143% (at Syncrut€l), indicating significant heterogeneityAgain the
model performance at these sites is influenced by the uncertainties (challenges)atirestind representingmissions in
these regions of CanadeCCC & AEP, 2016, Zhang, et al., 201Also note that the N©Qobservations from the NAPS
network were reported in an incremeniookeppb which will hae a considerable impact on tsatistical scores particularly
at more remote sites where B€@oncentrations are lownd of the order ok 1 ppbv The high correlation betweehe
modelled and observedeasonal averagedoncentrations(Table S1)indicates howeverthat the model captudethe
geographical distribution of thegional NQ sources and plumesasonablywvell.

SO,

The statisticalscores for model predictih of SQ are considerably poorer thanotfe forthe other criteria pollutants
discussedbove with large biasegin terms of NMB)anderrors(in terms of NMSE) Note that theeference unit for SEin
this comparison is g ~ at standard atmosphere (0%@causéhe reportedS0O, concentrationsvere converted tthis unit
in the NAtChemdatabaseThere are severdhctorsto be consideredvhen interpreting these statistical scorfeisstly, the

group statistical scores for the northern sites are largely influenced by the sites located in the lower Athabasca oil sand:
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region in Alberta andhe Peace region of norttetarn Bitish Columbia (see Table &d) with considerable oil and gas
industriesthere The monitoring sties in these regions are located at orimaastrial facilities. The modelled S@t these
locations are primarily driven by theodel emission input§ here are large model biases at these locatiahisatingagain
potental deficiencies in emission estimatand processingn these regionge.g., spatial and temporal allocation of the
annual emissions.g., ECCC & AEP, 2016; Zhareg al., 2017 Gordon et al., 201} Secondly, gnilar to the cas®f NO,
discussed above, there is also a igien issue withmonitoringdatareporting: SQ concentrations are reported at one ppb
(or ~ 2.8 £g m°) increment. This is particularly problematic for model emion at more remotes sites (such as thosieein
Northwest TerritorieswhereSO, concentrations are generally below 1 or 2 ppbthedeported concentration valuasygle
between 0, 1, and 2 pgbr 0, 2.86, and 5.78 g “ aiter conversion inhe NAtChem databageAgain, despite thdarge
mean bias ®¥( ~and RMSEN ( s e 8 stherarklatiorbetweers theenwdeltad and observed seasonal
averaged S@concentrations in the northern regisnhigh (r = 0.90 see Table Slindicatingthat the model was able to

capture the spatial distribution/structure of tiserved concentrations

4.2 Time series

In addition to the statistical scordash e model 6s ability of simulating the t
criteria pollutants during the Arctic shipping season is examined Wégeres 4 to 7 show the modelobservain
comparison of the regional averagéde seriegshownas24-hour running meas) of O;, PM, 5, NO,, and SQ for the three

sub regios.Giventhemoni t ori ng site | ocat i onreallyrdpresentsioMNyorthwekterm Gadadar e g i
(and Alaska in the case ot@nd PM 5).

The regional @time series show thathe overall temporal variability is smallest at the northern sites and greatest at the
southeastern sitemost strongly influenced by regional/synoptic eventte model generally captured the temporal
variations well A positive biasin model prediction is evidentor the southwestern regiatie overall positive biaswas

largely contributed by the owgarediction ofthe G, nighttime minima(not shown) The nighttime model bias can beesult
ofthemodel 6s di f f i darftesolying) tinestablénactulinabblundary layerthe lowest model levegl~20 m

AGL) may residein residual layer rather thaim the surface layer(where surfaceD; monitors are located)l'he more
pronouncedver-predictioneventsduring the month oAugust at the northern and southwestern steslikely associated

with large wild fire events in British Columbia during that period. The model tends tepoedict Q in fire plumes
(Pavlovic et al., 2016; Gong et &016 particularly withina shorttransport time A number of factors may be contributing

to the ovesprediction, includinguncertainties in emission factors and the lack of representation of aerosol shading in the
model which may lead tan overestimatiorof photolysis rates in fire piloes. The possible causes are currently under
investigation.

The northernregional averaged PM time seriegduring the Julyto-September periots dominated by variations at small
scales implying a strong influence of primary components from local soatr¢kese northern sitewhile thesoutheastern

regional PM s time series is more controlled by variations at larger scaleregional evest implying the dominance of
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secondary components and/or regional sources. The southwestern timeceetiés the signature of both local and
regional influences witlthe main regional events in August coinciding with the onayild fire events in BC athattime.

The model captured the general trends well particufarlyhe regional events, whilehaddifficulty trackingthe locatscale
variations which is not unexpected given the model resolution.

The regional averaged N@me seriesshowa nealy 7-day cycleparticularly for the southwesteand northerrsites. The

model predictions compare well for the northern and southweistgions For the southeasteregionthe modelcaptured

the general trend well but there istendency formore signifcant overprediction particularly at the beginning of July
Significant ovepredictiors of NO, over eastern Canada during this time period from the operationati@EGH forecast
werealso shown in the evaluation of Moran et al. (201t13hould be notedhat he southeastern sit@s this study are in

close praimity to the southern boundary and are more likely to be influenced by the model southern boundary condition
which comes from the operational GEMIACH forecast archives.

As a reflectionof the SO, regional statistial scoredliscussed above, ttiwmparison ofegional averaged time seriestbé
observed and modelle&®i0, for the northermegionis strongly influenced by the sitéscated near oil and gas facilitieslso

shown in Figure 7a are thegional averaged time seriescluding the site®1 the Athabasca oil sands and northeastern BC

oil and gas industry areds dashed lines)lt is evident that these sites are skewing the regional averapeslarge
discrepancies between the model smtioh and observations at these sites are indicative of the possible deficiency in the
existing emission inventory and the emission processing for these faciliiesnodel and observations are in much better
agreement at the northern sites away fromdihend gas facilitiesThe model simulation also comparegll with the
observatiosin the southwestern regiarioselytrackng the observedeneralkrend atthe regional scaleThecomparison for

the southeastern regishows a general owgrediction by the model. In particular, the modelled graupraged time series
shows a higher regional baseliegel thanindicated by th@bservationsAs shown in Figur&d, these southeastern sites are
situatedunder the influene of the modé southern boundargnd he modelled average $©@oncentration over the July
AugustSeptember periodhowsa regionalplume originating from the southern boundary reflecting the influence of major
SO, source area in the Ohio River Valldyote that the emission inputs used by the operational GEMCH forecast in

2010, the basis for the model southern chemical boundary condition for the current study, were based on the 286 Canad
2005 U.S., and 1999 Mexicarational emission inventories (Wan et al., 2011)bue t o t he various U. !
control programs in recent years (e.g., Acid Rain Program, NOx Budget Trading Program, Clean Air Interstate Rule, see

https://www.epa.gov/airmarkgisSO, (and NQ) emissiors over eastern U.Shavereduced considerably between 2005 and

2010. The model overrediction of ambient SQand NQ, see aboven the southeastern regiamthis studycantherefore
be, at least in partttributed to the possibloverprediction of SQ (and NQ) from the operational GENMACH over the
U.S. Northeast.

Canadian high Arctic site, Alert
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Several longerm monitoring measuremendf atmosphericonstituents have been carried ouE&CG #lert baseline
observatorylocated at the northern tip of the Ellesmere Island (82.45°N, 62)50tW of the Global Atmospheiatch
global networkstations For the year 2010 the measurensantluded,in addition toO; (continuous, hourly), inorganic
aerosol components fromeekly hgh-volume sample(Sirois and Barrie, 199%harma et al., 2004prganic carbon (OC)
and elemental carbon (EG}ing a thermal method from-hieekly quartz filter sample$iuang et al., 2006 andequivalent
black carbon EBC) from aerosol lighabsorption measurement using/Agthalomete(Shama eal., 2017). These data are
all used for evaluating model prediction at this high Arctic locatidme comparisosiof the modelled and observéithe
series 0f0;, sulfate, EC and OC (OMorganic matte overthe Juneto-Septembeperiod are shown in Figu&

The model is seen to predict; @ery well at this high Arctic site: the modelled; ®me series tracks closely with the
observations reaching a minimum at the end of July and the beginning o$tfaugi then rising steadily throughout late
August and Septemhefhe model did not predict tHew ozoneevent observed at the beginning of JuFfiee low ozone
event may béhe result obzone depletioinvolving bromine chemistryvithin the Arctic marindboundary laye(Barrie and
Platt, 1997 which is not represented inishversion of themodel. The modelledulfate also compared weparticularlyin
terms ofgeneral trend and magnitudes, witle nonseasalt sulfate measurements based on wesdkigpées.

The modelled EGs compared with both EBC derived from the continudathalometemeasurement and EC measurement
usinga thermaldesorption methoétom quartz filter sampling (biveekly in 2010)It can be seen thathile the modelled
EC is overalbiased low comparetb theEBC fromthe Aethalometemeasurementaind biasedlower still comparedo the
bi-weekly EC measuremerihe modehowevercaptured the general trends showitdath observatiorses. In particularthe
event in early Julywas captured well by the modekhich is attributable to biomass burning emissions from northern
Canada Shama etal., (2017) discussed in depth the various technidaesneasuring black carbon massthe Alert
obsevatory, andshowed that EC mass bdsen the thermal method lBghest over summer montfalowed bythe EBC
mass estimate fronthe Aethalometermeasurement; both are significantly greater than the refraB0ry(rBC) mass
measurement using Single Particle Soot Photomet&P@. As a bestestimateof BC mass at Alert for comparison with
chemical transport modelSharma et al. (2017) recommended using a combination of EC andrrBC with a scaling
factor of0 . 5 ( 1 , wherdll)s/the EC-to-rBC ratio. The scaled EQusing U of 3.5, based on Sharma et al., 20i7)
indicated in Figure3(c) with solid dots connected kihe dashed lineHowever, one needs to be careful in comparing the
modelled aerosol EC component with BC measurements as they may not be strictly comparabténgdepenhe
measurement techniques (e.g., Petzold et al.,, 2013; Sharma et al., 2017) and how EC isomB@3lled (including
emission input).

The modelled organic aerosol component (POA+SOA) is compared with tlveekly measurement of OC from the
themal desorption method. For this comparison the measured OC is converted to OM by app®MGC ratioof 1.8
The total OC (TOC) from the OC/EC analysis incla@@C released at 550°C and pyrolyzed OC (POC) plus inorganic
carbonate carbon (CC) release@80°C. The estimate of CC fraction of POC+CC is 40% at Alert in summerTmeCC

fractionwasremoved from the TOC measurement for the comparison in F&fjdyéased orthe CGto-POC+CC fraction
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The measured OC component (at 550°C) is also showigime 8(d), indicating that this ishe dominant component of
measured TOC at this sit@verall the model underedictedorganic aerosol component at this si@mpared to the
measurement based on the OC/EC analysisagain captured the event in thegimning of July (as in the casd EC
comparison aboyeassociated with longange trangort of biomass burning pollutaaRecentbservations conducted in the
Canadian Arctic havsuggestegbossible marine secondary organic aerosol productien the ArcticOceanduring summer
time from oceanic/biological sourcée.g., Willis et al., 2016which may explain at least in part the model urgtediction

of organic aerosols (Gong et al., 2017)

The evaluation results presented in this sectemahstratehat GEM-MACH® skill in predicting ambien©; and PM s in

the Canadian northern and Arctic region is comparaltleeakill levelof the current operational air quality forecast models
in North America and Europe. The modhgls reasonable $kin predicting NQ and SQ in the northat a regional scale; at
local scale the model predictionis strongly influenced byemission inplg The evaluation indicatea deficiency in
representindgocal emissions ithe remote north and the need for improwadission estimateand representaticior the oil

and gas facilitiesn northeastern British Columbia anide Athabasca oil sand region orthern Alberta There is B0 a
significant data gap in northern Canagaticularly the eastern Arcticfor air quality monitoring andor model evaluation.
The modehoweveris able to simulatevell the observedmbient Q, andsome of the PM components at Alert, the only air

guality monitoringsite inthe eastern high Arctic.

While there has not been many regional modelling studies focussed on the Arctic and northern regions, there are som
existing studies mostly using global models with a focus on the Arctic. For example, Emmons et al. (2015) reported a multi
model intecomparison project where model simulations performsidga number of models (9 global and two regional)
were compared with observations conducted during the 2008 International Polar Year in the Arctic. In particular
comparisons were made with aircrafeasurements conducted over northern Camadainto the Arcticover a 12day
periodduring late Jun¢o early July. They found that modejenerally undepredictedO; and SQ in mid troposphere and
over-predicted NQin the boundary layer during this somar period. A direct comparison in terms of model performance to
the current study is difficult to make #se model evaluatiorn the currenstudyis based on surface sérvations and over a
longer time period Shindell et al. (2008) also compared globadel simulationsconducted under the Task Force on
Hemispheric Transport of Air Pollution (HTAP), agaitshg-term observations at selected Arctic sites including Alert and
Barrow. They foundthat the models generally underedict Q at Barrow duringsummerby as much as 10 ppb, and that
models performed poorly in predicting sulfate and BC at Alert. In comparison, the model evdiaamtighe currenstudy
demonstrates much better model skillspiredicting the ambient concentrations of these poltstam the Arctic (e.g.,

comparisos shown in Figures).
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The model evaluation conducted in this stislynainlyfocusedontheatmospheric chemistry aspetto wever , t he n
ability to simulate the vertical structure and stability of the coastaine boundary layer has an important influence on
assessing the shipping emission impact on ambient concergrafdthough the operational performance of the
meteorological modeGEM (the hosting model for GEMIACH) has continuously been evaluated agaisurface and

upper air observations and compared against other NWP models of leading Operational Forecasting Centres in the world, th
Arctic region alone had not been given significant attention in the past operational evaluation ex@iwisgaluag the
GEM-MACH performance in simulating the Arctic marine boundary layer, we compared the modelled vertical temperature
profiles with upper air soundings at a numbecadstal sites in the Arctic along the main shipping channels for the month of
July in2010. On average, the modelled vertical temperature profiles compare well with the observatiopgkaaentary
Materiak, Figure S2a). We also attempted to diagnose boundager (BL) heightsbased orbulk Richardson number
following Mahrt (1981) andAliabadi et al.(2016), from both modelled and observed profiles at these selected Arctic sites.

On average, the model and observation diagnosed BL heights are within + 30% of ea¢deeffigure S2b) Particularly,

for Resolute site, the model andsebvation diagnosed BL heights for Julyeraged at 315.4 m and 267.4 m, respectively,

are compeable to the estimated BL heights, 274+164 m, dhersamearea during a recent field campaign in July 2014
(Aliabadi et al., 2016b)lt should be pointed ouhowever,thatthere is a large ambiguity in the definition of BL height

under stable conditions (such as the case of the Arctic marine BL) and the diagnosed BL height can vary considerably
depending on the particular method (or parameterization ) used (e.g., AliabhdRétl6a). A more detailed examination of
GEM®G s f orecast capabil ity undertheg Year ofAPotat Predictiorfs OPH) enitiatige p ur
(https://public.wmo.int/en/projects/potarediction.

5 Impact of shipping emissions on Arctic air pllution

The impact ofshipping emissiomin the Canadian Arctiés assessed by comparipgirs of model simulations, with and
without theCanadian portion of the Arctighipping emissions, under three scenarios: current (2010), projected 2030 BAU,
and 20® with ECA (see Section 2 aboveJo isolate the impact of shipping emissions)y shipping emissionsvere
changedbetweenthe different scenarios, whilemeteorology landuse, and other emissions (such a&a®n-shipping
anthropogenic emissions and wildefiemissions) remad the same for all scenargmulatiors. The analysis is focused on

the JulyAugustSeptembe(JAS) peak Arctic shipping periodt should also be stated that the impaanisstly assessed in
relative termsn this study for theseonsiterations:1) since the madelled future scenaria$o not reflect changes in forcing
factors other than shipping emissiprit is more meaningful to assess the modelled relative response to the emission
changs; 2) robustness in using model to assess relative changesaststudies involving multimodels have shown that,
despite thdarge difference in perfornrmee amongst model®nly relatively minor differences were found the relative

response ofoncetrations to emissionhangegJones et al., 2005; Hogrefe et al., 2008)
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5.1 Onambient air concentration of criteria pollutants

The modelled JAS averaged ambient concentraidrOs;, PM,s, NO,, and SO, and thecorrespondingsontributions from
Arctic shipping are shown inigures9 i 12, with a focus orthe Canadian northern and Arctic regiofibe percentage ship

contributions showmverecomputed as

ﬁ - S opmm (1)

wherei andj denotepollutants (e.g., ©PM,s, NO, and SQ) and scenarios (i.e2010basecase, 203BAU, and 203G
ECA), respectively.

The modelled ambier®; concentrations averaged over the JAS perate between 20 and 25 ppbv over most of the
eastern ArctiqFigure 9(a)). The relatively high ambient concentrations over Greenland are diehmh elevation. The
Arctic shipping emissionsontributeto less than % of the JAS average@; concentration at the present level (or 2010 base
case); the impact is mostfglt between50 W and100 W (Figure9(b)) and Mackenzie Bayin the west At the projected
2030 BAU level, themodel predictedconsiderably greateshipping contributionsshowingup to 5% of the JAS averaged
ambient Q concentratior{Figure9(c)); thearea where shipping emissions contribgiteater tha®.5% extends to almost all
of the eastern Canadian Arctic (or Nunavut Territoriéld). This is in response to the project@edrease in NQemissiors
from Arctic shipping inthe 2030 BAU scenarioFor the2030 ECA scenario, the modaledictedshipping contributioato

O3 concentrations aneeduced compared to the 2030 BAU scenariodestill greaterthanthe present 2010 basmselevel
(Figure 9(d)), particularly along Davis Strait and Baffin Bayhis is consistent with thiact thatprojected NQ emissiors
from Arctic shipping in 2030 under ECé&reintermediate between current 2010 and 2030 BAU levelsTgbke1).

The modelled]AS averaged ambient BMconcentrations show a general setgimorth decreasing gradierfrom a few
micrograms pem cubicmete in the subArctic regionsto below0 . 1 %imthentigh Arctic(Figure 10(a)). As PMys
consistsof both primary and secondary comporgernhe impact of shipping emissisraccentuates the shipping channels
(Figure 10(b), (c), and €)) more thanis the casefor Os. The contributions fromArctic shipping emissions to the JAS
averaged PMs concentrations ar| the range of -6% along eastern Perry Channel, Pond Inlet, and north of Baffin Island
andgenerally< 0.5% over land, at the present level (2010 lmase; FiguredlQ(b)). At the projected 2030 BAU level, the
contributiors from Arctic shippingemissions to ambient P concentratios are predicted to increas® 57 20% overthe
main shipping channels, particularly along #hestcoastof Baffin Islandand Lancaster Sound ar@aigure 10(c)). The
greater contribution in this cagedue to the mjected increase ihoth primary PM emissions and PM precursor emissions
(of SO,, NO,, and VOCs) from shippingthis is evident from examining the shipping contributions to individual PM
componentsThe components contributg to the incrase in total PMlueto shipping include primary PM, such as elemental
carbon primary organicsand crustal materighnd secondary PM, e.gylfate,ammonium, and nitraf§seeFigureS371 8in
supplementary materials)Again, for the 2030 ECA scenario, the model predietebnsiderablyeducedcontribution from
shipping in comparison with the 2030 BAU scenario (Figlog)), primarily resulting from the drastic reduction in sulfur

emissiosif ECA is in effect over thérctic waters.
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For NG, and SQ, both primary pollutants, the model shows that Arctic shipping emissions make major contributions to

ambient concentrations over and near the Arctic waterways. The modléfiedveraged ambient concentrations of,ld@d

SO, are0.027 0.1ppbv and0.001i 0.01 ppbv, respectively, ovére eastern lowand subArctic, andgenerallybelow 0.02
ppbv and 0.001 ppbv, respectively, over the High Arctic (Figutéa) and Figurel2(a)). The relatively elevated
concentrations arounde lover east coast of Greenlapdimarily reflect shipping emissionsased orthe 2010 HTAP
inventory (used in this studipr areas outside North Americaee section 3 above)t current (2010) leva| based on the
model simulationsthe Arctic shippinggmissions contribute th017 50% (Figurell(b)) and 20° 100% (Figurel2(b)) of the
ambient NQ and SQ concentrations, respectively, over the Arctic shipping chanfiéis. contributionsare greatly
increased at the projected 2030 BAU level in the ca®sf to > 50% over most of the shipping chanr{€igure11(c)), in
response to a nearly theg@d increase in NQemissions from Arctic shipping. In contrast, the contributions from Arctic
shipping to ambient Sroncentratios areonly moderatelyhigherat the projected 2030 BAU level compdto the present
2010 level(Figure12(c) vs. Figurel2(b)). This isin response to a more moderate (~ 32%) increase jreBdsions over
the 2010 level (assuming the global cap of 0.5% on sulfur content in fiedsonboard ships in effect, i.e., MARPOL
Annex VI Regulation 14.8)Under the 2030 ECA scenarithereis a moderate decrease in the Arctic shipping contribution
to ambient NQ concentration(Figure 11(d) vs. Figurell(c)), while there is adrastic decrease in the Arctic shipping
contribution to the ambient S@oncentration (Figurd2(d) vs. Figurel2(c)). This is in accordance with the reductions of
35% and7%% in NQ, and SQ emissions from the 2030 BAU levethen assuming the NA ECA contschrein effect over

the Canadian Arctic watertn fact the ECA control on sulfur emissions would bring down the shipping contribution to the

ambient SQconcentration to below the current 2010 bease level.

Statistical assessment byggraphicalsec¢ors

A more quantifiediand aresspecific) assessment of the impaaf ship emissionsvas carried out by dividing the area of
interest into9 geographical sectorseeTable5; also indicated on Figure 9{biand shipping contribution stetics were
computed foreach & the geographical sectorsTable 6 summaries themean, medin and maximumpercentage
contributions fromArctic shippingemissiongo theJAS averagambient concentrations of criteria pollutafids each of the

9 sectors The pecentage contributions (as defined in (1)) were evaluated at individual grid points and statistitisen
computed over all grid points within a given geographical seGenerally speaking, the shipping impact is greater over the
eastern Canadian Arctithan the western Canadian Acctdue to theproximity of the aredo the Arctic shipping channels.
In addition, he westerrregion of theCanadian Arctic ismore strongly impacted by North American boreal forest fire
plumes duringthe summer seasowith relatively higher background concentrations of these criteria polluthatsthe
easern regione.g., Gong et al., 2016)

At the current level (2010)hé contribution statisticlr O; show that both mean and median percentage contrilsutiom
Arctic shipping areelatively uniformover the eastern sectowsith slightly higher contributions over sectors E3 and E4 at

around 0.3%and the resof the eastern sectors at around 0.286.for PM, 5, the slipping contributions are higher over the
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north eastern sectors (north of 60N) and highesh.5% in mearvalue) oversectors E3 and E6, botif which arein close
proximity to the Arctic shipping routes (see Figije Shipping contributions to ambient concentratioNNO, and SQ are
much higher in comparison tosGnd PMs and are again highesiver sectorsE3 and E6(with mean percentage
contributions: > 10% for N@and ~20% and highefor SQ,). Shipping contributions over E4n(closeproximity to ship
traffic over Hudson Bg and W6 {n closeproximity to the Beaufort Sea) are algwonouncedn this caseSectorE6 has the
highestrelative contribution fran Arctic shipping emissionshich is attributed to its proximity to northern Arctic shipping
routes and, as welheingthe most remote region with lowest background concentsadind hencemost sensitiveareato
local emissionsNotice thatthe statistics shown in Tab&imply thatthe probability distribution functian(PDFs) of the
percentageshipping contributiors for pollutantsPM,s, NO,, and SQ are highly skewed (i.elarge diffeences between
means and medianand confirmed by further statistical analyses undertaken but not shown \ukile)the percentage
contributions for Q are relatively normally distribute(i.e., small differences between mean and median vallieg is
consistent with @being a secondary pollutantand, vith its relatively long atmospheric lifetime,;Mas much higher
backgrouncambientconcentratioa (and hence smaller relative cobution from shipping emissionspmpared to the other
pollutants assessed in this study.

At the projected 2030 BAU levethere is an overall increase in thleipping contributions to ambient concentrasiof the
criteria pollutants over all sectors (with the exception of sector W1 which is far away from Arctic shipping fges).
average contribution from shipping to ambieny d@ncentrations increases to about 1% or higher over the north eastern
sectors(from < 0.4% currently). Thewverage shipping contribution to the ambient ,RMoncentration increases more
significantly over sectors E3, E5, and EG6, e.g., 2% over E3 compared%oddibe current level.The most significant
contribution ofship emisions to ambient levels of pollutants is {0, for which average contributions aoeer 30%in
sector E6 and reaching 20% sector W3. Theincrease in shipping contribution to ambient ,Sf@ncentratios at the
projected 2030 BAU level is overghredictal to bemore moderatecompared to the case of N@r most of the sectors
except for sector W3 where the average shipping contritaitimnease to nearly 30% from just over 10% s current
level. As mentioned above, for $SOthe projected increase in shipping activitypartly offset by the global sulfur cap
cominginto effect in 208 (orby 2025 witha five yeardelay, i.e., MARPOL Annex VI Regulation 14)8If the same North
American ECA regulationgrereto be applied within the Arcticwaters in 2030 (i.ewith 0.1% sulfur cap antMO Tier IlI
NO, standard for new vessekhie 2030 ECA scenario), the shipping contribution to ambientc®@centratioa would be
well below the current (2010) level, and the shipping contidbuto ambient PNls would bebroughtroughly back tothe
current level There wouldbe reductions in shipping contributionsttee ambient NQ and Q concentrations compared to
the 2030 BAU scenario but the contributiowsuld dill be greater than theutrent level This is in line with the less

stringent regulation (in comparison to sulfur) on,Nf@der the NA ECA.

Populationweighted concentrations
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Since criteria pollutants are closely related to health effédas pertinent to look at the impact of Arctic shipping emissions
in terms ofpopulatiorweighted concentratiofRopulatiorweighted concentration @ften used in population exposure and
health effectnalyss (e.qg., vy et al., 2008, Mahmud et &012). It is calculatecs
B RéENOEE®
B neéen
wherei designates each computational grid cell pod andcong denotepopulation and concentration, respectively, at grid

cell i. Here population weighted concentratioof the criteriapollutantsare calculated foCanadaébés eastern
Arctic, defined as north of 8NN, (60° W i 10 W) and (100W i 140 W), respectively.

Figure13 shows the griddedopulationdensityover the model domaibased orthe2010US and 2011 Canadigopulation

data As shown, over the eastern Argtithe populatios are mostly didgributed alongcoastlins in small isolated
communitiesand arethus more directly subjectedo the impact fronshipping emissionithan over the western Arcti¢he

time series ofthe population weightedconcentrations of ¢ PM,s5, NO,, and SQ and the corresponding shipping
contributions over thduneSeptember periodre plotted in Figurd4 (a-d). Overall the populationweighted concentrations

are higher in the watern Canadian Arctic than the east. The communities and population centres are larger in the west
and as wel| the western Arctic is more affected by North American boreal forest fire emissions in the summer months (e.g.,
Alaska,northern Bitish Columbia and northern Prairies; Gong et al., 80Xonversely, the relative contributions from ship
emissions are higher in the east than in the west, dtletoloseness of the eastern communities to the shipping channels
and cleaner backgrouralr. The pgulation weighed Q; concentratiorover the easterArctic showsan overall summer
minimum in July and a slow recovery during late summer and ear|ywhith is consistent witthe generalD; seasonal

trend observed at the Arctic sites (Helmég al., 200B). In contrast, the time serider the western Arcticshows higher
values in midJuly and early August likely due to biomass burning impact in the region. The shipping contribution is
relatively uniform over the peak shipping season (JA®) tive eastern Arctic, whereas over the westeaticdthe shipping
contribution is greater over the latgart of the shipping season (September) than the early part (i.éAugiyst) when the
region is impacted by biomass burning plumes (Gong et al§)20Table 7 shows the statistics of ship contributioio
populationweighted concentrations over the eastern Arciie.,(mean, median, maximum)»’hen ©mpaed to the
geographically based sectoral statistics above, the ship impacts on popukitibeed pollutant concentrations al@ger
particularly over the eastern Arcti¢in terms of relevance to health impacBimilar to the sectoral statistical assessment
above, the applicain of ECAlike controk over Arctic wates (in the projected 2030 emiss scenario)vould result inan
importantreduction in shipping contributieio the ambient aipollution. In the case of PM and SQ, the ECAlike control

would bring the projected 2030 shipping contribusidown to, orwell below, current (2010vels, respectively.

It is interesting to compare the above model based assessment of Arctic shipping swmisaioquality with measurement
basel analysis.Aliabadi et al. (2015)onductedan analysis on the air quality measuremeatdiected duringthe 2013

shipping seasoifrom two monitoring statiosin the eastern Canadian Arctic: Cape Dor@st Foxe Peninsula at the
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southern end of Baffin Islandnd Resoluten Nunavut both located near Arctic shipping channélsingback trajectories
and highrresolution ship position data, they estimated that ship emgssiontribued to cumulated concentrations
(equivalent to dosage) of NOO;, SO, and PMjs of: 12.91 17.5%, 16.2i 18.1%, 16.91 18.3%, and 19.5 31.7%,
respectively, at Cape Dorset (8oern site), and 1.0 7.2%, 2.91 4.8%, 5.51 10.0%, and 6.5 7.2%, respectively, at
Resolute (northern siteyhis may be loosely compargalthe modebssessment based on populaticighted concentration
above(Table 7) bearing in mind the difference in metrjes it alsois weighted towards small coastal communitiehip
contributiors to O; and PM s concentrations were estimatea be higherbased orthe measurements th&mmm the model
assessment. This mdne duein partto the methodology used in Aliabadi et, akherethe concentratiomexceeding the
deemed A b ac kwasatributedentirety o sHiptnfluencewherever abacktrajectorycrosseda ship location. In
the case of @ard PM, 5, which areeither purely or partly secondary pollutants with relative long lifetanthisis likely to
over attribute ship influence as the air parcel could well Hadnted byother sourceas well as ship plunseln contrast
the ship contributions to Nor NQ in the case of measurement based analysis) andve® estimatedower from the
measuremesthan from the model assessmertiscan also bexpectedas he measurement sites were often influenced by
local sourcege.g, garbage burn, offoad use of disel, @rgplane landing and tale-offs) which are not represented well in

the model simulations. Combined with instrumentdodetection limis (LDLs), the background levels in the measurement

analysis for NQand SQ are much greater than the correspagdnodelled background levels, which leads to greater ship

contribution (in relative sense) from the model assessment than from the measurements.

5.2 Ondeposition of S and N

The impacs of Arctic shipping on the deposition of sulfur and nitrogen at cu2éaand projected 2030 levelgerealso
examined in this study. The model computes both dry and wet deposition fluxes of variousasadlfoitrogercontaining
species. They includdpr dry deposition, S& p-SO;, NO, NG, HNOs;, NH;, HONO, RNO; (organic nitrate),PAN
(peroxyacetyinitrate), pNOs, p-NH,, and, for wet deposition, HSD SQ,”, NOs, NH,". The modelled wet deposition

i ncl udes -obugttigh, trdcer atransfer fromcloud water to ain water due to precipitation production

(autoconversion/coll i-cutolm/ cioaéescheceyw, chaoddiswaahengi ng

by falling hydrometeors, as described in Gong et al. (2006).

Shown in Figire 15 and16 are he modelled total sulfuand nitrogerdepodtion fluxesaccumulated over th#AS periodand
the contributios from Arctic shipping emissiong he deposition fluxes are shoverefor the 2010 base case ontjue to
the smilarity in the geographical distributiompatternsbetween different scerias, while the shipping contributions are
shown for all three scenario®verall the depositioriluxes are much lower over the Arctic region compared to lower
latitudes. he total sulfur depositioifover the threeanonth period)ranges from0.2 7 0.5 kg of S per hectare over the
Canadian suffrctic to 0.021 0.05 kg of S per hectare over the Canadian -igtiic; the corresponding ranges for total
nitrogendeposition are 0.1 0.5 and 0.01 0.05 kgof N per hectare, respectivelyor the annual deposition estimate, the

base case (2010) simulation was extended to a full year. The aotaladepositions of S and N (based on the-yekr
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model simulation) are 0-8 kg S h& and 0.21 kg N h&, resgctively, over the Canadian séctic, and 0.10.5 kg S h#
and 0.050.2 kg N hd, respectivelyover the Canadian highrctic (see Figue 9 in supplemental materialyhese levels
are in general accordance with previous model estimates (e.g., Hole 2809, Vet et al., 2014The contributiorto total
sulfur deposition from Arctic shipping iglatively small, below 5%at the 2010 base level, howewke contribution from
shipping increase® up to 20% along the coast of Baffin Bay in the 2030LBgcenario. The 2030 ECA scenario brings
down the shipping contribution to generally below the current 2010 level excegdbfay the coastf Baffin Bay wherea
majorincrease in shipping activityom increasedconomic development is projectdthe shpping contribution to total N
depositionis comparable to the case of S depositibthe current 2010 level, but it increasagstantiallyunder the 2030
BAU scenarioup to 50%. With assumed EGKke regulation, the shipping contributies slightly reduced but is still much
greater thamtthe current 2010 level.

The statistics of shipping contributions to total deposition of S and N by the 9 geograpbicas are shown in Tab8
Similar to the cases of ambient S&hd NQ, the seairs mostaffected ly Arctic shipping emissionare thefour northern
most sectors in the east (E3E6). However, h contrast to the cases of ambient,Sd NG where Arctic shipping
contributions are much mommportant the contributios to total depogions of S and N from Arctic shipping are much less
substantial This is in partdue to the dominance of wet deposition in the total depositionasfdSN (asis discussediater)
over the region of interesThe dominance of wet deposition over dry depasipbver northern Canada is also found in a
recent global assessment study of Vet et al. (2014), and it is consistent with the faet dne& thas relatively loemissiors
and moderat@recipitation amousst(particularly duringthe summer months\While dry deposition isnore associated with
ambient(or nearsurface)oncentrationswet depositioris more associated with concentrations aloé (at cloudlevelsand
through the vertical columrand hences more affectecby longrange transport ahdistant sources. Due to its moderate
solubility and fast oxidation pathways fine aqueous phase, $@an be efficiently scavenged into cloud droplets, oxidized
into sulfate, and be transported and depogitebugh rairout) long distance from its souces. Similarly, both NH; and
HNO; can be readily scavenged by cloud wated both contribute significantly to the wet deposition ofjilseous NElis
highly soluble angdonce absorbed by cloud wateiill mostlybe in the form of ammonium ion (NFJ; HNO; is extremely
solubleand will quickly dissociate to nitrateions (NO5s) once dissolved in cloud water (Seinfeld and Pandis, 1996).

The deposition of S and Ns of importance in considering ecosystem impacts, e.g., acidification and eutrophafation
terrestrial and aquatic systenfReuss and Johnson, 198Bouwmanet al.,, 2002 To this end, langtover weighted
deposition fluxesof S and Nfor three primary langovertypes found inthe Canadian Arctic, namely lakes, tundra, and
barren/desertwere computed and the contributions to the lader weighted deposition from Arctic shipping are
examined.Figure 17 shows thegridded lanecover fractios for the three landovertypes basedon theU.S. Geological
Survey's (USGS) global land cover chaesistics (GLCC) dataase at 1km resolution (see

https://lta.cr.usgs.gov/glcc/globdoc?. OSimilar to the populatiomveighted concentration, the lagdverweighted

deposition is calculateals
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where frac;, A;, anddepg are gridded landover fraction (for a given lardover type), grid area, and deposition flux,
respectively, at grid ceil

Forsiuset al. (2010) estimated critical loads of acidity (S and N) for terrestrial ecosystems north of 60° latitude using a
Simple Mass Balance (SMB) modaind found that in northern North America the lowest critical loads (or most sensitive
regions) occur in astern Canadalable 9 shows the landoverweighted deposition®f S and N(total, as well as,
separately, dry and wefor eastern Canadian Arctic (8@%/ 1 10 W, 6(® N 90° N) over the JAS period and the respective
contributions from Arctic shippingAt the current levelland-coverweightedtotal S deposition over ¢heastern Canadian
Arctic varies from 73 g hhover barren land to 143 g haver lakes for the thremonth periodThe corresponding numbers

for annual deposition of S over the east€anadian Arctic, based on the extended annual simulation (2010 base case), are
288 g h& over barren land and 652 g haver lakegsee Table $in supplementary material), or a rangel8fi 40 eq ha
(assuminghat1 mole of S is equivalent to 2 acid equivale®@suwman et al., 2002which is well below théowestcritical

load of acidity (based orf"ercentile ofmaximum critical load 08) estimaed by Forsius et al. (2010) for the area: 200 eq

ha' a' (usingan aluminumto-basecationsratio criterig or 100eq ha a' (usingan acid neutralizing capacityriteria, a

more stringent measyreNote thatcaution needs to be taken in interpreting corresponding deposition values foe 2030
scenariogisthere was no projection done for the anthropogenic emissions other than for the marine shipping emissions over
Canadian waters for teemodel runs.The shipping contributions to the total deposition of S to the three land cover types
are small (below 1%), wia the contributions to dry depositigwhich is moreheavily tied to ambient concentrationsye
noticeably greater. As shown in Tal8lethe total deposition of S (and N) is dominated by wet deposition in this rddien.
land-coverweighted N depositioranges between 36 ghéover barren land) to 84 g h4over lakes) over the JAS period

at the present levehgainthe annual deposition of N based on the-faar simulatior(see Table § ranges betwee®.137

kg of N ha' a* (over barren land) anfl.274 kg of N ha® a* (over lakes) or 107 20 eq ha a®, which isalsobelow the

critical loadfor acidificationcurrently estimated for the region in Forsius et(2010)and the empirical critical loadfor

nutrient N of 1i 3 kg of N ha' a™* for North Americaecoregion ofundra (Linder et al., 2013; Pardo et al., 2011)

The contributions from Arctic shipping to total N deposition the three landover types arsimulated asmall at the
current level, but are predicted to increase sicauiftly under the 2030 scenarids.should be noted that, althoughe

current deposition of S and N over the Arctic regioelow and generally below the existing critical load estimates, with the
projected increase iglobal production of nitrogeaxpected to beneeded taneet the growing demand féood and energy
atmospheric emissions and depositions of nitrogen are expected to increase (Galloway et; dber@dér et al., 2006

this situation combinewith the expected increase in shipping @t#s in Arctic waters couldaise the level of deposition

to above the critical loads for the regidfurthermoreit is recognized that the current estimatesrdfcal loads forNorth

American Arctic ecosystesrare highly uncertain due ® number ofactors including limitationsn methodology andack

23



10

15

20

25

30

of data Forsius et al., 2010; Pardo et al., 20Lihder et al., 2018 Given these considerations,careful assessment of

potential ecosystem impacts from Arctic shipping emissions, particularly in the future conbextaised.

5.3 On black carbon

Black carbon (BC)formally defined as an ideally liglatbsorbing substance composed of carbon (Petzold et al., 2043),

short-lived climate forcer (SLCF): it absorbs solar radiation, influences cloud processes, and alters the melting of snow and

ice and, hence, surface albgdond et al., 2013Flanneret al, 2007) BC is emitted into the atmosphere from a variety of

combustion processes includinghipping activities. Although shipping contributesly up to about 2% of global BC

emissions, it may constitute a larger fraction of direct BC emissions in remote regions such as the Arctic, an arearwith high

sensitivity to caponaceous emissions due to snow albedo effBoisd et al., 2013)In our model, BC is represented by the

fielemental carban (EC) component of the internallyixed aerosolsBy its sources and chemical/physical properties

represented in the modehe mocelled EC is equivalent to BAn the context of thémportantradiative effect of BCthe

impact of Arctic shipping emissions @othcolumn loading and deposition BIC (or modelled ECwill be assessed here

Figure B shows the modelle&C (or modelled BC, hereaftegolumnloadingsaveraged over the JAS period (2010 base

case) and the percentage contributifmosn Arctic shipping for the 2010 base case, 2030 BAU and 2030 ECA scenarios.

The contribution statistics by geographical sectoesireluded in Tabl& (last column).The modelled averaged BC column
|l oading over the Canadian Arcti c (“nRgure B(a)phighebd¥er tNe westeann g e s

CanadiarArctic thanthe eastwherethe region is strongly impéad by northern boredibrest fires over western Canada and

Alaskaduring the summer monthsA similar range of modelled BC loading over the Arctic is alspartedby Eckhardt et

al. (2015) ina recentmulti-modelassessment for simulating BC and sulfatehe Arctic atmosphereThe contribution to

BC loading fromCanadianArctic shipping enmgsions at th&010baseline level idimited and localizedgenerallybelow

0.1% on average and up 2% over localized aresin the eastertCanadianArctic (Figure 18(b)). In absolute termsthe

shipping contribution to BC loading low0 . 1

“%oger nmost parts ofhe Canadian ArcticThis issomewhat smaller

than the estimatef @demark et al. (2012)wherethe Arctic shipping contributionto the troposphericBC columnis

estimated at 0.38 g  averaged over BN i 9° N. Noting thatthe presenassessmeribcuseson the impact ofhipping

over the Canadian Arctic watsonly as opposed to shipping over the entire Arctic wafas the case o@demarket al.,

2012) the smaller contribution from this assessmeist expected as shipping activities within Canadian Arctic waters

constituteonly a small portion of overallArctic shippingactivities e.g.,compared to thactivities overthe Barents Sea,

Norwegian Sea, and along southwest coast of Greenland (Arctic Coun0B, XWinther et al., 2014)There is a

considerable increase in the contribution to BC loaglitgm Canadian Arctic shipping emissions in the 2030 BAU

scenarig as seen in Figure8(c) and TableB, particularly over Baffin Baypf up to 1846 locally, in response t@rojected

increass in ship traffic thereUnder the 2030 ECA scenario, the modelled shipping contribution to BC loading is slightly

reduced from the 2030 BAU level bittis still significantly greatethan that at the current 2010 le€igure B(d) and

Table8).
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The model simulatedotal (dry + wet)depositionof BC accumulated for the JAS period at the current (2010) level is shown
in Figure B along with the percentage moibution from shipping over Canadian Arctic waters under all three scenarios.
The contribution statistics by geographical sectors are included in 8487 last column)Modelled BC depositioover
the Canadian Arctic ranges from up to 50 m§imthe southwest to around 0.5 m¢f in the northeast over the three month
period. The modelledareaaveraged BC deposition fltier 60°N i 90° N between 50#/ and 140° W is 2.3 mg frover the
3 month period, or 9.2 mgfryr?, which is within the rage ofmodelledBC deposition fluxes averaged over the Arctic (60°
T 90° N) from a multmodel assessment of Jiao et al. (20deketheir Figure 9).The contribution from Canadian Arctic
shipping atcurrent leves is mostly between 0% and 0.5% over the ghping channelsandlocally up to 5% (Figure 9(b)).
Similar to the case of BC column loadidizcussed aboyé¢here is a importantincrease in the shipping contributitm BC
deposition in the 203BAU scenario over theast coast of Baffin Island (Figal 19(c)). The shipping contribution to BC
deposition averaged over the northeast sectoin&&ase to 1.5%, exceeding 3@ locally, under the 2030 BAU scenario
(Table8).
Since BC deposition to ice and snhow is of most interest when consideringptietial albedo effect,varaged BC
depositionfluxes to ice and snovdefined as

B 'Oy 'Q 86'Q Qane

B Oy M 00

(whereFiesnowis the grid fraction of ice/snow coveave beercomputedand the resgctive contributions from shipping
within Canadian Arctic waterare examined here. Tahl® shows average monthly BC deposition fluxes to ice/snow (total,
as well as dry and wet, separately) over the Canadian Arctic region (6®ORIN, 50° Wi 140° W)for the three peak
shipping months, July September, and theorrespondingshipping contributionsModelled monthly mean ice and snow
cover fields (show in Figure20) are used for thisalcuation. As shown, the Arctic icefiow cover recedes progressivel
through the summer monthBhe monthly BC deposition to i@dsnow is highest in August due to higlpeecipitation and
wet deposition. There is a sharp retilon in Septembeas a result of the combination @freduction in column BC loading
(see supplementary materi&ligure SL0) due to the reduced wildfire events in western Caiadizte summernnd receding
ice/snow coverfurther to the north (Figure20). Again total deposition is largely dominated by tiwet componentin
general,shipping over Canadian Arctic waters malady a small contribution to the total BC deposition on Arctic
ice/snow; the relative contribution is larger in September dtieeteeduced impact from wildfire emissiorRroportionaly,
Arctic shipping make a greater contribution through dry deposition than threugttdeposition over northern regions as the
emissions are more likely to be trapped within the stable marine boundary layer and hersogrbater impact on theear
surfaceatmospheric cacentrationTable10 also includes the shipping contribution to BC deposition to ice/snow in absolute
terms. It showsthat the shipping contributions are roughly double in the 2030 BAU scenario from presest level
interesting to se that dry deposition is playing a bigger role in this increase, particularly for the month, okflabting a

significant increase in neaurface atmospheric concentration of BC in this scenario
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It is seen from this assessment that currgmipping emissionsover Canadian Arctic watermake relatively small
contributiors to both BC loadig and deposition in the Arctic. Howevtte cortributions are expected to increasethe
2030 scenariofAssessing the radiative effédebm BC loading and deposition on snow attributable to the shipping emissions
over the Canadian Arctic wateis beyond the scope tfis study.There are existing effort® assess radiative forcing from
specific forcing agentandbr emission sectomrmostly using global modelwiith relatively coarse resolutionsor example, a
global BCradiative forcingof ~ 2 mW m? attributable to current international shipping (without the consideration for BC
show albedo effectivas estimated bEyring et al. (201Q0)ddemark et al. (2012¢stimdedannual meaBC relative forcing
attributableto Arctic shippingactivitiesat the presenf2004)level to be0.60 mW n¥ (due to BC in airand 0.47 mW M

(due to BC in snowaveragedver 60° Nit 90° N.The current understanding is thmaterall net forcing fronthe presentlay

ship emissions of SLCF pollutants is negative do higher emission of sulf@Fuglestvedt et al., 2008; Eyring et al., 2010;
@demark et a].2012). As seen from this assessmesttipping induced changes in atmospheric compos#mhdeposition

are occurringat regional to local scate(particularly in the Arctic) Climate feedbacksire thereforelikely to act at these
scales andhenceclimate forcingimpact assessmenwill require modellingundertakerat much finer resolutions than those

usedin the existingelative forcingand climate impact assessments.

6 Summary and @mnclusions

In this study, a ortline air quality forecast model (GEMMIACH) wasused for a first regional assessment of the impact of
Arctic shipping emissions on air pollution in the Canadian Arctic and northern refiostshe nodeb s  a to sirhulat y
ambeent atmospheric compositions in tlegionof interest was evaluatedith available observation3he impactof Arctic
shipping emissionat both present and projected future levelsre then assessed based on model sensitivityusing a
detailed marine emission inventory for ships sailing in Canadian waters devspegédly for this study.
The adapted GEMMACH for Arctic is shown to have similaskill in predicting ambient @and PM s in the Canadian
northern ad Arctic region aghe current operational air quality forecast models in North America and Edtopenoa! is
able to simulate well the observed ambiegt &d some of the PM componentshat Canadian high Arctic site, Alefthe
model has reasonable skill in predicting N&hd SQ in the north at a regional scale; at local scales the model prediction
depends heavily on emission inputs. The evaluatEsultsindicate large uncertaties in the represerdtion of local
emissions irthe remote north and the need for improved emissgistimats and representation for the oil and gas facilities
in northeastern Britls Columbia and northern Albertdhere is a significant data gap in northern Canada, particularly the
eastern Arctic, for air quality monitoring and model evaluation.
Key findingsfrom the model assessment of the impact of Arctic shipping emisaiertie following

- At the current (2010) level, Arctic shipping emissions contribute to less than 1% of ambimmd@ntration over

the eastern Arctic This contribution is expéed to increase to up to 5% in the 2030 bushasassual (BAU)

scenario with broader region of impact.
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In comparison, the impact of Arctic shipping emission on ambientsRncentration is more confined to areas
close to the shipping channelSurrent (2010) levels ofArctic shipping contribute to 1 5% of ambient PMs
concentration over the shipping channels and < 0.5% overAditide 2030 BAU level, the shipping contribution is
expected to increase td 20% over the shipping channels.

For NO, and SQ, both primary pollutants, Arctic shipping emissions make significant contributions to ambient
concentrations over the east Arctic: 107 50% for NG and 207 100% for SQ, over shipping channels and
coastal regions with close proximity to shipgiroutes, at current (2010) level. The shipping contribution tg NO
concentratios is expected to increase to > 50% under 2030 BAU, while the increase in shipping contribution to
SO, concentrationis more modrate due to the anticipated global cap ofusih ship fuelthat is due to comto

effect.

Contrasting to the 2030 BAU, the 2030 ECA scenario, agssuminghe Canadian ftic will be designated as an
Emission ®@ntrol Area (as d the casefor the east and west coasts Mbrth America) will see a significant
reduction h Arctic shipping contribution to ambient concentrataf SO, and PM;s. Particularly, the Arctic
shipping contributions to populatiemeighted concentrationf SO, and PM s will be brought down to below the
current level.

Despite the significant contributierio the ambient concentratisof SO, and NQ, Arctic shipping contribution to

the deposition of total S and N to the Arctic ecosystem is small, < 5%, at present (2010) level, due to the dominance
of wet depositionHowever, the contribution is pected to increase to up to 20% for S and 50% fouridier the

2030 BAU scenario.

Based on existing estimates of critical loads for northern terrestrial ecosy#ftencurrent S and N deposition to

the three dominant larcbver types {undra, lakes, and barren/desert) in the Canadian Arctic and northern region is
well below the lowest critical loads for acidification agwatrophicationHowever, given the large uncertainty in the
current critical load estimate for the Arctic ecosystem, the anticipated increase in atmospheric emissions and
deposition of nitrogeglobally, and the expected increaseArctic shipping contribution to the depositiafi N to

the north,more careful assessment of potential ecosystem impacts franticAshipping emissions, particularly in

the future context, is needed.

The contribution to BC loadirsfrom Canadian Arctic shipping emissions at the 2010 baseline level is limited and
localized, generally below 0.1% on average and up to 2% over localized areas in the eastern Canadian Arctic. There
is a considerable increase in the contribution to thed@ihg from the Canadian Arctic shipping emissions in the
2030BAU scenario, particularly over Baffin Bay, with up to 15% locally, in response to the projected increase in
ship traffic there.

The contribution to BC deposition froshipping inthe Canadiamrctic at current (2010) levels mostly between

0.1% and 0.5% over the shipping channels, and locally up to 5%. Similar to the case of BC column loading, there is

an important increase in the shipping contribution to BC deposition in the 2030 BAU scaverihe east coast of
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Baffin Island. The shipping contribution to BC deposition averaged over the eastern Canadian high Arctic increases
to 1.5%, exceeding 30% locally.

In general, Bipping over the Canadian Arctic waters makes a small contributiondswlze total BC deposition on

Arctic ice/snow(taking into account of the séee cover during the Arctic shipping seasomjoportionally, Arctic
shipping make agreater contribution to dry deposition than to wet deposition over the northern regithes as
emissions are more likely to be trapped within the stable marine boundary layer and hence have greater impact or
the nearsurface atmospheric concentration. The analysis shows that shipping contributions to BC deposition fluxes
to ice/snow are roughlglouble in the 2030 BAU scenario from present Isuglresponse to the projected increase

in Arctic shipping activities.

It is indicative from thisstudy that shipping induced changes in atmospheric composition and deposition are at
regional to local scales (particularly in the Arcti€)imate feedbacks areonsequentlyikely to act at these scales
thusclimateimpact assessmenwill require modelling ndertaken at much finer resolutions than those used in the

existing radiative forcing and climate impact assessments.
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Appendix A. Model Evaluation Statistical Measures

The following statistical measures are considered for the model evaluation ituthidetting M the vector of model output
and O the vector afbservatior{N-recordboth)with mean valué) andi, respectively
Meanbias (MB)

., B 0 0
00 -
0
Normalisedmeanbias (NMB)
50 8p B 0 ©
ODLO pT—p G
Root mean squarmror (RMSE)
0 0

YO YO

Normalised mean square error (NMSE)

00°Y®© pTT

Pearson correlation coefficient (R)
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Tables

Table 1.Number of trips and estimated emissions (in tonnes) of CAC pollutants from marine shipping activities over the Canadisaténcfior the year 2010 base case
and for the projected 2030 year scenarios (BAU and ECA).

# of trips NGO, SQ CcO VOC PM NH; CQe
Vessel Category/Clas
2010 2030 2010 203Qsau 203Q:ca 2010 203Qsau 203Q:ca 2010 203C* 2010 203C* 2010 203Qsau 2030Q:ca 2010 2030* 2010 203C*
Merchant Passenger 308 1,049 762 127 186 38 26 113 10 45 18 40 25 0 2 13,814 54,826
Merchant Passenger 63 271 308 1,049 762 127 186 38 26 113 10 45 18 40 25 0 2 13,814 54,826
Merchant Commercial 1,821 8,611 4,865 1,079 1,427 288 163 842 64 342 144 314 193 2 12 90,502 418,727
Merchant Bulk 39 191 431 4,926 2,266 206 798 160 38 488 15 198 28 176 108 0 7 17,389 224,260
Merchant Other 245 453 815 1,810 1,381 568 320 64 72 171 28 69 74 69 42 1 3 40,700 97,454
Tanker 169 247 575 1,875 1,218 305 310 63 53 183 21 75 42 69 43 1 3 32,413 97,013
Other 1,157 1,602 1,602 17 15 15 91 127 42 59 23 31 31 2 2 57,223 74,914
Coast Guard 20 25 613 844 844 10 13 13 51 70 22 31 13 17 17 1 1 31,861 41,050
Tug Boat 300 367 506 720 720 7 1 1 37 55 18 26 9 13 13 1 1 23,404 31,983
Special Purpose 7 6 38 38 38 1 1 1 3 3 1 1 1 1 1 0 0 1,958 1,881
Fishing 231 270 270 4 0 0 19 22 8 10 5 5 5 0 0 11,195 12,770
Fishing 134 156 231 270 270 4 0 0 19 22 8 10 5 5 5 0 0 11,195 12,770
Total 978 1,716 3,518 11,531 7,499 1,228 1,628 340 299 1,104 125 455 190 390 253 4 16 172,740 561,243

“Includingone (1) trip for merchant container
No difference between BAU and ECA scenarios for these pollutants
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Table2.2 010 marine emission estimates (in tonnes)
Air contaminant Underway Berthing Anchoring Total

East West  Arctic | East West Arctic | East West Arctic | East West  Arctic
NO 112,301 70,980 3,257 | 6,722 2,966 252 | 1,571 1,188 9 | 120,594 75,134 3,518
SQ 55,978 38,600 1,068 | 5,393 2,638 152 | 1,448 1,390 8 62,819 42,628 1,228
co 10,265 6,128 270 870 347 28 200 148 1 11,336 6,623 299
vVOC 7,948 2,883 117 | 4,913 383 8 50 39 0 12,911 3,304 125
PM 7998 5403 171 617 303 18 161 151 1 8,775 5,858 190
NH 140 92 4 2 1 0 0 0 0 142 94 4

5 Table 3. Stack parameters for different ship emissions inventories used in this study.

Average values Heavy Diesel Diesel Gasoline
Stack Heigh¢m) 41.82 40.23 24.52
Stack Diametefm) 1 1 1
Stack Velocitym/s) 20 20 20
Stack Gas Exit Temperaty(@) 275 275 275
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Table 4. Regional evaluation for QPM, 5, NO,, and SQ (hourly statistics)

Geographical sector] # of sites | - Ml-3 5 NMB . RM.SE NMSE R

6 LiLJ6 &3 (%) 6 LiLJ6 83 (%)
Os (ppbv)
Northern 15 3.0(3.1) 15.5 (15.8) | 8.4 (4.4) 14.5 (4.2) 0.57 (0.73)
Southeastern 69 5.7 (5.8) 24.9 (25.1) | 12.1(7.5) 19.0 (7.8) 0.66 (0.86)
Southwestern 54 4.2 (4.2) 20.6 (20.8) | 12.6 (5.8) 27.8 (6.3) 0.54 (0.87)
PMps6 > ) Y
Northern 9 -0.7(-0.6) -14.4 €12.0) | 6.5 (2.6) 201 (34.6) | 0.08 (0.09)
Southeastern 36 -0.2(-0.2) -2.1(-1.8) 8.9 (5.5) 69.7 (29.0) | 0.58 (0.79)
Southwestern 9 -3.3(-3.2) -34.3(-34.1) | 19.4 (10.3) 257 (102.9) | 0.37 (0.63)
NG, (ppbv)
Northern 10 0.3(0.4) 8.3 (12.9) 5.6 (2.0) 104 (28.5) | 0.56 (0.52)
Southeastern 30 2.6 (2.6) 457 (47.0) | 10.3 (5.4) 139 (54.9) | 0.45 (0.58)
Southwestern 55 1.4 (1.7) 20.2 (26.4) | 9.0 (2.7) 90.4 (11.9) | 0.55(0.82)
SQ6 >T) Y
Northern 18 9.9 (10.1) 325.(334.) | 30.6 (14.0) 1360 (537.0)| 0.09-0.08)
Southeastern 17 6.2 (6.2) 183 (187) | 17.7(8.7) 663 (235.0) | 0.10 (0.04)
Southwestern 50 -0.5(-0.5) -11.5 €11.3) | 17.1(3.0) 1190 (49.9) | 0.10 (0.35)

" Numbers in brackets are scores calculated based on modelled and observed hourly time series averaged over all sjtesrwithin
region as in Im et al (2015a,b).
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Table 5. Division of geographical sectors over the Canadian Arctic and northern regions for the assessment

Sector # Latitude range Longitude range

E1l 50¢ 60 N 50¢ 75 W
E2 50¢ 60 N 75¢ 100 W
E3 60C70 N 50¢ 75 W
E4 60¢ 70 N 75¢ 100 W
E5 70¢ 80N 50¢ 75 W
E6 70¢ 80N 75¢ 100 W
w1 50¢ 60 N 100¢ 140 W
W2 60¢70 N 100¢ 140 W
w3 70¢ 80 N 100¢ 140 W

Table 6. Percentage contribution from Arctic shipping to ambient concentrations of criteria pollutants, by geographical
sectors (see Table 1), for JulyigustSeptember period.

sector PM, 5 (%) NG; (%) SQ (%)
# mean med. max. mean med. max. mean med. max. mean med. max.
El 0.08 0.04 1.12 0.20 0.18 0.67 1.33 0.43 47.0 1.40 0.24 455
E2 0.04 0.04 0.66 0.21 0.18 0.51 2.53 0.66 56.2 151 0.14 43.6
E3 0.58 0.33 3.82 0.39 0.34 1.09 10.80 3.42 65.3 19.90 1050 86.1
o E4 0.22 0.19 2.98 0.33 0.29 0.86 7.98 5.08 63.9 19.30 1570 94.0
§ E5 0.32 0.09 3.27 0.19 0.18 0.41 5.13 1.27 45.9 14.30 0.96 91.2
E6 0.53 0.35 3.48 0.21 0.21 0.54 1460 8.86 78.5 47.80 4440 97.8
w1 0.01 0.00 0.15 0.03 0.02 0.18 0.03 0.01 0.65 0.00 0.00 0.4
W2 0.05 0.03 0.74 0.14 0.14 0.59 2.16 0.49 85.9 2.11 0.14 62.5
W3 0.09 0.07 0.49 0.13 0.11 0.54 8.33 4.44 62.7 13.10 9.53 76.0
E1l 0.13 0.06 1.58 0.65 0.56 2.11 4.73 1.28 71.2 2.97 0.37 63.6
E2 0.05 0.04 0.40 0.60 0.54 1.12 4.62 1.80 50.3 1.13 0.17 16.9
E3 2.01 0.62 34.50 1.53 1.33 4.98 21.90 10.10 93.5 23.10 10.00 98.6
g E4 0.39 0.27 7.16 0.90 0.90 1.72 13.60 10.80 90.5 21.60 1580 96.1
Q E5 1.39 0.17 38.10 1.01 0.63 4.75 1430 4.01 97.6 16.80 2.48 99.4
= E6 1.58 0.66 28.00 | 0.96 0.72 4.92 33.00 26.20 97.1 57.30 61.30 99.6
w1 0.01 0.00 0.31 0.10 0.06 0.48 0.10 0.03 3.5 -0.00 -0.00 0.24
W2 0.08 0.05 0.88 0.44 0.43 1.25 6.29 1.52 835 3.8 0.24 64.3
W3 0.20 0.17 2.11 0.49 0.44 1.06 18.20 11.10 75.6 28.80 2450 96.2
El 0.05 0.03 0.65 0.47 0.40 1.52 3.52 0.85 64.9 0.62 0.06 22.6
E2 0.02 0.02 0.38 0.43 0.39 0.81 3.52 1.40 50.2 0.21 0.02 3.76
< E3 0.70 0.20 16.80 1.05 0.91 3.18 17.10 6.80 89.4 9.31 2.13 92.8
8 E4 0.14 0.09 2.95 0.63 0.61 1.20 10.20 7.98 84.5 6.43 3.51 76.0
Q E5 0.49 0.05 20.30 | 0.67 0.42 3.48 11.00 2.60 96.0 8.48 0.47 96.9
S E6 0.60 0.24 15.60 | 0.61 0.47 3.61 25.10 18.00 95.4 30.70 2340 98.1
w1 0.01 0.00 0.14 0.07 0.04 0.34 0.07 0.02 3.39 -0.01 -0.01 0.02
W2 0.03 0.02 0.40 0.30 0.29 0.90 4.59 1.10 83.00 0.96 0.02 25.80
W3 0.08 0.06 0.98 0.31 0.28 0.71 1320 8.19 66.20 9.65 5.98 83.00
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Table 7. Arctic shipping contributions to populatiaveighted concentrations of criteria pollutants over eastern Canadian
Arctic (North of 60 N, 60 100 W), for the JuhAugustSeptember period.

PMos (%) NG, (%)

SQ (%)

Scenario

mean med. max. mean med. max. mean med. max. mean med. max.

2010 0.75 0.63 3.23 0.37 0.37 0.83 7.73 6.95 15.23 53.93 62.35 83.35
2030 BAU 1.28 1.12 5.07 1.36 1.36 3.08 25.57 23.48 61.24 60.58 65.76 90.36
2030 ECA 0.58 0.48 2.54 0.98 0.96 2.47 23.39 20.27 60.78 28.78 28.54 65.15

5 Table 8 Percentage contribution from Arctic shipping to surface depositions of sulfur, nitrogen, and elemental carbon (EC)

and column loading of EC, by geographical sectors (see Table 1), for theutjugt September period.

sector

Total S deposition (%)

Total N deposition (%)

Total BC deposition (%)

BC column (%)

#
El 0.09 0.04 1.45 0.18 0.11 2.09 0.05 0.02 3.06 0.02 0.01 0.67
E2 0.07 0.05 2.39 0.07 0.05 0.74 0.02 0.02 2.17 0.01 0.01 1.01
E3 0.53 0.41 5.75 0.75 0.64 4.84 0.21 0.15 8.98 0.06 0.05 2.10
o E4 0.51 0.42 6.99 0.61 0.51 4.40 0.14 0.09 2.98 0.05 0.05 0.54
§ ES5 0.41 0.20 5.16 0.61 0.42 3.67 0.11 0.04 4.21 0.01 0.00 0.36
E6 0.61 0.49 5.08 0.94 0.85 4.37 0.20 0.13 3.34 0.05 0.04 0.99
W1 0.00 0.00 1.98 0.01 0.01 1.86 -0.00 0.00 7.31 0.00 0.00 0.09
W2 0.07 0.04 2.73 0.32 0.14 8.41 0.03 0.01 5.81 0.01 0.01 0.75
W3 0.11 0.07 2.83 0.52 0.40 5.11 0.07 0.03 2.89 0.01 0.00 0.19
El 0.12 0.06 2.69 0.71 0.42 5.82 0.85 0.62 5.89 0.04 0.02 0.45
E2 0.07 0.05 1.72 0.23 0.17 1.65 0.60 0.26 9.01 0.02 0.01 0.55
5 E3 1.54 0.50 33.20 | 5.41 2.60 57.50 | 0.70 0.47 19.60 | 0.09 0.07 4.11
g E4 0.51 0.45 8.30 2.22 1.87 20.00 | 0.54 0.29 4.81 0.09 0.08 0.71
2 E5 1.61 0.51 34.30 | 5.01 2.07 59.00 | 0.61 0.35 9.15 0.04 -0.01 2.15
8 E6 1.61 0.94 40.30 | 5.32 3.79 60.90 1.46 1.10 32.80 | 0.11 0.04 15.90
W1 0.01 0.00 3.52 0.04 0.03 2.10 0.32 0.13 7.36 0.00 0.00 0.19
W2 0.12 0.06 1.82 0.98 0.42 10.00 | 0.29 0.22 7.10 0.02 0.01 0.95
W3 0.20 0.15 2.55 1.41 1.14 7.85 0.30 0.17 6.18 0.01 0.01 0.49
El 0.04 0.03 1.12 0.53 0.32 4.08 0.09 0.05 2.93 0.04 0.03 0.33
E2 0.02 0.02 1.05 0.17 0.13 1.33 0.03 0.03 2.24 0.02 0.01 0.35
< E3 0.36 0.13 10.10 | 3.48 1.74 44.60 | 0.31 0.19 13.70 | 0.08 0.07 2.81
8 E4 0.11 0.10 1.15 1.54 1.33 11.30 | 0.17 0.10 2.96 0.07 0.06 0.67
=] ES5 0.37 0.12 10.60 | 3.35 141 48.50 | 0.21 0.06 5.59 0.03 0.00 1.36
8 E6 0.36 0.20 13.30 | 3.38 2.29 58.30 | 0.32 0.16 21.80 | 0.09 0.04 10.20
W1 0.00 0.00 2.11 0.03 0.02 3.13 0.00 0.00 9.06 0.00 0.00 0.19
W2 0.03 0.03 2.46 0.67 0.30 8.38 0.05 0.02 6.31 0.02 0.01 0.95
W3 0.05 0.04 1.03 0.89 0.73 5.25 0.09 0.04 3.68 0.01 0.01 0.31
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Table 9. Land-cover weighted deposition of S and N for eastern Canadian Arctic160 W, 6Gi 90 N)over the July
AugustSeptember periodnd corresponding contributions from Arctic shipping.

Land Sulfur Nitrogen
cover LGweighted de?osition Shipping contribution LGweighted de;i)osition Shipping contribution
type kgof Sha (%) (kgof Nha") (%)
total dry wet total dry wet total dry wet total dry wet
o lakes 0.143 0.011 0.132 0.32 1.37 0.23 0.084 0.010 0.073 0.41 1.67 0.23
3 tundra 0.116 0.008 0.109 0.41 1.30 0.35 0.068 0.011 0.058 0.60 1.97 0.35
o barren 0.073 0.005 0.067 0.53 1.19 0.47 0.036 0.005 0.031 0.81 2.42 0.58
o 5| lakes 0.143 0.011 0.132 0.34 1.35 0.25 0.085 0.011 0.074 1.50 5.41 0.92
gé tundra 0.116 0.008 0.109 0.52 1.80 0.43 0.070 0.011 0.059 244 7.11 1.54
barren 0.073 0.005 0.067 1.20 2.78 1.08 0.037 0.005 0.032 4.86 11.56 | 3.82
o «| lakes 0.142 0.011 0.132 0.08 0.26 0.06 0.085 0.011 0.074 1.06 3.90 0.65
§8 tundra 0.116 0.007 0.108 0.12 0.39 0.10 0.069 0.011 0.058 1.71 5.11 1.07
barren 0.072 0.005 0.067 0.26 0.61 0.23 0.037 0.005 0.032 3.01 7.36 2.35

Table 10 Averaged BC deposition on ice asdow over Canadian Arctic (50140 W, 60 90 N), and contributions from
shipping over th€€anadian Arctic waters

Month BC deposition to ice/snow (mg fmon™) Arctic Shipping contribution (%) Arctic ih;p;;zngq;gr;)mbutlon
total dry wet total dry wet total dry wet

o 7 0.560 0.051 0.509 0.03 0.09 0.02 0.16 0.04 0.12
§ 8 0.615 0.025 0.591 0.04 0.34 0.03 0.27 0.08 0.18
9 0.163 0.004 0.159 0.14 0.77 0.12 0.22 0.03 0.19

o5 7 0.561 0.051 0.510 0.06 0.27 0.04 0.34 0.14 0.20
“8) g 8 0.617 0.025 0.593 0.09 0.67 0.06 0.54 0.17 0.37
9 0.163 0.004 0.159 0.27 1.32 0.24 0.44 0.06 0.39
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