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Abstract. The Aerosol Cloud meTeorology Interactions oVer the western ATlantic Experiment (ACTIVATE) is a
NASA mission to characterize aerosdbud interactions over the western North Atlantic Ocean (WN/ADh
characterization requires understandofdife cycle, composition, transport pathways, and distributibaerosols

over WNAOQO. This studyuses the GEOSChem model to simulate aerosdilistributiors and propertieghat are
evaluated against aircraffroundbasedand satellite observations during the winter and summer field deployments
in 20200f ACTIVATE. Transport in thédoundary layer§L) behind cold frontsvasa major mechanism for the North
American continental outflowf pollutionto WNAO in winter. Turbulent mixingwasthemaindriver for the upward
transport of sea salt within and ventilation out of BL in winter. The BL aerosol compos#isdominated by sea
salt,which increased ithesummerfollowed by organisand sulfateAircraft in situaerosoimeasurements provide
useful constraints on wet scavengimyGEOSChem The model generally captudeobserved features such as
continental outflow, lanadcean gradient, and mixing of anthropogenic aerosols with sea salt. Keustivity
experimentswith elevatedsmoke injection heightto the midtroposphere ersuswithin BL) better reproduak
observation®f smoke aerosols from the western U.S. wildfoeser WNAO in the summerModel analysis suggest
strong hygroscopic growth of sea salt particles thedt seeding of marine BL cloudsrer WNAO (< 35°N).Future
modeling efforts should focus on improving parameterizations for aerosol wet scavenging, implementing realistic

smokeinjection heighs, and applying higltesolution models that better resolve vertical transport.
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1. Introduction

Aerosolparticlesscatterand absorb radiation in the atmosphere, directtysemidirectly affecting mdiation
budget and balancand thusclimate (Charlson and Pilat, 1969; Hansen et al., 19%®rosols act asloud
condensation nucleiCCN) or ice nuclei(IN), indirectly affectingradiation viathe formation of clousl and
precipitation (Twomey, 1974, 1977; Burrows et al., 202Z)hey also affect ropospheric photolysis and
photochemistryby modifying solar radiation, andeterogeneous chemistby providing surfaces forgasparticle
interaction(Dickerson et al., 1997; Jacob, 2000; Martin et al., 2008)ile the interaction of aerosols with clouds
remains the | argest uncertainty i n tatlbunderstandingacgures o f
knowledgeof aerosol transport, sous;sinks compositionand distributiopwhich still have largegaps(Boucher et
al., 2013; Bellouin et al., 2019; Li et al., 20R2Continentaloutflow regions represent a mixture \drious aerosol
sourcesandtypes, and are impacted by larggale and synoptic weather systgi@srooshian et al., 202Mffering a
place for testinghecurrent understanding of tropospheric aerosol proceAsssng these regions, threestern North
Atlantic Ocean(WNAO) presentdia complex atmospheric systewith many unknowsd ( Sor ooshi;an et
Painemal et al. 2021ACTIVATE is asix-year (20192024)NASA Earth VentureSuborbitat3 (EVS-3) mission to
investigate aerosaloud-meteorologyinteractions over the WNA@uringwinter and summer seasomgth a focus
on the marine boundary lay@viBL) clouds(Sorooshian et al., 2®; 2023. The six field deployments took place
during Feb-Mar. and Aug-Sep 2020, JarApr. and MayJun 2021, Nov 2021-Mar. 2022 and MayJun 2022
respectively In this paperwe characterize thaerosol life cycletransport, compositigrand distribution over the
WNAO, defined as the oceanic domain bounded Bb23N and 6085°W, andNorth Americds East Coasturing
thewinter (Feb:-Mar.) and summe(Aug.-Sep.)deploymentof ACTIVATE 2020usingthe GEOSChemchemical
transport modelThe model analysis of aerosdts the deployments of ACTIVATE 2021 and 2022 will be reported
separately.

Climatological circulation patternslargely determine the transpgrathwaysand spatial distributiomf trace
gases and aerosalgerthe WNAO (Sorooshian et al. 202Corral etal. 2021).The atmospheric circulation over the
North Atlantic Ocean basin is characterizedwy sempermanent featusethe Bermuda orAzores High(subtropical
anticyclon@ and the Icelandic Low (subpolar low pressyi2dvis et al., 1997Tucker and Barry, 1984In summer,
the Bermuda Higheachests maximumspatial extent over the WNA@nd extends westwaravith southwesterly
winds over the westenpartof the domain north of 30\ andeasterlytrade winds in the subtropi¢Rainemal et al.,
2021) In winter,its expansion is limited by thaevelopment of thicelandic Lownorth of 45N. While the prevalent
westerlywinds in winter/springfavor transporof pollution from North Americato the Atlantic Ocean and toward
Europe the trade windsouth of theBermuda High in summédacilitate transport of aerosols from tleasterrAtlantic
and North Africa tahe WNAO ¢.g.,Chen & Duce, 1983)

On synoptic scalethe North American outflow of trace gases and aerosols to the WNdA@nvigmantlydriven
by mid-latitude cyclones (Cooper et al., 2002; Li et al., 200%n and Jaegle, 201 3Major transporinechanisra
for North American pollution outflow over the WNAiDcludehorizontal advectiowithin theboundary layerEL)
behind the cold frontfrontal lifting by the warm conveyor belfahead of the cold frontand convectivdifting

followed by westerly transport in the free troposph&weilson et al., 2003; Li et aR002. For instancefast et al.
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(2016) identifiedkey processes responsible for the aerosol lagbservedver Cape Cod, Massachusetts, and over
the North AtlanticOceanduringthe TwaColumn Aerosol Project (TCARJonducted duringuly 2012 The aerosol
layers observed in the free tropospheesulted from mean vertical motions associated with syndsiale
convergencahead ofa cold front which lift ed aerosols from th&L. Recentaircraft observations fronthe North
Atlantic Aerosols and Marine Ecosystems Study (NAAMEB)ing 20152017 showedlayers of sulfate, black
carbon andorganic aerosoénhancemestin the free troposphersuggestingongrange transport of continental
anthropogenic pollution and biomass burn{B#) emissiongo theremote marin@tmosphergCroft et al., 2@1).
Over the North Atlantic OceamNorth American pollutiorgenerally follows twatransportpathways one r@ches
Europein 4-5 dayswhile the otheis entrainedn the Bermuda Higlanticydone (Luanand Jaegle, 2013)

Tropospheric aerosols over the WNAO represent a mix of mainly anthropoBBnigiogenic, dust, and marine
emissionsgee acomprehensiveeview bySorooshian et al., 2020)he major aerosol types over the WNAO include
sulfatenitrateammonium (SNA), black carbon (BC), organic aerosol (OA), dust, and se&Na&taerosolsare
mainly formed in the atmosphere through oxidation ameutralization ofprecursor gasesulfur dioxide 6QO),
nitrogen oxidesNOx), andammonia NHs). Theyarewatersolubleand subject to wet scavengirf@ue to air pollution
regulatory policies in continental North AmericmthropogenicSO; and NQ emissionshave been significantly
reduced ovethe pastoupleof decadegFeng et al. 2020 Streets et al., ZW), resulting inadecreasing trenih fine
particulate mattemassconcentrationgnd aerosol optical depth (AOD3s well agremendousmprovemens in air
quality in the eastern 1$. and easter@anadgvan Donkelaar et al., 201€oen et al., 202rovencakt al., 2017
Jongeward et al., 201&ang et al., 2018; Corral et al., 2021

Sourcesof light-absorbingBC aerosolsare both anthropogeni@and naturale.g., wildfires)in nature OA is
either directlyemitted(primary QA or POA) or formedin the atmosphergsecondary G\ or SOA) SOAincludes an
anthropogenicomponent from oxidation of aromatigdrocarbons, and a biogenic component from oxidation of
biogenic volatile organic compounds suchterpenesThe southeast U.S. is known as a region for large biogenic
SOA productionwith its significanceamplified by anthropogenic emissions (Zheng et al., 2023; Zhang et al., 2018).
The SOA from this region is expected to contribute to the continental outflow of aerosols to the {WbkéiGnd
Heald, 2013)Manystudieshavecharacterizedhe impact oBB sources in AlaskavesteriCentralCanadawestern
U.S.onthe extended WNAO regigmrspeciallyduringthe ICARTT and TCARield campaigngNeuman et al., 2006;
Berg et al., 2016)t has been shown thBB emission injection heighiavolve large uncertaintige.g.,Pfister et al.,
2006).Smoke plume heightsedved fromMISR/Terraobservations ovexorth Americaranged from a few hundred
meters up to &m above theround(Val Martin et al., 2010anda relatively highpercentag®f total BB emissions
is injected above th&L in the North American boreal region&hu et al., 2018)Recently,Mardi et al. (2021)
characterizedB aerosolevents over the U.S. east coastl Bermuda over the WNAO between 202618 using
groundbasedand satellite observatioms conjunction with MERRAZ reanalysiglata More frequeh BB eventsare
found tooccurin Jun.-Aug. overthe northern part of theast Coastvith sources from western North Amerjaahile
more eventareidentified in Mar.-May over thesoutheast).S. and Bermudavith sources fronsouthern Mexicp
Yucatan,Central Americaand the southeast U.Bhat study along with otherEdwardset al., 2@1) point to cloud

BB aerosol interactions over tHeast Coastand the WNAO.Longrange transportedNorth American wildfire
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aerosols, e.g., those frotime Canadiarwildfires in Aug. 2017 withthe extremenjection height of ~12 km, can be
observed irthe marine BL of eastern North Atlantifter descendinip thedry intrusion behind midatitude cyclones
(Zheng etal., 2020 he August Compl ex f GAuguwstf2020 and th@alifarnka Credkdire e i n mi
occurred in early September 2020, ranked among the top five in California wildfire higtargng et al., 2031
These firesre expected thave important impacts on trace gases and aerosols, especially carbonaceous@eanosols,
the east coast and the WNAO during the sumileptoymenof ACTIVATE 2020.

Dust over the WNAQan betransportedrom North Africa, North America, and Asidust over thenortheast
U.S. is mainly transportedn the lower and middle troposphere@&m; Zhang et al.2019)andlong-range transport
of Asian dustin springcanreach the eastern USaffe et al. 2003DeBell et al., 2004 North African dustis
transported to theastern US and th&/NAO in summer(Jun-Aug. maximum Aldhaif et al., 202D and the
trajectoriesare typically at ~ 1 km altitude (Savoie & Prospero, 197 Rerry et al., 1997)Contribution ofNorth
American dusto theoutflow to the WNAO is typically smallCorral et al., 2021 Modeling and observationaiglies
have found thaanunderstandingf the dust loadingandspatial(especiallyvertical) distribution over the WNAQs
still lacking (Colarco et al., 20Q3®eyridieu et al., 201@eneroso et al., 200&im et al., 2014. Sea spray aerosols
areprimarily generated bgir bubbles bursting at the ocean surfeesulting fromwind stress andre composed of
inorganicsea salt and organic matter (de Leeuw et al., 2011; Quinn and Bates, 26 4pltaerosolgSS)are a
major source o£CN, including giant CCNover the WNAO(Gonzalez et al., 20224nd thus have indirect effects
on cloud, precipitation, and climatés represented in MERRA, sea salt lang with sulfatecontribute mosto total
AOD over the WNAO(Corral et al., 2021)MERRA-2 sa saltAOD over the WNAQIs typically highestin winter
monthsand lowest in summe(Dadashazar et al., 2021; Aldhat al., 202), consistent withsea salt mass
concentrations observed IMPROVE sites along the U.S. East Cd&arral et al., 2021)While sea salts typically
the largestontributorto aerosol mass and extinctiaver the remot®cean,signatures ofong-range transporof
anthropogenicBB, and dust emissiorare oftenpresentas shown bysilva et al. (2020)n amodel analysis ofun
photometepbservations of AODrom twoisland stes over the North Atlantic

The ACTIVATE missiondeployedtwo aircraft (HU25 Falcon and King Air) flying in coordiniah, with the
Falcon making in situ measurementa the lower troposphereand the King Air providing remote sensing
measurementsf aerosa$ and clouds in the same vertical colufnrom an altitude oB-10 kmwhile also launching
dropsonded-light hours totaled73 and ~60 for Falcof59 and ~67 for King Air) dringthe winter (Febl14i Mar.
12,2020) and summer (Aud.37 Sep.30,2 02 0) depl oyments of ACTréspedtivelg.6s firs
These intensivaircraftin situ andremote sensingbservations ofierosolgprovide an opportunity to teite current
understanding dfopospheric aerossburcesanddistributionas well asassociategirocesseas represented tsfate
of-the-art global modelsin this paper, we evaluate the GEG8em CTM driven by the MERRA& assimilated
meteorology (with marine POA emissions) agalGIT IVATE aircraft measurements as well as ground and satellite
observationgor the periods ofhe winter and summeteployment®f ACTIVATE 2020 We determine the sources
transport, and distributioof tropospheric aerosols over the WNAThe analysis also serv@as a descriptionof
aerosol conditionm the region during the twdeploymentsWe plan toaddress the following science questiofis:

What are the major outflow pathways and transport mechanisnieefexport of North American anthropogenic
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pollution to theWNAO in winter andsumme?®; (2) Can a stat®f-the-art chemical transport model reproduce the
distribution and variability of tropospheric aerosols overWi¢AO as observed duringCTIVATE?; (3) What are
the sources of tropospheric aerosadswell aghe relative contributions of terrestriagrsusoceanic sources to the
aerosolmass AOD, and their variability over th®/NAO in winter and summe®; and (4) How is the summer
compared to the winter with respecti@ sources, transpoanddistribution of aerosolever the WNAC?

This paper is structured as followSection 2 introduces the GE@3hem model(with bulk aerosol)
observational data sets, amibdel simulationsncluding output sampling approach&3ection3 delineates the
meteorological setting and transport pathways for polluticer the WNAO.Sectiond presernd the model simulated
aerosolcomposition and distributiomver the WNAO(section4.1) and model evaluations with aircraft in situ
measurementof CO, sulfate, nitrate, ammonium, an@A concentrations(section 4.2), AERONET AOD
measurements (sectigh3), and aerosol extinction profiles fromaircraft HSRL:2 lidar and CALIOP/CALIPSO
satellite retrievalgsection 4.4 which includes casstudies ofaerosol transport and mixingSection5 quantifies
model source attributios of AODs over the WNAO during winter/summer 2020followed by summary and

conclusions in sectiof.

2. Model and Data
2.1 Model Description

We use the GEOSChem global chemical transport model www.geoschem.ordy version v11-01

(http://wiki.seas.harvard.edu/geockem/index.php/GEOEhem_v1101) to simulate thesources, transport, and

distribution of tropospheric aerosols over the WNA®e model igiriven by theMERRA-2 assimilated meteorology
(at a horzontalresolution of 2°x2.5° witfi2 leveld from the NASA Global Modeling Assimilation Officé.includes

a detaileddescription ofstratospheri@nd tropospherichemistry fully coupled through the Unified tropospheric
stratospheric ChemistrgXtension (UCX Eastham et 31.2014). Gasphase tropospheric oxidant chemistmas
originally described by Bey et al. (2001) aitsl caupling with the SNA aerosol thermodynamiasasdeveloped by
Park et al. (2004B5NA thermodynamics are computed with the ISORROPIA thermodynamic m@aulukis and
Nenes, 200)¢ BC follows Wang et al. (2014A is afterPye et al. (2010) and Pye and Seinfeld (20a@dmarine
primary OA (MPOA) usesthe scheme of Gantt et g2015) based on monthly mean MODIS chloropkall
concentrationsSOA follows the simplified Volatility Basis Set (VBS) scheme of Pye e{2010. Sea salt aerosol
emissionause theempiricalsource functiorof Jaegle et al. (2011yith a dgpendency orsurface wind speed arsga
surface temperatur&he modebssumes$wo dry sea sakizebins, onefor accumulation mode&dius0.01-0.5 um)
andthe otherfor coarse modéradius0.5-8 um). Dust emissios in GEOSChemwere described by Fairlie et al.
(2007) and wauseherethe Dust Entrainment and DepositioBDEAD) scheme (Zender et al., 2008)th the size
distributions updated b¥hang et al. (2013)Aerosol optical deptlis calculatedfor each aerosdlype using local
relative humidity angbrescribedptical propertiegMartin et al., 2003; Drurgt al., 2010Ridley et al., 2012Kim et
al., 2015) External mixing of aerosols is assum@&te input meteorological archives hava@ur temporal resolution
for 3-D fields and thour resolution for 2D fields. The model time steps (Ifin for transport and 2@nin for

chemistry) arehosen toptimizebothsimulationaccuracy andomputationakpeed (Philip et al., 2016).


http://www.geos-chem.org/
http://wiki.seas.harvard.edu/geos-chem/index.php/GEOS-Chem_v11-01
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The modeluses the TPCORE advection algoritfion and Rood 1996, computs convective transport from
the MERRA-2 convective mass fluxe@Vu et al, 2007, and use the nonlocal schemefor BL mixing (Lin and
McElroy, 2010. Theaerosolet deposition scheme is described by Liu e(2001) and includes firsbrder rainout
and washoudue tostratiform pregpitation andscavenging in the convectiupdrafts Scavenging of aerosol by snow
and cold/mixed precipitation is described by Wang ef24l11, 2014. For stratiform precipitation scavenging, we
usethe MERRR 6 s spat i ot e ciopdconadnded wateracongent (CyVjlowing therevised scheme
of Luo et al. (2019, 2020)n the standard simulations fhis study.For comparison, simulationzescribedwith a
fixed CWC of 1.0x10° kg nt® comparable to observed upper limiBel Genio et al., 1996; Wang et al., 20%te
also presentedn theother handMERRA-2 cloud cover and precipitation over the UEaist Coasand WNAO are
biased lowrelative to satellite observatiorf§Vu et al., 2022Bosilovich et al., 2015, 2017gnd thusintroduc
uncertainty in the model scavenging procesaesosol drydepositionuseshe resistanca-series scheme of Wesely
(1989, with deposition to snow/iceurfacedrom Fisher et al(2011). Gravitational settling issdescribed byrairlie
et al.(2007 for dust and Alexander et 2005 for coarse sea salt.

Anthropogenig¢biogenic, marine DMS, and lightning NOx emissians described in theupplement(section
S1). BB emissions are from the Quick Fire Emissions Dataset (QEEDBrL, Darmenovand da Silva2015, which
is based onthe location andfire radiative power (FRP)btained from theModerate Resolution Imaging
Spectroradiometer (MODIS) Level 2 fire products and the MODIS geolocation pro@&&® providesaily mean
emissions ofrace gases and aerosol9dt’x0.1° horizontal resolutionBB emissions are injectadithin the depth
of thePBL in ourstandardimulationsIn a separate set of simulatiottsey arealso injectedo the0-5.5km or 2-10
km altitude rangdo investigate the sensitivity of model result8® emission injection height3he choice of these
higher injection heights is basea the following previous studiesA substantial fraction oNorth American fire
emissionds injected to the free troposphere (e.g., val Martin et al., 2(BB3 of he QFEDBB emissions aralso
distributed between 3:5.5km in the NASA GEOSCF model (Keller et al., 2021; Fischer et al., 202) explosive
pyrocumulonimbus (pyroQbkcloud from Californian Creek fire on September 9, 2020 nepsrted with the plume
height peaking above 10 krg4rr et al, 2020.

2.20Observational Data Sets

ACTIVATE aircraft data. During ACTIVATE, the HU-25 Falconaircraft made in situ measurements of
carbon monoxide (CQhixing ratiocs and aerosotoncentrationsiuring each flight(duration of~3.5 daytime houjs
CO measurements were made witlPicarroG2401 gas concentration analyzer (DiGangi et al., 20&1)microm
nonrefractory aerosol compositiamasmeasuredy theHigh-Resolution Timeof-Flight Aerosol Mass Spectrometer
(HR-ToF~AMS; Aerodyne) (DeCarlo et al., 2008ilario et al, 2021), operated in 1 Hz FatlS mode and averaged
to 30 s time resolutionAMS data were collected downstream of an isokinetic dodiffeser inlet (BMI, Inc.)and
also sampled downstream of a counterflostual impactor (CVI) inlet (BMI, Inc.) when igloud Dadashazar et al.,
2022; Shingler et al., 2012pnly the former is used in this studyMS measurements are reportedtas standard
temperaturg273.15 K) andpressure (10135 hPg. Oneminute merged Falcodatais used in this studyWe also
use t he n&diraigving\High Bpectral Resolution Lid& (HSRL-2) retrievals ofvertically resolvedaerosol



228  extinction coefficient at 532 nr{Ferrare et al.2023) The HSRI:2 instrument has beamsed inpreviousaircraft
229 missionsand readers are referrénl Burton et al. (2018jor further information about its operationdtails. The
230 FLEXPART model(Stohlet al., 1998is used tadentify the originof air masses associated whiljh HSRL-2 aerosol
231 extinctionduring an event othe longrange transport of western U.Sfire plume ACTIVATE aircraft dataand
232 FLEXPART model output are described in detailby Sorooshian et al. (2023)and available at:
233  https://doi.org/10.5067/SUBORBITAL/ACTIVATE/DATA001

234 AERONET. We use AOD measurementsfrom the Aerosol FRobotic NETwork (AERONET
235  http://aeronet.gsfc.nasa.gddolben et al., 1998)a groundbased aerosol remote sensing netwaduvel 20 daily

236 data usedrebased orhe Version 3 algorithrandare cloud screened and quality assyf&ites et al., 2019; Smirnov

237  etal., 2000. AERONET AOD dcatawere obtained fothree sitesluring Feb-Mar. andAug.-Sep 2020 NASA LaRC

238 (37.10N, 76.38W), NASA GSFC 88.99N, 76.84W), Tudor Hill, Bermuda (326°N, 6488°W). For comparison

239  with GEOSChem AODs at 550 nm, AERONEAOD values at440 nm were converted to 550 nm usittge

240 AERONET440-675 nm Angstrom exponeriEstimated ncertainties iRERONETAODs areon the order of ~0.61

241  0.02 Eck et al., 1999Dubovik et al., 2000).

242 CALIPSO. The CloudAerosol Lidar with Orthogonal Polarization (CALIOP), on board the Cléedosol

243  Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) platform, has been providing aerosol vertical profile
244 measurements of the Eartho6s atmosphere on a global sca
245  4.51CALIOP Level 2 Aerosol Profile productwith avertical resolutiorof 60 mandharizontal resolutiorf 5 km

246  over an altitude range of 30 km 0.5 km and only quality screened extinction samples are used in the analysis.
247  Specifically, aerosol layers with Cloud Aerosol Discrimination (CAD) segs than100 or greater tharR0 are

248  rejected to avoid loveonfidenceaerosol classifications (Liu et al., 2019)Iso, aerosol layers with the extinction

249  Quality Control (QC) flag not equal to 0, 1, 16, and 18 are rejected to remowepidislence extinction retrievals,

250  while aerosol extinction samples with the extinction uncertainty equal to 99.9@&mell as those at lower altitudes

251 below these samples are rejected to remove unreliable extinalioes(Yu et al., 2010; Winker et al., 2013; Kim et

252  al., 2018; Tackett et al., 2018 addition, we apply the same data averaging approach that was used to generate the
253  CALIPSO version 4 Level 3 aerosol products (Tackett et al., 2018). The quality screening and data selection
254  techniques arbriefly described irthe Supplement(section ). CALIOP aerosokxtinction coefficierd at 532 nm

255  were horizontally and vertically regridded onto the GECI®&m grids by averaging all quality screened extinction

256  valueswithin each grid boxCALIOP dataare available dittps://subset.larc.nasa.gov/calipso

257 We also uselsface aerosol concentration observations fromitieragency Monitoring of Protected Visual
258  Environments (IMPROVEaNndthe Chemical Speciation Network (CSNgtworks(Solomon et al., 2014; Malm et
259  al., 1994) aerosol deposition flux measurements from Nagional Trends Network (NTN) of the U.S. National
260  Atmospheric Deposition Program (NADBitps://nadp.slh.wisc.edy/and AOD retrievals from MODIS on Aqua
261 satellite(Sayer et al., 2014; Levy et al., 2013; Hubanks et al., 20h@se data setge described in thBupplement
262  (section Q).

263



https://doi.org/10.5067/SUBORBITAL/ACTIVATE/DATA001
https://subset.larc.nasa.gov/calipso
https://nadp.slh.wisc.edu/

264 2.3 Model simulations andoutput sampling

265 We performGEOSChemsimulations for the periods of December 1, 2018larch 31, 2020 and Juneil

266  September 30, 2020 with the first two montitesatedas themodelspinup period. Model sensitivity experiments are

267 also conducted to investigate the impacts of using fixed CWC in model scavenging, sensitivity to BB emission
268 injection height, and impacts of various emission types (anthropogenic, BB, biogenic, marine, and dust). The impacts
269 are quantified by the difference in simulation results from the standard model and the sensitivity exp&rahlents.

270  1llists all model experiments.

271 Hourly, daily, and deploymer#tveragemodeloutput are saved for analysBor comparisorwith aircraft in

272  situ and HSRE2 lidarmeasurementsplirly model outpuis sampled at the time and locatiortloé aircraft.

273  For comparison witklaily AOD measurements at the three AERONET sita#y dnodel outpuis sampled

274  at the location of each sit&/hen comparing witlCALIPSO data, nodel output averaged oves2lh LT

275 and 1314 h LTis sampled at the date and location of nighttime and daytime CALIOP measur@ragnts

276  CALIPSO orbit tracks)respectively.
277

278 3. Meteorological Settings and Transport Pathways

279 In this section we describthe mean stateof meteorological setting8L outflow, and vertical transpoudf
280  pollution during Feh-Mar. and Aug-Sep ACTIVATE 202Q as represented by the MERRAreanalysis anGEOS
281 Chem model simulationThey will facilitate the interpretation of moddlesults as well as comparisons with
282  observational datm section4. Fig. 1 showsthetracks of 22HU-25 (Falcon) flighs during Feh-Mar. ACTIVATE
283 2020and 18 flights duringAug.-Sep ACTIVATE 2020, with flights typically transitingvia waypoints of ZIBUT
284  (36.93°N, 72.67°W) and OXANA (34.36°N'3.75°W)to avoid military restricted air spac€he aircraftsampling
285 domain is divided at 36°N into two box regions: the north ("N*3%8N, 6375°W) and the south ("S"; 3236°N,
286  71-75.5°W) for this analysis.

287 Meteorological settings. The winter and summerdeployment periods feature contrastingtmospheric
288 circulation patterns anueteorological condition&ig. 2 shows MERRA-2 near surface air temperatusarface level
289  pressurerelativehumidity, vertical pressure velocify), totalandconvective precipitation, arféBL heighs (based
290 onthetotal eddy diffusion coefficient of heat with a threshold value of8nMcGrath-SpanglelandMolod, 2014)
291 over the WNAOaveraged over Feb4-Mar.12 and Aug.13-Sep.30, respectivelfAlso stown in the figures arethe
292  model simulatedCO concentrationsnd aerosol extinctioooefficients(at 550 nm)at 945 hPaln winter, thelower
293 troposphere othe WNAO regionwas dominated by westerly wind and air masses ftontinentaNorth Americain
294  thenorthandanticyclonic windsn the southeastThe latteiwas associated witlihe Bermudadigh locatedo the east
295  of the domainA strong NW-SE horizontal gradient isurface temperatuextenadfrom the SE U.S.coasttowards
296  NE/E, consistent witHrequentpassagesf cold frontsdriven bythe Northern Hemispheraid-latitude cyclonesnd
297  the warm Gulf Stream sea surface temperatuwr&eh-Mar (e.g., Seethala et al., 202The ACTIVATE flightsin
298 the twebox regionsampledthis continental outow extensively Flights to the north often occurred during post
299 frontal conditions, reflecting one of the mission objectives to sample and study MBL clouds, esgeciatjycold

300 air outbreaks in wintethat have been the subject of recent wdikrGow et al., 2022; Seethala et al., 2021; Corral et
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301 al., 2022; Li et al., 2022; Chen et al., 2022 addition tolower temperaturghe postfrontal airwas characterized
302 by subsidingmotionwith lower relative humidityandprecipitation(dry air) as well adower BL height.In particular,
303 theShox regionexperiencd strongermplifting andprecipitation predominantly stratiforinahead othe cold fronts
304 It suggeststronger aerosol scavengiagsociated with theouthern lusterof flights. Thegenerallyhigher marine
305 BL height over the WNAO in wintgthansummer)s mainly due to a larger temperature contrast between
306 the relatively warm ocean surface and the colder air above, leading to increasetrdpassheric
307 instability and turbulent mixing and thus a higher BL height (Chien et al., 2019; Gallo et al., 2023; Wang
308 etal., 2021)Model BL CO concentratios shoved largeland-to-seagradientsover the WNAQ resulting fromthe
309 factthatNorth American pollution outflowwas much stronger in the N box regi@wmesterlywinds) than in the S box
310 region whichwas oftenintruded by low-latitude marine air (southwestesyinds), during Feh-Mar. 202Q Themore
311 inhomogeneoudistribution ofaerosol extinctioroefficients(compared to COJenerallyreflectsthe shorter aerosol
312 lifetime, as well asnorecomplexprocesses and their interactiangolved inspeciated aerosemissionstransport,
313 heterogeneoushemistry photochemistryand wet scavenging.

314 In summey while midlatitude cyclonesndwesterliesmoved northward the Bermuda Higlstrengthene@nd
315 extenadwestwardwith southwesterlyoffshorealong theU.S. SE coast(~32-36IN) and easterlyrade windsin the
316  subropics(<30QIN; Fig. 2). Compared to the wintertimehe horizontal gadientsin surface temperatur&H, vertical
317  pressure velocityprecipitation, and PBL heighteremuchweakerin theN and Sbox regionsHowever convective
318 precipitationwasmuchstrongelin summerandaccountedor ~50-80% of the totaprecipitationin the flight domain
319 Despitealargelandto-seagradient model simulatedL CO concentrationsiere much lower due t80O oxidation
320 by higher OH in summer.In contrastto the wintertime,BL aerosol extinctiorover the WNAO during summer
321 exhibitedlarge enhancementempared to those over laraliggestingnajoraerosol sourcesf marine origin

322 Boundary-Layer outflow of pollution. Transport in theBL behind cold frontss a major mechanism fdhe
323  North Americarpollutionoutflow to the WNAO.It exerts large impactintheBL trace gases and aerosomposition
324  as well agheir spatiotemporal evolutidn the ACTIVATE flight damain Fig. 3 showsHovmoller diagram of model
325 daily mean air temperature, Cend sea salt concentrations at 9@ along 72.5°thear the longitude of wapint
326  ZIBUT) over the WNAO during Feld4 - Mar. 13 andAug. 131 Sep. 30During Feh-Mar. 2020(left column,Fig.
327  3), therewereaboutfour major periods with cold fronts passing through the study, @semdicated by the wavy
328 pattern ohearsurfaceemperaturelay-to-day variatios. During frontal passage€0 pollution was sweph the BL
329  behind the cold frontsoutheastwartb the ACTIVATE flight latitudes (32.4-39.8’N). On Feh 15-16, Feb.28, Mar.
330 1, and Mar 7, the BL outflowof CO reachedsfar assouth of 2°N. On the other handdvection of warnmarine
331  air from low-latitudes resultedin low CO concentrationscrossthe flightdomain Enhanced sea salt aerosaisre
332  often associated with strong wiaddwarm air fromthe south(left bottom panelFig. 3). A remarkable sea salt event
333  occurredbecause oftrong surface windpeedon March 7 during a cold air outbreakuring Aug.-Sep. 202(right
334  column,Fig. 3), cold air intrusiordeepinto the flight domain did naiake place untilate Septembesincemidlatitude
335 cycloneswereshiftednorthwardin summerHigh COeventswithin the ACTIVATE flight latituderangesappeared
336 associated withransportof antiropogenicor wildfire emissiors that occurredetweer35-45°N. Two strong events

337 of high sea salt concentrationscurred orSeptember 142 and19-22. The formerwasdue tohigh surface wingd
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associated witla westward movindpw-pressure systenThe latteresulted fronthe strong windsluring a cold air
outbreakthat lasted foseveral days wheeold airsweptalong aNE-to-SW corridor off theeast coastver thewhole
flight domain It lasteduntil a new cold front moved fo the domairon September 23, resulting enhanced CO
duringSeptembeR3-25. In addition, prevalent westerly flows, particularly during wiraad springare asignificant
mechanism for transporting pollution from therh Americancontinent to the WNAO (Sorooshian et al. 22D
However, effective transport of these pollutantthe&WNAO typically requires the westerly flow to be coupled with
midlatitude cyclones. These cyclones facilittite outflow of pollution in the BLandthe lifting of BL air from the
North American continent into the free troposphere over the WNAO (Creilson et al., 2003).

Vertical Transport. Major pathways for verticaransporiof trace gases and aerosol®r theNorth American
coninental outflowregioninclude uplifting ahead afold fronts, convectivetransport, andBL turbulentmixing. We
analyzedmodelresolvedargescale vertical fluxes, convective fluxes, and RBtbulentmixing fluxes of COand
sea saltat 1 km and 2km, respectively, averaged over the pesiofl Feb.14 - Mar. 12 and Aug. 137 Sep. 30
respectively,2020 (Fig. 4; Fig. S1). During Feh-Mar. 202Q largescalevertical transportahead ofcold frons
apparentlyplayed adominantrole in lifting CO out of theBL over the U.S. east coamhdtwo flight box regions
followed by rapideastward transport in thigee tropospheréConvectionwas also important ithis role especially in
the S box region.Ilt becameeven more importarih summer duringdug.-Sep 2020 whenconvectivefluxes of CO
werecomparable tdarge scale vertical fluxegFig. S1ab). For sea salt, bgontrastBL turbulent mixingwasfound
to bethe dominant process responsible tfeg upwardtransport of sea salt within and ventilation out of Bieover
theflight domainin winter, while bothconvection andurbulent mixingwereimportantin uplifting sea salto the free
tropospherén summer(Fig. 4; Fig. S19. Entrainment(i.e., turbulent mixing of air from the free troposphere into the
BL) was previously shown to libe major source aheMBL aerosol population in the Eastern North Atlaf@ibeng
et al., 2018)Recently,Tornow et al. (2022¢mphasizedhe important role of entraining freoposphericclean air
in diluting MBL CCN under cold air outbreak conditions during the ACTIVATE field campaigar model
calculatedBL mixingflux of COin the upper BL (~ 1.0 kniy negative(downward in the Sboxregion suggesting

entrainmenplays a role theré~ig. S19.

4. Simulated aerosols over the WNAO and model evaluations

4.1 Simulated aerosol compositiondistribution , and loadingover the WNAO

In this section, we descrilibe horizontalvertical distributions andmass loadingsf aerosol speciesverthe
WNAO duringFeh-Mar. and Aug-Sep 2020, as simulated by GEGShem Fig. 5 showsthe 929 hPamapsof model
simulatedmassconcentration®f sulfatenitrateammonium (SNA), black carbon (BCprimary organic aerosol
(POA), secondary organic aerosol (SOA), sea salt, anchdesiged over the period of Fdld.- Mar. 12, 20D. Also
shown ardongitudealtitude crosssectionsof eachaerosol speciesveraged over 339°N. Thedistribution pattera
of SNA, BC, POA and SOAresemblethoseof CO (Fig. 2), reflecting thefrequentNorth Americancontinental
outflow of traces gases and aerosoighe BL behind cold frontsto the WNAO.Among aerosol species of North
American origin POA showsthe highesimassin the stug domainwhile POA and nitratexhibit strong gradients

with mass concentratiorshargy decreasingeastvard. As will be discussedn sectiond.2, POAin the study dmain
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areattributed toNorth American anthropogenandsoutheast).S. BB emissionsSulfatemass concentratioshows
aweakergradientbecausd®®MS from oceatris also a source @0, andsulfate.Sea salhas the largest aerosol mass
over the WNAQ with maximumin the easterly trade wind regicand to the east of thaorth flight domain
Abundances oBC, SOA and dustcross the flight domaiare relatively smallDustto thesoutheast of Bermuda

a result oflong-range transport from Africads shown in thevertical crosssectionplots aerosol masses amgostly
restrictedin the lower troposphere @3 km).

Fig. 6 shows the samplotsasin Fig. 5, but for Aug. 137 Sep 30, 2020. Sulfate concentrationsn the BL
increased significantlyelative to wintebecause o$trongermproduction of sulfate froroxidation of SG in summer.
Thestrongemestto-easigradient in sulfateoncentrationgvasmainly dueto the southwesterly winds along the shore
associated with the Bermuda High as well as the lack of cold front passages asidlatitude cycloneshift to higher
latitudes in summer Nitrate concentrations the BL decreaseé substantiallydue to higher temperaturethat limit
particlephaseammonium nitratgla major chemical form of nitratassociationsps well as the competition for
ammoniumby more sulfateThe simulated highitrateconcentrationi the upper troposphere between3BN are
presumablyfrom lightning NO, emissions.The spatial pattern of BC concentrations over land is consistent with a
major source from the western U.BB in summer(versus primarilyfrom anthropogenic emissioria winter).
However,BC remairs a smallcontribution to the outflow of aerosoBOA concentrations arkigh in the BL albeit
lowerthan in wintey with apeakin the lower free tropospherat(~2 km altitudgover the WNAO Its primary sources
areNorth AmericarBB and anthropogeniemissionsMuch higher SOA concentratiomsflect thelarger production
from strongoxidation ofbiogenicVOCs from the southeastS in summer.The vertical extent ofhe majorNorth
American continental outflow aerosolsvas significantly higher than that in wintereflecting theimpact of
summertimeconvective lifting.BL sea salitoncentrationincreasd in summernver the WNAQ especiallyfrom the
ACTIVATE flight areas to Bermudaecause adtrongemwindsduring two weather evenfsection3). Dustamounts
also significantly increasebecause ofong-range transpordf dust emissions from NdrtAfrica. It is noted that
African dustcan betransported tdéhe Gulfof Mexicoand themorthward to theeastern U.Sas showrby enhanced
dust concentrationis the BLbetweerB0-85°W (dust vertical crossection Fig. 6).

As a summary of modsimulatedaerosolsFig. 7 shows nedel simulatedneanconcentrations (ug fSTP)or
AODs of eachaerosol speciebér graph and their fractionsf the totalaerosolmassor AODs (pie charts¥or the
flightareas{ A N0 a nHg. 1ji&ver the periods dfeh 147 Mar. 12and Aug 137 Sep 30 ACTIVATE 2020,
respectively Sea salis adominant fraction oftotal aerosol mass in the Bh both winter(53%) and summerq2%),
followed by organiswith 24% in winter and.3% in summerThe highersea salt massoncentratioris also themain
reason for higher total aerosol massummerThe former is ascribed to two events of strong surface winds and high
sea salt emissions during $&pberl0-12 and 1922 (section 3Fig. 3, despite the lower average surface wind speed
over the domain of (320°N, 6276°W) during the summer (1.2 m/s) vs winter (3.7 m/s) deploynSi is about
20% of the total aerosol mags winter and11% in summerDustaccounsfor 1% in winter and% in summeyrwith
the 1 atter gdethgmoi efficiem tanspatdrenthe eastern Atlantic anNorth Africa by the
subtropical tradewinds. Seasalt, SNA andOA are the main contributors to tiheeantotal AOD in theflight areas
with the following percentage contributienSS:41% (winter), 62% (summer,) OA: 26% (winter),16% (summer,)
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andSNA: 31% (winter),20% (summer)The much largefractionof AOD (versusaerosol masgfom SNAis ascribed

to the stronghygraoscopic growh of thosefine aerosolssimilar toOA.

4.2 Model evaluation with aircraft in situ measurementsand sourceanalysis

In this section we evaluateodel simulationsf CO and aerosoisith ACTIVATE aircraft in situ measurements
A series ofGEOSChemexperiments with different configurations wererformedto investigate the impacts kéy
aerosolrelated processan the model including emission sourcear(thropogenicBB, and marine), BB emission
injection height, and cloud water content (fixemluevs. MERRA?2, Table 1). Fig. 8 and Fig. 9 comparemodel
simulated vertical profiles of CO, SNAndOA mixing ratios withFalcon aircrafiPicarro andAMS measurements
during Feh-Mar. and Aug.-Sep 2020, respectivelylt is noted that the observed profiles above 3 km are probably
biased because Falcaircraft flewbelow 3 km most of the timeAlso shownin the figuresare model results from
simulations Table 1) with (1) a fixed value for cloud water contentusedh aer os ol scavenging (A
BB emissions injected to the®5km altitudegfor Aug.-Sep.20200nly), (3) anthropogenicféssil fuel and biofugl
emissions turned off, (4B emissions turned off, or (5) marine emissions turned off, respectivalyes(500 m-
binned are medians over all flights.

In winter, theaircraftobservationshoweda decreasing trend @fO, SNA, andOA aerosokoncentrationsvith
altitude with substantiallyhigher concentrationgn theBL as part of thestrongNorth Americancontinental outflow
of pollution anda sharpvertical gradientat ~1.0 km abovethe sea surfacdhe sharper gradient eerosolghanin
CO concentrationsuggest that aerosa were scavengeduring uplifting processesThe smulatedprofile of CO
concentrationss in good agreement witlhe observationsThe model capturethe observed sulfancentrationm
the BL but underestimatethemin the free tropospherdikely due touncetainty in the model aerosol scavenging
schemeas discussed below@imulated itrate concentrationsn the BLaretoo high compared tobservationsThe
model reaonablycapturathe vertical distribution chmmoniunmconcentrationsbut the vertical gradieim the lower
tropospheres too strong.The simulatedDA concentrations arkiased high in the BL andiasedlow above ~4 km.
The modehttributesCO and SNA aerosolsiainly toanthropogeniemissionsasindicatedby thelargereduction in
their concentrationsompared to the standard simulation (ieds Fig. 8) whenanthropogeniemissiors are turned
off in the modelgreenlines Fig. 8). The model suggests thahile both anthropogenic anBB emissionsaremajor
contributons to OA in the BL, BB is likely responsible fothe OA enhancemenrdt ~4.0 km for which the model
predictedt at a lower altitude (~3.5 kmdnjecing BB emissions tthealtitude range 00-5.5 kmresults inOA peak
concentrationgat ~3.5 km and 5.0 km) much higher thambservedsuggeshg the 35.5 kminjectionheightis too
high in winter(dark yellow line, Fig. 8). The occurrence of two peaks likely due tothe bifurcation of biomass
burning plumesassociated with transport in each layBne effect ofmarine emissions o8NA andOA is small in
the model.

UsingtheMERRA-2 interactiveCWC (versusafixed valug for theaerosol wet scavengirsgheme in the model
has alarge impact orsimulated aerosol profilesver theflight domain As shown inFig. 8 (blue lines) usingthe
MERRA-2 CWC enhance aerosol scavengingnd results inower aerosol concentrations in the troposphere.

Conversion of cloud water to precipitation is determined by the ratio of raintea@C. Since rainwatensesthe
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same value from MERRA, the smaller CWC from MERRA& compaedto theassumedixed value(1.0x10% kg nt
3, Table 1) resulsin afasterconversion frontloud water to precipitatiofSNA aerosols are affectedore compared
to OA because they are more solubllbe reduction irsulfateconcentrations isubstantiglespecially in theniddle
and upper tropospher&éhe modeloverestimate ofulfatein the MBL compared to aircraltMS measurementis
corrected by thisipdatein wet scavenging, bisimulated concentratiorsbove~4 km arefar too low, suggestingce
scavengings too fast This low biasseems noasobvious fornitrate or ammonium presumablydue to theSNA
thermodynami@quiibrium where lower sulfatéavorsmore nitrateassociateavith ammonium in the aerosol phase

In summer aircraft measure€O concentrationshoweda relativelyweak vertical grdientwith much lower
concentrations in thBL compared tavinter anderhancementayeis in themiddle and upper troposphefe3-4 km
and 5.56.5 km Fig. 9). The formerreflects the shorte€O lifetimein summer and the latteesults fromthe long
rangetransport ofNorth American continentgdollution as well asthewestern U.Sfire emissionsObserved slfate
concentrationgxhibiteda strong vertical gradient witlnuch higher levelg the BL compared to wintexrlong with
enhancementat 34 km. The generally higher sulfamncentrationshroughout the tropospheie summerreflect
stronger oxidatiomf SG; in both the gas phase aimdcloud (Dadashazar et al., 2022; Tai et al., 20I®e observed
nitrate concentrations in the Bhavea median value clog®e that in winterbut showmuch smallewariability. BL
ammonium andOA concentrations arsubstantially higher thain winter. All of nitrate, ammonium and OA
observationshowlarge enhancementgetween-3.5 km and ~5 km

The modeteasonablyeproducesheobserved CO concentrations in the BL faills tocapture the observations
in much of the freetroposphergespeciallythe magnitudef CO enhancementround 4 km and 6 km (red and
black lines,CO panel ofFig. 9). The primary reason for the underestimated CO in GED&m is likely the model's
excessive OH concentrations, which accelerate CO oxidation and reduce overall CO mixing ratios. Jin et al. (2023)
also highlighted that GEGShem tends to underestimate concentrations of highly reactive VOCs, which likely
contributes to the OH overestin@t. In a comparison with airborne observations of wildfire emissions, Carter et al.
(2021) found that while the model simulates well aerosol concentrations, the low CO bias suggests potential issues
related to the representation of chemical processes in the model. In addition, uncouple® Ciahd C@chemistry
could lead to the OH biases in GE@&em (Bukosa et al., 2023 everthelessclear reduction®f COin the model
simulations without BB omanthropogenicourcessuggestboth areimportantsources to COn summerover the
WNAO.

For SNA andOA aerosolsthe standard model simulatitends to underestiatethe obsered concentrations
the BL in contrastto the wintertime (red and black lines, aerosol panels-id. 9. The model alsainderestimate
observationsn most ofthe free tropospherexcept for nitrateThe observeditrate and OA layer enhancements
between3-5 km arereasonablysimulated with the OA peakat slightly loweraltitude (~3.5 kmyand ofmuchlower
concentratiorin the modelOn the other handhe modebarely capturgthe sulfateandammoniumenhancements
observed in this layeAll theseunderestimatednhancement@relargely improvedr correctedy extending theBB
emissioninjection heighfrom within the BL to 0-5.5km (dark ydlow lines, Fig. 9), suggestinghatreleasinghe BB
emissionswithin the BL significantly limitsthe long-range transporof fire emissiondn the free tropospher&he

model simulatesoo highnitrate concentrationis the mid-uppertroposphere (5 km). Thisis presumablydue tothe
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largereductionin sulfateresulting from the use M ERRA-2 CWCin the aerosa$cavenging schemn(eed and blue
lines, sulfate panel dfig. 9). Less sulfate shiftthe SNA balanceto favor nitratein the modelas more nitrateis
retainedn the aerosol phage neutralizeammoniumin the SNA system The model sensitivity experimergsggest
that SNA aerosols arpredominantlyfrom continentalanthropogenic emissionis summeiike winter. However,in
summerthe BB emissionsare also important sources 8NA between-3-6 km. BB is the dominant sourcef OA
(mostly primary)in the free tropospheravhereasBB, anthropogenic, and marine emissions all contritbai®A in
the marine BL (with SOA accounting for less tharethird below 1 km) The large model underestimate of OA in
the BL is likely due to weak entrainment from the free troposplesgproduction of SOA, andr strong scavenging
associated witlsonvective precipitatioriThe effect of marine emissions sulfateappears more significaint the BL
and lower free troposphecempared to wintereflecting thestronger oxidation of marine DM&hdconvective lifting

of DMS orits oxidation productéSQ, sulfate)in summer.

4.3 Model evaluation with AERONET AOD measurements

Comparisons of model results wislirface aerosol concentration observations from the IMPROVE and CSN
networks, aerosol deposition flux measurements from the NTN network of NADRBatellite AOD measurements
from MODIS/Aquaare included in th&upplement (sectionS3). In this section we evaluate modanulated AOD
with groundbased measurements from AERONEiith a focus on the eastern U.S. coastal region.

Continuous measurements of AOD frékeRONET are usedo evaluatehemodelperformanceén reproducing
the observed\OD magnitude and temporahbriability as well as longange transport oderosol plumesFig. 10
shows model simulatedhily AOD (at 550nm) versus daily AOD measurements fromo AERONET sites (NASA
LaRC,NASA GSFQ in the eastern U.S&ndone site Tudor Hill) located at Bermudaver the Atlantic Oceaduring
Feb-Mar. and Aug-Sep, respectively,2020. Model results ardrom the simulations Table 1) fistandardo,
fif i xedferwiateronly) fABBG Kfeonésummeronly) fAnoant ho, 0 nmdpectvelyAsdn d finome
shown in thefigurear e scatterplots of model AOBDAERONED AODE &ithee fist and
three sitesor winter and summer, respectively winter, AERONETAODs at LaRC and GSF&how large dayto-
day variabilitywith an increasing trentwwards early spring hose affudor Hill exhibitsmallerday-to-day variability
but much largervariability on aweekly timescale.The standard model simulatiqblack lines)reproduceghe
observations at the sites readggavell. Using a fixed value foCWC in the wet scavenging scheffggeen lines)
significantlydegradeshe model performanc€omparisons between the standand sensitivity simulations suggest
that AODs atLaRC and GSFCare mainly attributed tanthropogenic emission€ontributions fromBB emissions
are significant and magecome comparable smthropogenic contributioria some daysAODs at Tudor Hill are
mostly ascribed tanarine(sea saltemissionsbut are also affected gnthropogenic emissions, presumably from
North America.ln summer AERONET AODsat LaRC and GEC indicate even larger dap-day variatiors with
larger maximum AODg$~0.30.4) compared to winte¢~0.2-0.3). The minimumAODs tend to decreaseith time.
At Tudor Hill, AERONET AODsindicatehigh valueg~0.2-0.3)in early and late Aug(data not available for most
of Sep.at the time of this studyAERONET AODs at all three sites clearly identifwo extremdy largeAOD events

close to Aug26 andSep.23; the western U.S. fire smoke associated with these ewentslsoobserved bwircraft
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523  during ACTIVATE (sectiond.4; Mardi et al., 2021; Corral et aR022. The standard modéblack lines)reproduces
524  thedecreasing trend of minimum AODRs LaRC and GSFC, blargely undeestimatesthe magnitude oAODs at
525 LaRCwith better performance at GSFThesimulationii B B3). 5 Konange linesjvhereBB emissionsreinjected
526 between 6.5 kmsignificantly improves h e mo d e | Gofcaptudng thé largei AOB events, especially at
527  GSFC.Comparisonbetween the standard aseénsitivity model simulations suggest thatile AODs are often
528 attributed toanthropogenidand BBto a lesser extensources BB emissionsare mainly responsible for tHarge
529  AOD events a or aroundAug. 26 andSep.23. For theAug. 26event,the large reductiom modelAODs when BB
530 emissions are turned dffdicates thathe transporof the western U.Sire smoke plumes to Tudor Hil successfully
531 captured by the modeThe modelattributesthe observedarge AODs in early Aig. to long-range transport of dust
532  from northern AfricaHowever,most of the timeAODs at Tudor Hill aranainly due tamarine (sea salt) emissians
533 The above analysisuggests that GEGShem simulated AOBand their vaability in the WNAO region are
534 reasonable

535

536 4.4 Model evaluationwith aerosol extinctionprofiles from aircraft HSRL -2 lidar and CALIOP/CALIPSO

537  satellite retrievals

538 The NASALaRCHSRL-2 lidar instrumenbn theKing Air aircraftmeasurederosolextinctionprofilesin the
539 same verticatolumn aghe Falcon in situ measuremeirtighe BLin a coordinated mannegturing 17out of 17 and
540  17outof 18 joint flightsof the 2020 winter and summeeploymentsrespectivelyOn the other handhe CALIOP
541 instrument on CALIPSO satellifrovides remote sensing measurements of aerosol extimstémrthe WNAOfrom
542  space including three overpasss for which the two ACTIVAE aircraft performedunderflights during the2020
543 summerdeploymentin this section, we evaluateodel simulatdaerosol extinctiomprofiles withHSRL-2 lidar and
544  CALIOP/CALIPSO satellite retrievalscharacterizeaerosol extinction vertical distributipmnd examine potential
545  sources and processesmnsible foraerosol extinction enhancemer@ase stuiésof land-ocean horizontajradient
546  of aerosol extinctionSNA and sea salt aerosol mixing, dadg-range transport of the western U.S. fire sminkihe
547  ACTIVATE study domainn summer202Q as observed by HSR2 and CALOP, arealso given.

548 4.41HSRL-2and CALIOP
549 Fig. 11 comparesnodel simulatedaerosol extinctiomprofiles (550 nm, red line$ with aircraft HSRL=2 lidar

550 measurements (538m, black lines averaged overl7 HSRL:2 flights during the 2020 winter and summer
551 deploymentsrespectivelyAlso shown in the figure areesults from model simulations with differenjgntion heights
552  for BB emissions Table 1). Hourly 3-D model outputwas sampled at thdime and location oktach HSRE2
553  measuremestfrom 17 (winter) and17 (summer) flights respectively In winter, HSRL-2 observedhigh aerosol
554  extinctionnear thesurfacein the marineBL, which reflecs North AmericanBL outflow of aerosols to the WNAO
555  (section 3), and rapid cecreases oferosol extinctionwith increasingaltitude A layer of aerosol extinction
556 enhancementvas observedat 2.5 km altitude The modellargely overestimategxtinction in the BL and
557  underestimates in the free troposphereesulting ina much sharper gradiebetween the BL and aboyeed ling.
558 Note thaton the other hanthe model significantly underestimatasnthly meanAOD relative to MODIS/Aqua
559  measurement® winter (Fig. $4). This discrepancpetween HSRE2 and MODIS measuremerlikely reflectsthe
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sampling differences; for instance, many of tH8RL-2 flights occurred during cloudy conditionghen MODIS
would not beable to measure AOWhile HSRL:-2 may still be able to measuaerosolextinction between gaps in
clouds Increasing the injection height of BBnissions in the modehprovesthe simulation othe verticalgradient
because oflirectly putting part of the emissions in the free tropospheosvever, thanodelis not able to reproduce
thelayer of aerosol extinction enhancemant2.5km, suggestingertical lifting is probablytoo weakin the model
in the wintertime. As shown belowthis aerosol enhancement layer is atdiserved by CALIOPIn summerthe
standardnodel(red line)simulates théL aerosol extinction reasonably wellitfails to capture the fge extinction
around 5 knas observed by HSRR. Increasing the injection height of BEnissionsn the modeto 0-5.5 km(green
line) or 210 km (blue line)esults inmuch higheraerosol extinctiorat ~5 km, whichis still lower thanthe mean
observedralue by a factor of >However, be latteris weightedowardsthe extremely higlaerosol extinctiorat ~5
km observed by HSRI2 on Sep. 15 and 22, 2020hich will bediscussedaterin Fig. 16.

Fig. 12 compareganodel aerosol extinctio(650 nm)vertical profileswith CALIOP measurements (532 nm)
averaged over theentral WNAO (32°-39°N, 78268°W) subdomainas defined by Corral et al. (202@uring the
2020 winter and summer deploymemespectivelyAll ACTIVATE 2020 researcfiightsoccurredwithin the central
WNAO. Model outputof 1-2 hLT and 1314 h LT averagess sampledalong thenighttime and daytim€ALIPSO
orbit tracks respectively The right columrshowsthe model speciated aerosol extinction profiles corresponding to
the sampledtotal aerosol extinctioprofile on the left columnin winter, CALIOP observations show aerosols are
mainly confined in the BLThe observederosol extinctiomeaches peak of-0.05km at ~0.51.0km altitude and
exhibit layers of enhancemerntsthe free troposphere.q., ~2.%m and ~46 km; noteBL top < 1.6 km,Fig. 2). The
peak at ~2.5 km is consistent with the HSRerosol extinction enhancement at @ditude, as mentioned above
(Fig. 11). The model captures the decreasing trehderosol extinction with altitudieut underestimateis the free
tropospheg where aerosol wet scavenging is too fast instia@dardmodel (section4.2 and Fig. 8). Simulated
speciated aerosol extinctioluessuggest sea satbntributes most t@8L aerosol extinctio while SNA and OC
contributions areomparable.

In summer, while aerosols are mostly confingéd the BL (top < 1 km) a larger fraction ofhe total AODis
contributed by aerosols in the free troposplwerapared tavinter (Corral et al., 2020Fig. 12). The CALIOP aerosol
extinction values between ~% km in the central WNAO are notas high as thosé&rom King Air HSRL-2
measurementgight panel,Fig. 11), presumably because tfe spatiotemporamismatch betweethe CALIPSO
satellite overpass ari§ing Air HSRL-2 sampling The CALIOP-observedaerosol extinction peak-0.08 km') at
~0.5 kmaltitudein thecentral WNAO is ~60%higher tharin winter, consistent witthe model result ahoresea salt

in summer(Fig. 12; also seaection4.1).

4.42 Case studies
Land-Ocean aerosol extinction gadient. We present a casgherea large horizontal gradienbf aerosol

extinctionfrom the easternJ.S. coast going eastwardsasobserved by HSRI2. Fig. 13ashows model simulated
hourly total aerosol extinction at ~1 km altitude over the WNAO during the King Air morning fligdty7 UTC)

on March 12, 20200n the morning ofMarch 12 King Air conducted a statistical survey flight as well as an
ASTER/Terra underflight. It flew eastwardsfrom LaRC and turned northeastward ned#ne ZIBUT waypoint
followed by flying backvia ZIBUT after conducting an ASTER undgight along 69.7°W. Fig. 13b compares the
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time-heightcrosssection of aerosol extinction observedtbgKing Air HSRL-2 lidar with thoseof modeltotal and
speciatederosol extinction during the flight.

HSRL-2 observe very high aerosol extinctioin the BL over land and off the coastwith a decreaing trend
towardthemarine rgion. The model capturesithtrend(Fig. 13a) butgenerallyoverestimatsBL aerosol extinction
(Fig. S6). The HSRL-2 measurements of tlgeneral patterof BL aerosol extinction over land and ocemmvery
similar tothe model resul{Fig. 13b). A thin layer of aerosoat 23 km seen by HSRR is missing in thestandard
modelsimulation This is likely due tahelow injection heights (within BL) okoutheast U.SBB emissios in the
model. GEOSChem speciatederosokxtinctionsuggestshatSNA andOC are thenain contributions over lanahd
off the coastvith a similar magnitudeof extinction(Fig. 13h). Over the oceal~14:30-16:30UTC), SNA, OC,and
SSall contribute to the thin aerosol layelose tosea surfacavith a slightly higher contribution from SNA.The
CALIPSO descendingswah scannedthe WNAO regionabout seven hours earliemd intersectedalmost
perpendicularhthe flight track(Fig. S7g. However the CALIOPretrieved onlylow aerosol extinctiometweer32-
40°N (note~37°N is theKing Air flight latitudeat 1400 UTC). This is becausthe CALIOP laser signal was largely
attenuated by the presence of optically thick cloaidthese latitude@~ig. S7b). Indeed,the correspondingnodel
resultsshow high aerosol extinctionn the BL along the CALIPSQorbit track Model simulated speciated aerosol
extinctionsuggest SNA and O€ontribute comparablyo aerosol extinctiomt ~37N while sea salbecomes more
importanttowards lower latitude@~ig. S7b).

SNA and sea salt mixing.We present a casehereSNA and sea salt aerosols are mixedsuggested byur
modelanalysis ofHSRL-2 and CALIOP observationsFig. 14 presentglots similar toFig. 13 but for the King Air
flight on March 6, 2020whentheKing Air conducteda statistical surveylight to the OXANA waypointand then to
a southwest point (32°8l, 75.2W), and encounteredlagh aerosol layer in the marirgL (Fig. 144). The aircraft
returned along the sanfigght track. HSRL-2 observedenhanced aerosol extinctiomthe lower troposphergespite
missingretrievalsfor most of theflight period (~18:00-22:00 UTC) due toatteruationby widespreadnarine stratus
clouds(GOESuvisible image, not shownT.he modehttributeshe observed enhanced aerosol extinction irBthat
~2000 UTC to sea salt mixed witBNA aerosolgFig. 14b). The detachment ahe SNA aewnsol extinction layer
from the sea surfacesuggestsits major sourceis U.S. continental anthropogenic emissiofTBEOSChem also
simulates high aerosolextinction over the southVNAO region centerednearthe returning point of the flight
CALIPSO overpassedhe same regiorat the ascending noden the next day, Mar. TFig. 158. CALIOP
measurements (53#m) over the WNAQduring 18:04-18:06 UTC that dayshowenhanced aerosol extinction in the
lower troposphere (< ~2.5 knsputh of 3°N. The model reproduces this enhancen(&ig. 158 and attributes it
mainly to coarsenode sea salt (<32°Ngnd SNA (>32°N) (Fig. 15b). The latter isthusconsistent witithe model
analysis of HSRE2 measurements on Mar.(Big. 14b). It is interesting to note thatt < 35°N, especially lower
latitudes the model simulategery high sea salimostly coarsanode)aerosol extinctiomear thetop of themarine
BL where RHand cloud extinctiorare high This feature is typicallgeenover theWNAO in both CALIOP aerosol
extinction profilesand GEOSChem simulationdt suggest stronghygroscopiogrowth of sea salt particlesidsea

saltseedingof marineBL clouds.
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Transport of the western U.S. fire snoke. The above ealuation of modekimulations withHSRL-2 ard
CALIOP compositeaerosol extinction observatiomssummer 2020 hasuggestd thatusing 65.5 km BB emission
injection heightsignificantlyimproves model performance in simulating ttransport of the western U.S. fire smoke
plumes to the WNAQ(Fig. 11, Fig. 12b). We present herenodel simulations oHSRL-2 aerosol extinction
measurementwith large enhancements in the free tropospfrera severaindividual flightsto further denonstrate
theimportance ofBB emissioninjection heighs with respect to the overathodel performanceFig. 16 compares
time-height crosssections of HSRI2 lidar aerosol extinction (53@m, left column) with those of model aerosol
extinction (550nm, middle and right column$#)r the flights of Aug. 26, Aug. 28, Sep. EndSep. 22, respectively
2020 Model results fromthe standard simulation (BBmissions injected into thBL) and tH.e5 kinBBO
simulation(BB emissions injected into-B.5 k) as listed inTable 1 are shownin the case of Aug. 2@he aerosol
plumeat ~1.52 km altitude was missing ithe standard simulation boaptured byBB0-5.5km In the case of Aug.
28, both simulationperform similarly and reprodudée aerosol extinctiorenhancements in the free troposphere.
Plumes with ery high aerosol extinction were observed by HSRhetween 46 kmon Sep. 15, and Sep. 2&hile
the standardnodel failed tosimulatethese smoke plumes on both daglee BBG5.5km simulationsuccessfully
captureghe transported smoke plumabeit with much lower aerosol extinction.

We conducta ase study of longangetransport othewestern U.S. fire smoke to tNéNAO on Sep 23,2020
which wascapturedoy both CALIOP and undeflying ACTIVATE aircraft. Fig. 17 shows timeheightcrosssection
of HSRL-2 aerosol extinction (532 nm) compared to that of maeakall (and speciatederosol extinction (550 nm)
for theKing Air flight in the afternoon (+7-20 UTC)of that day Also shownarethe GOES16 visible image(18:21
UTC; NASA Langley SATCORPS§roup superimposed with King Airéd)and Falcorfyellow) flight tracks.HSRL-

2 observedh layer ofvery high aerosolextinctionbetween 1.51.0 km during 1700-18:00 UTC and another layesf
enhancedaerosol extinctionbetween 1.63 km during~18:30-20:00 UTC. The model simulatedtotal aerosol
extinction show asimilar layer of aerosoléhigher extinction betweeh7:00-18:30 UTC)during the entire flight, but

it is consistentlythinner petween~1.7-3.5 km) and located at a slightly lower altitudéJsing the 0-5.5 km BB
emission injection heights does not corrtiis model biagnot shown) The modelsimulatedspeciated aerosol
extinction suggestghat thedominantcontribution tothe high aerosol extinction layé from OC with a small
contribution fromSNA aerosols. The clear isolation above the marine BL indicates that the aerosols are very likely
from longrange transport in the free troposphéiedel results show a sea saktinctioncomponenin the marine
BL between~-18:00-19:00 UTC as theaircraftwas at the farthest location from the coast. Unfortunately, the HISRL
retrievalsarenot availabldfor that time windowdue to cloud interferendautdo showsome BL aerosols before and
after thedatagap around 180 UTC.

In situ measurements from Falcon flying under King Air also show high CO (~200 ppbv) and aerosols (mostly
organics) between ~2 kmduring the flight onSep. 23, 202QFig. S8). Although the modefailed toreproduce the
high CO concentrationia this layer(also see sean 4.2), it simulategelatively weakCO enhancements due BB
nearthe bottom (~2Z3 km) of the observed layeBimilarly, the model putthe BB aerosolplumeat an altitudeabout
1 km lower than tlat observedInjecting BB emissions to higher altitudes has little effeatthe simulated plume

altitudein this caseAs observedthe simulatedBB plume is mainly composed of organic aerosols
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Back trajectoriesvere calculatetbb determine the origin dhe aforementioned@moke plumeFig. 18abshows
the FLEXPART simulated upwind residentimes for the air masss arriving at the location(latitude 36.87N,
longitude 72.57W, altitude~35km) at17:13UTC, Sep. 23, 202 majorpartof the air nasesoriginated from the
BL of thewestern U.Sabout 34 days upwindwherelargefire events occurreduring early and miBeptembeas
depicted bythe QFED BB CO emissioninventory (Fig. 199. Thetrajectories in conjunction witBurfaceweather
maps (1ot shown suggest thathe air masses subsidemwithin the BLbehind & eastwaremoving cold frontover
mid-western stateG-110°W-105°W) during Sep. 120 before being lifted to the free troposphdrging Sep.20-21,
followed by fast transpofietween 3.5% kmaltitudesto the ACTIVATE domain

While both ACTIVATE aircraft captured the smoke plume from the western U.S. firessaltelite
measirements fronCALIPSO can putit in a context oflatitudinal extent Fig. 19 (left column)shows thecurtain of
aerosol extinctiomeasured by CALIOBver the WNAOduring17:55-17:57 UTC (~1:.56 pm LT), Sep. 23, 2020n
comparison with model seilts from both the standard and BB®km simulationsAlso shown(right column)is the
comparisorcorresponding tohe CALIPSOnighttimeoverpassiuring07:10-07:13UTC (~03:12 am LT) whenthe
noise in the data is smaller comparedi&ytimedata During daytime,CALIOP observechigh aerosol extinctiom
the lower tropospherat 27-33°N and41-45°N, betweer2.54.0 km altitudesat 35-37°N, andaround4.5 km altitude
at 2731°N. The altitude2.5-4.0 kmof the aerosol plumat 3537°N, wherethe CALIPSO undeiflight occurred,s
closeto theplumealtitude ~15-4.0km observed byASRL-2 during17:3417:48UTC (Fig. 17b). The standard model
reasonably reproducé®e general pattern aerosol extinction as a functioflatitudeandaltitude butunderestimates
it in thelower tropospheraround43°N and misseserosols observed at 4.5 latween 2731°N. For thelatter, he
BBO-5.5kmsimulationincreases aerosol extinctibntthesimulatedolumealtitude is stil~ 1 kmlower. The CALIOP
nighttimeobservations made about 10 hours eaitiarioseproximity showa more cderentpatten of thelatitude
altitude distributioni.e., enhanced aerosol extinction in the BL betwZgrA3°N anddistinct aerosol plumes in the
free tropospherg2.5-5.5 km, 3543°N; 4-5 km, 27-33°N), with missing retrievaldetween 4319°N. The model
simulates coherent aerosol plumeghe free troposphere atwider latituderange(35-49°N), especiallywith the
BBO0-5.5km simulation BBO-5.5km suggests thathe CALIOP observed plumat 4.5 km between 233°N is a
southward extension dfie smoke plumat higheratitudes.The simulatedaaosol plumeis neverthelesat least 0.5
km lowerin altitudethanthatobserved bYCALIOP.

Theweaker vertical transpoof trace gases and aerosalshe models likely a result otwo model uncertainties
remapping ofmeteorological datdrom the native cubedphere grid of the parel @EOS5 GCM to anequally
rectilinear (latituddongitude) grid and degradation difie spatial and temporal resolutions ofitipaut meteorological
data(Yu et al., 2018)Yu et al.(2018)showed thathe remapping anthe use of 3hourly averaged wind archives
maylead to 520%errorin the vertical transport & surfaceemitted tracef?’Rnin offline GEOSChemsimulatiors
compared t@nlineGEOSS5 simulationslt was attributegbartly to the loss obrganized vertical motion®egrading
the spatial resolution of the meteorologidata for input to GEO£hem(e.g., 2° x 2.5Used in this studyfurther
wealened vertical transporbecauseorganized vertical motions are averaged auta coarser resolutionSuch
inefficient vertcal transport in carseresolution GEOSChem wasalso notedreviouslyin the simulations of Aan

Tropopause Aerosol Lay¢Fairlie et al., 202Dand uppetropospherié??Rn (Zhang et al., 2021 as constrained by
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observations Restoing the lost vertical transport by implementing the modified Relaxed Arakdelaubert
convection scheme in GEGEhemwouldalleviate this issuéHe et al., 2019)0n the other handhe spatiatesolution
for global modelsnaybe too coarse to resolveean vertical motiothat can be better resolved Bgional models
asillustratedby Fast et al(2016)whensimulatingthe observeaderosol layersransportedrom North Americeaover

the Atlantic Ocean

5. Sourceattribution s of AODs over the WNAO during ACTIVATE

In this section, wejuantify the contributionsef differentemission typsto the AODsoverthe eastern U.S. and
WNAO during ACTIVATE in the model Fig. 20 showsthe absolute and percentage changeth@average AODs
for the period of the 2020winter (Febl4-Mar.12) and summe(Aug.13-Sep.30)deploymend, respectivelywhen
anthropogenigincluding biofuel) BB, biogenic, marine, and dust emissions segparatelyturned off in the model.
In winter, axthropogenic emissionmaakedominantcontributions(70-90%) over landbetween36-48°N, 30-60% in
the N boxregion 20-40% in the S box regigrwith adecreasing contributiotrendfrom NW to SE At Bermuda,
about 20% of AODs due to anthropogenic emissioB8 emissions makéhe largest contributiongup to40-50%)
in southeastern U.S. coastd contribute about0130% of AODsin the N+S box regionsMarine emissions (mainly
sea saltrontribute30-60% over most of the MS box regionswith an increasing contribution trend from NW to SE
which isoppositeof the trend of anthropogenic emission contributi@iegenic and dust emissionsakeonly small
contributionsto AODs throughoutthe domainin summeranthropogenic emissiotontributionsare reduceaver
both land an&WNAO compared to wintemwith 20-30% contributionn the N+S box region®8y contrastBB emission
contributions increase substantiatiyer land and WNAQelative to winter, reflecting thmfluences of the western
U.S. fire smokeas well aBBB emissions fronthe southeast U.Sduring summerlnterestingly there isan apparent
pathway fortransport of smoke pluméswards Bermudéeft second rowfFig. 20b) as also demonstrated in recent
work (Aldhaif et al., 2021; Mardi et al., 20RXhis is consistent witthe smokeAOD events observed by AERONET
at Tudor Hill, Bermuda(section4.3). At Bermuda,BB emissiors contribute moré¢o AOD than anthropogenic
emissionsin summer(~20% vs. 15%). Biogenic emissioncontributions(10-20%) are mostlyconfinedin the
southeast U.SMarine emissiorcontributionsto AOD in theN+S box regionsndaroundBermudaaresignificantly
higher compared to wintéleft fourth row,Fig. 20b), despitehighermarine emission contributigrsouth of30°N in
winter. African dust contributions to AO[>10%)are seen mainito the south of Bermudautextend as far as Florida

andthe Gulf of Mexico.

6. Summary andconclusions

We have simulated troposphederosols over the western North Atlantic Ocean (WNAO) during the winter
(Feb.14- Mar.12) and summer (AudL3i Sep.30) deploymerd of the NASA ACTIVATE 2020 mission (Sorooshian
etal., 2019, 2023) using the GE@Bemmodeldriven by the MERRAZ2 reanalysigat 2°x2.5° horizontal resolution).
Model results are evaluated with measurements from two airtrafow-flying HU-25 Falcon and higflying King
Air, as well as groundbased and satellite observations. Our objedsite characterize and improve understanding of

the aerosol life cycle, transport, and distribution over the WNAO during thdéployment.
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Results.Major work andresults are summarized below.

1) Contrasting atmospheric circulation patterns and meteorological conditions were prevalenttauting
deploymentsin winter, the flights to the north often occurred durimgstfrontal conditiongo sample and study MBL
clouds, especially during cold air outbreaks. The southern flight region experienced stronger uplifting and precipitation
scavengingln summey the strengthened Bermuda High extended westward with southwestetigoffshore along
the U.S. SE coast (~326°N) and easterly in the subtropics (<30°N). Comparedriter, the horizontal gradients in
surface temperature, RH, vertical pressure velocity, precipitation, and PBL height were much weaker, and convective
precipitation was much stronger in the flight domain.

2) Transport in the BL behind cold fronts is a major mechanism for the North American pollution outflow to the
WNAO. Thewinterdeploymenencountered about four major periods with cold fronts passing through the study area,
during which continental pollution (e.g., CO) was swept in the BL southeastward to the ACTIVATE flight latitudes
(32.439.8°N).In summer intrusion of cold air deep into the flight domain did not occur until late September since
midlatitude cyclones were shifted northward.

3) Major pathways for vertical transport of trace gases and aerosols over the North American continental outflow
region include uplifting ahead of cold fronts, convective transport, and BL turbulent miximgnter, largescale
vertical transport ahead of cold fronts was the dominant process responsible for lifting CO out of the BL over the U.S.
East Coastind the flight domain, followed by rapid eastward transport. Convection became more imjportant
summer By contrast, BL turbulent mixing was found to be the dominant process responsible for the upward transport
of sea salt within and ventilation out of the BL over the flight domain in winteite both convection and turbulent
mixing were important in uplifting sea salt to the free troposphere in summer.

4) We characterizedhe model simulated aerosol species with respect to their distributions, mass loadings, and
optical depths(AODs) over the WNAO.In winter, the horizontal distributions of SNA, BC, POA, and SOA
concentrations in the BL largely reflected the frequent transport of continental pollution behind cold fronts. Sea salt
had the largest mass among aerosols over the WiNi@ BC, SOA, and dust abundances across the flight domain
were relatively smallln summer BL sulfate concentrations were significantly higher, resulting from stronger
production from oxidation of SOBL nitrate concentrations decreased substantially due to the volatility of ammonium
nitrate at higher temperature and more sulfate competing with nitrate for ammonium. Substantially higher SOA
concentrations reflect the large production from strong oxidation of VOIs.vertical extent of the major North
American continental outflow aerosols was significantly higherause of the impact of convective liftiRL. sea
saltabundancencreased in summer over the WNAO because of stronger wlimdisg two weather event®ust
amounts also significantly increasaie tolong-range transport of dust emissions from North Afrloaboth seasons,
sea saltDA, and SNA were the main contributors to the mean total AOD in the flight areas. The strong hygroscopic
growth of fine aerosols results in a much larger fraction of AOD (versus aerosol mass) from SM4.(or

5) We evaluated model simulated vertical profiles of CO, SNA, @Adconcentrations with Falcon aircraft
AMS measurements ankrformed sensitivity experiments to quantify their sourbesinter, outflow of pollution
from continental sources dominated the lower troposphere, causing a sharp vertical gradient in CO, $MA, and

concentrations at ~@Q km altitude;in summey impacts of convection and BB sources increased and those gradients
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were weakerExtendingthe BB emission injection height from within the BL te5(b km largely improved or
correctedthe modellow biases in simulated aerosol enhancements in the free troposphere during the summer
deployment SNA aerosols are predominantly from continental anthropogenic emissions, but summertime BB
contributions are also important between6-Bm. OA in the free troposphere are mainly from BB wherthasein

the marine BL have sources from BB, anthropogenic, and marine emissions.

6) Intensive aerosgrofile measurements from ACTIVATE 2020 provide useful constraints on model aerosol
scavenging due to stratiform precipitation. Uncertainty in CWC use@dBE®SChemhas a large impact on the
simulated aerosols over the ACTIVATE study domain. Usingthe MERRAs s pati ot emporally var)
a fixed value) improves model simulations of BL aerosol (especially sulfate) concentrations and AERONET AODs
in the domain in winter. However, this approach leads to too fast scavenging in the free troposphere. The model also
hadsomedifficultiesin reproducinghesurface aerosol concentratianddeposition flux measurements in the eastern
U.S. coastal regioas well asAOD retrievals from MODIS/Aqua satellite measurements over the WNAO. Fully
implementing the revised wet scavenging scheme of Luo et al. (2020 modelcould improve the model
performance.

7) We evaluated model simulated aerosol extinction (at 550 nm) profiles with King Air 2SRlar and
CALIOP/CALIPSO satellite retrievals (at 532 nimh)ring the twodeploymens. In winter, HSRL-2 observed high
aerosol extinction in the marine BL associated with the North American continental outflow. A layer of aerosol
extinction enhancements was observed at ~2.5 km altitude. The model simulates a much sharper gradient compared
to HSRL:-2 between the BL and free troposphere, suggesiigertical lifting is probably too weak in the modk.
summer HSRL-2 observed much higher aerosol extinction in the BL and large extinction enhancements around 5 km
altitude. The standard model fails to capture the ldttican beimproved byusing higheBBB emissioninjection
heights

8) In winter, the CALIOP aerosol extinction over tbentral WNAO reached a peak at ~6150km altitude and
showed layers of enhancements in the free troposip@grethe peak at ~2.5 km altitude also observed by HRL
The model captures the vertical trend of aerosol extinction but underestimates extinction in the free trdpogglere
due to too fast scavengirig.summer free tropospheric aerosols contribute a larger fraction of AOD relative to winter
(Corral et al., 2020), The significantly higher extinction peak observed in the BL ovesrttral WNAO compared
to winter is consistent with simulated higher sea salt in summer. A feature typically seen over the WNAO (< 35°N)
as suggested by CALIOP aerosol extinction profiles and GER&n simulations is very high sea salt (mostly coearse
mode) aerosol extinction near the top of the marine BL where RH and cloud extinction are high. The latter suggests
strong hygroscopic growth of sea salt particles and sea salt seeding of marine stratus clouds.

9) We conducted a case study of letagpge transport of the western U.S. fire smoke to the WNAGam 23,

2020, which was captured by both CALIOP d@heunderflying ACTIVATE aircraft. The CALIPSO measurements
allowed us to put this smoke transport event in a context of latitudinal edtedel simulations of HSRI2 aerosol
extinction measurements with large enhancements in the free troposphere from several individual flights (Aug. 26,

Aug. 28, Sep. 15, and Sep. 22, 2020) demonstrate that injecting BB emission$ .ibtkn® altitudes ofteimproves
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the model performance. Case studies also show that the readehablyaptures the continental outflow of aerosols,
land-ocean aerosol extinction gradient, and mixing of anthropogenic aerosols with sea salt.

10) We quantified the contributions of different emission ty(@ghropogenic, BB, biogenic, marine, dust)
the AOD over the eastern U.S. and WNAO in the mddelvinter, anthropogeniemissioncontributionsdominate
near the coasind decreassoutheastwardBB emissions contribute most to AOD southeastert.S. coasiand
account for~10-30% of AOD in the flightarea while marine emissions contribute &0% over most of the flight
area southeastwardin summey anthropogenic emission contributions to AOD are redumeddBB emission
contributions increase substantially. An apparent pathway for transport of smoke plumes towards Bermuda is
identified (Aldhaif et al., 2021; Mardi et al., 2021) and is consistent with the smoke AOD events observed by
AERONET at Tudor Hill, Bermuda. BB emissions contribute more to AOD at Bermuda than anthropogenic emissions
in summer (~20% vs. ~15%). Biogenic emission contributions2(®) are mostly confined in the southeast U.S.
Marine emission contributions to AOD in the fligateaand aroundBermuda are significantly higheelative to
winter. African dust contributions to AOD (>10%) are seen mainly to the south of Bermuda but extend as far as Florida
and the Gulf of Mexico.

Implications. The above resultsn aerosolifecycle, transport, and distributidrave important implications for
studies ofaerosolcloudmeteorology interactiomluring ACTIVATE 2020. For instance,ransport of continental
aerosols over th&NAO may modulate cloud microphysics and precipitatiBecently, Painemal et al. (2023)
analyzed wintertime BL cloud synoptic variability over the WNAO hnkied the occurrence of a maximum in cloud
droplet number concentratiomith continental aerosols during cold air outbreaRerrectly representingerosol
distribution andvariability isthuscritical in simulating aerosohdirect effectson cloud. Biomass burning aerosols
can affect thevholetropospherand interact with clouds directly or indirectly, as suggested by a case study of smoke
transport from the western U.@uring ACTIVATE on Aug. 26, 202@Mardi et al, 2021) Mardi et al. als@ssociated
BB dayswith higher cloud drop number concentrations and lower drop effective r&linsvorkimplies thatusing
reasonable BB emission injection heigintglobal modes, among other factorplays an essential role iapresenting
smokecloud interactionsThe high coarsenode sea salt aerosol extinctiaiong with high RH and cloud extinction
near the top of the marine BL ovitie WNAO (< 35°N) asidentified in this work suggstsa potential ideal region
for studying giant CCN cloud interactiongGonzalez et al., 2022).

Future research. This study highlights the following areas for recommenélgdre work to improvethe
modeling and understanding of tropospheric aerosol life cycle, transport, and distribution over the. YWINAO
evaluation of the MERRAZ CWC, including its partition between liquid and ice water in the vertical column, with
available aircraft and satellite observations is required for a better representation of aerosol scavenging in GEOS
Chem. Thdiquid-ice partitioning affects the scavenging efficiencies of aerosols due to both warm and ice clouds.
Accurate BB emission injection heights derived from daily or hourly observations from space (e.g., from the TEMPO
geostationary satellite) are expectedsignificantlyenhanca h e  m oagabilitydte simulate smoke aerosols and
their vertical distribution over North America and the WNAO. Furthermimefficient vertical transport in coarse

resolution models may be improved by using kigbkolutionandbr regional models.
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Data availability. Observational data for model evaluation are introduceddtion2.2. All data from the~alcon and
King Air are publicly achived onNASA Atmospheric Science Data Cent&SPC)6 s Di st ri but ed
Center (DAAC)and accessiblathttps://doi.org/10.5067/SUBORBITAL/ACTIVATE/DATAOQIGEOSChemcode

v11-01 used in this works availableat https://zenodo.org/records/10982L#u and Zhang, 2024)

SupplemenfThe supplement related to this article is available onlinletits://doi.org/XX. XXX/XXX-supplement

TBD).

Competing interestsAt least one of théco-)authors is a member of the editorial board of Atmospheric Chemistry

and Physics.

Author contributionsConceptualization: HL, BZ, RM, ARF, HW, and DPModel simulationHL and BZ Analysis

andinitial draft preparationHL and BZwith contributions from HCData collectiorand interpretatiorRM, LZ, RF,

AS, MS, AJS, JH, EC, MF, TS, CH, GD, JN, BnhdYC. CALIOP data analysis: HGMV, and YH Manuscript

review, commentsand editingall authors Model modification andmprovementHL, BZ, GL, FY, CK,andMJ.

Acknowledgement¥he work was funded by ACTIVATE, a NASA Earth Vent@egborbital3 (EVS 3) investigation
funded by béiehce ®isisioB and mamaged through the Earth System S&attdanderProgram Office.
HL and BZ acknowledge the partial suppoftthe NASA EVS2 NAAMES missionfor model developmeniThe

Act i

GEOSChem model is managed by the Atmospheric Chemistry Modeling Group at Harvard University with support

from NASA ACMAP and MAP programsThe GEOSChem support team at Harvard Ueiisity and Washington
University at Saint Louis (WashU) is acknowledged for their effort. GEBED8m input files were obtained from the

GEOSChem Data Portal enabled by Washith assisance fromAndrew Schulof Colorado State UniversityL

would like to thank Brett Gantt (EPA) for assisting with produdmeMODIS/AquachlorophylkUdata Lee Murray
(University of Rochester) for providing the lightning Né&mission filefor use with GEOSChem and Robert Levy
(NASA) for helpfuldiscussion®n the use of MODI&erosol dataHC would like to thank Jason Tackett for assisting
with the use of CALIPSO dat&lASA Center for Climate Simulation (NCCS) provided supercomputing resources.
Pls and staff for the three AERONET sites are acknowledged for their effogt.Pacific Northwest National

Laboratory (PNNL) is operated for DOE by Battelle Memorial Institute under contra®t@i5-76RLO1830.

Financial support.This research was supported BASA grant 8ONSSC19K0389 in support thie ACTIVATE

mission.

References

24


https://doi.org/10.5067/SUBORBITAL/ACTIVATE/DATA001
https://zenodo.org/records/10982278
https://doi.org/XX.XXX/XXX-supplement

891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926

Aldhaif, A. M., Lopez,D. H., Dadashazat., andSorooshianA.: Sources, frequency, and chemical nature of dust
events impacting the United States East Coast, Atmospheric Environment, 231, 117456,
https://doi.org/10.1016/j.atmosenv.2020.11745820.

Aldhaif, A. M., Lopez, D. H., Dadashazar, H., Painemal, D., Peters, &ndSorooshian, A An aerosol climatology
and implications for clouds at a remote marine site: Case study over Berm@mphys Res-Atmos, 126,
€2020JD03403https://doi.org/10.1029/2020JD034038, 2021.

Alexander, B., ParkiR. J.,Jacob,D. J.,Li, Q. B., YantoscaR. M., Savarino,J., Lee,C. C. W., and ThiemensM.

H., Sulfate formation in seaalt aerosols: Constraints from oxygen isotope§eophys. Res110, D10307, 2005.

Bellouin, N., Quaas, J., Gryspeerdt,E., Kinne, S., Stier, P., W&sois,D, et al. (2020). Bounding global aerosol
radiative forcing of climate change. Reviews of Geophysics, 58, e2019RG000660.
https://doi.org/10.1029/2019RG000660

Berg, L. K., et al. The TwoColumn Aerosol Project: Phasé& Dverview and impact of elevated aerosol layers on
aerosol optical depth, J. Geophys. Res. Atmos., 121,3836 doi:10.1002/2015JD023843016.

Bosilovich MG, and Coauthor81ERRA-2: Initial Evaluation of the Climate. NASA/TM2015104606, V48, 139
pp. https://[gmao.gsfc.nasa.gov/pubs/docs/Bosilovich803245.

Bosilovich, M., RobertsonF., TakacsL., Molod, A, and Mockg D.: Atmospheric water balance and variability in
the MERRA?2 reanalysisJ. Climate 30, 11771196, doi: 10.1175/JCED-16-0338.1 2017.
Boucher, O., D. Randall, P. Artaxo, C. Bretherton, G. Feingold, P. Forst&t, Kerminen, Y. Kondo, H. Liao, U.

Lohmann, P. Rasch, S.K. Satheesh, S. Sherwood, B. Stevens and X.Y. Zhang: Clouds and Aerosols. In: Climate

Change 2013: The Physical Science Basis. Contribution of Working Group | to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change [Stocker, T.F., D. QiK, Blattner, M. Tignor, S.K. Allen, J.
Boschung, A. Nauels, Y. Xia, V. Bex and P.M. Midgley (eds.)]. Cambridge University Press, Cambridge, United
Kingdom and New York, NY, USA2013.

Bukosa, B., Fisher, J. A., Deutscher, N. M., & Jones, DARCoupled CH, CO and C@Simulation for
Improved Chemical Source Modeling. Atmosphere, 14(5), Z623.

Burrows,S. M.,McCluskey,C. S.,Cornwell,G., Steinke,l., Zhang,K., Zhao,B., etal.: Ice-nucleating particles that
impact clouds and climate: Observational and modeling research Resilswvs of Geophysic$0,
€2021RG000745ttps://doi.org/10.1029/2021RG00074%)22.

Burton, S. P., Hostetler, C. A., Cook, A. L., Hair, J. W., Seaman, S. T., Scola, S.Cetlibtation of a high spectral
resolution Lidar using a Michelson Interferometer, with data examples from Oracles. Applied Optics, 57(21),
6061 6075.https://doi.org/10.1364/A0.57.006061, 2018.

Carter, T. S., Heald, C. L., Cappa, C.D., Kroll, J. H., Campos, T. L., Coet #: Investigating carbonaceous aerosol

and its absorption properties from fires in the western United StatesOA¥E and southern Africa (ORACLES
and CLARIFY). Journal of Geophysical Research: Atmospheres, 126, e2021JD0342&21
https://doi.org/10.1029/2021JD034984

Charlson, R. J. and Pilat, M. J.: Climate: The influence of aerosols, J. Appl. Meteorol., 8100 11969.

25


https://doi.org/10.1016/j.atmosenv.2020.117456
https://doi.org/10.1029/2019RG000660
https://gmao.gsfc.nasa.gov/pubs/docs/Bosilovich803.pdf
https://doi.org/10.1029/2021RG000745
https://doi.org/10.1029/2021JD034984

927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961

Carr, J.L, D.L. Wu, JDaniels, M.D. Friberg, W. Bresky, and H. MadaBEG GEO Stereélracking of Atmospheric
Motion Vectors (AMVs) from the Geostationary Ring, Remote Sens., 12, 3779; doi:10.3390/rs12222079
Chen, J., Wang, H., Li, X., Painemal, D., Sorooshian, A., Lee Thornhill, K., Robinson, C., and Shingler, T.: Impact

of Meteorological Factors on the Mesoscale Morphology of Cloud Streets during a Cold Air Outbreak over the

Western North Atlantic, Journal of the Atmospheric Sciences, 10.11¢564a9034.1, 2022.

Chen, L. Q.andDuce,R.AA:The sources of
Atmospheric Environment, 17(10), 208964 1983.

sul fat e,

vanadi u

m and miner

Chien, FC., J-S. Hong, and ¥H. Kuo, The marine boundary layer height over\estern North pacific based on
GPS radio occultation, island soundings, and numerical models, Sensors, 19, 155; doi:10.3390/s19010155, 2019.
Coen, C., M., Andrews, E., Alastuey, A., Arsov, T. P., Backman, J., Brem, B. T., Bukowiecki, N., Couret, C.,
Eleftheriadis, K., Flentje, H., Fiebig, M., GysReéer, M., Hand, J. L., Hoffer, A., Hooda, R., Hueglin, C., Joubert,
W., Keywood, M., Kim, J. E., Kim, SV., Labuschagne, C., Lin, Ni., Lin, Y., Lund Myhre, C., Luoma, K.,
Lyamani, H., Marinoni, A., MayeBracero, O. L., Mihalopoulos, N., Pandolfi, M., Prats, N., Prenni, A. J., Putaud,
J-P., Ries, L., Reisen, F., Sellegri, K., Sharma, S., Sheridan, P., Sherman, J. P., Sun, J., Titos, G., Torres, E., Tuch,
T., Weller, R., Wiedensohler, A., Zieger, P., and Laj, P.: Multidecadal trend analysis of in situ aerosol radiative
properties around the world, Atmos. Chem. Phys., 20, \888¥3, https://doi.org/10.5194/a@0-8867-2020,

2020.

Cooper, O. R., Moody, J. L., Parrish, D. D., Trainer, M., Holloway, J. S., Hubler, G, Btale gas composition of

midlatitude cyclones over the Western North Atlantic Ocean: A seasonal comparisemamd GO. Journal of
Geophysical R e s e ahttps¥doi.ory/@07102D/Z20013D0009@D025 7 .

Colarco, P. R., et alSaharan dust transport to the Caribbean during PRIDE: 2. Transport, vertical profiles, and

deposition in simulations of in situ and remote sensing observations, J. Geophys. Res., 108(D19), 8590,

doi:10.1029/2002JD002659, 2003.

Corral, A. F., Choi, Y., Crosbie, E., Dadashazar, H., DiGangi, J. P., Diskin, G. S., Fenn, M., Harper, D. B., Kirschler
S., Liu, H., Moore, R. H., Nowak, J. B., Scarino, A. J., Seaman, S., Shingler, T., Shook, M. A., Thornhill, K. L.,
Voigt, C., Zhang, B., Ziemba, L. D., and Sorooshian, A.: Cold Air Outbreaks Promote New Particle Formation

Letters, 49,

Off the u.S. East Coast, Geophysical
https://doi.org/10.1029/2021GL096073, 2022.

Research

€2021GL096073,

Corral, A. F., Dadashazar, H., Stahl, C., Edwardd,.EZuidema, P., and Sorooshian, A.: Source Apportionment of

Aerosol at a Coastal Site and Relationships with Precipitation Chemistry: A Case Study over the Southeast United
States, Atmosphere, 11, 1212, https://doi.org/10.3390/atmos11111212, 2020.

Corral, A. F., Braun, R. A., Cairns, B., Gorooh, V. A,, Liu, H., Ma, L., et/Ah overview of atmospheric features

over the Western North Atlantic Ocean and North American East C&st 1: Analysis of aerosols, gases, and

wet deposition chemistry. Journal of Geophysical
https://doi.org/10.1029/2020JD032592, 2021.

Research:

Atmospheres,

126,

€2020JD032592.

26

-

C


https://doi.org/10.1029/2001JD000902

962 Creilson, J. K., Fishman, Jand Wozniak, A. E: Intercontinental transport of tropospheric ozone: A Study of its

963 seasonal variability across the North Atlantic utilizing tropospheric ozone residuals and its relationship to the North
964 Atlantic Oscillation. Atmospheric Chemistry and Physics, 3, 20686 2003.

965 Croft, B., Martin, R. V., Moore, R. H., Ziemba, L. D., Croshie, E. C., Liu, H., Russell, L. M., Saliba, G., Wisthaler,
966 A., Mdller, M., Schiller, A., Gali, M., Chang, R. ¥V., McDuffie, E. E., Bilsback, K. R., and Pierce, J. R.: Factors

967 controlling marine aerosol size distributions and their climate effects over the northwest Atlantic Ocean region,
968 Atmos. Chem. Phys., 21, 1889016, https://doi.org/10.5194/a@1-18892021, 2021.

969 Dadashazar, H., Painemal, D., Alipanah, M., Brunke, M., Chellappan, S., Corral, A. F., Crosbie, E., Kirschler, S, Liu,
970 H., Moore, R. H., Robinson, C., Scarino, A. J., Shook, M., Sinclair, K., Thornhill, K. L., Voigt, C., Wang, H.,
971 Winstead, E., Zeng, X., Ziemba, L., Zuidema, P., and Sorooshian, A.: Cloud drop number concentrations over the
972 western North Atlantic Ocean: seasonal cycle, aerosol interrelationships, and other influential factors, Atmos.
973 Chem. Phys., 21, 104890526, https://doi.org/10.5194/a€3-104992021, 2021.

974  Dadashazar, H., Corral, A. F., Crosbie, E., Dmitrovic, S., Kirschler, S., McCauley, K., Moore, R., Robinson, C.,
975 Schlosser, J. S., Shook, M., Thornhill, K. L., Voigt, C., Winstead, E., Ziemba, L., and Sorooshian, A.: Organic
976 enrichment in droplet residual particles relative to out of cloud over the northwestern Atlantic: analysis of airborne
977 ACTIVATE data, Atmos. Chem. Phys., 22, 13893913, https://doi.org/10.5194/a8@-138972022, 2022.

978 Darmenov, A. and da Silva, AThe Quick Fire Emissions Dataset (QFED): Documentation of versions 2.1, 2.2 and
979 2.4,NASA Technical Report Series on Global Modeling and Data Assimilation NASA2045104606, Volume

980 38, http://gmao.gsfc.nasa.gov/pubs/docs/Darmenov79620df5.

981 Dauvis, R. E., Hayden, B. P., Gay, D. A., Phillips, W.dndJones, G. \{.The North Atlantic Subtropical Anticyclone.

982 Journal of Climate, 10(4), 72844.ht t ps: / / doi . org/ 10. 1175/ 152,0990.442( 1997
983 de Leeuw, G., Andreas, E. L., Anguelova, M. D., Fairall, C. W., Lewis, E. R., O'Dowd, C:,Roaluction Flux of

984 Sea Spray Aerosol. Reviews of Geophysics, 49(2), RG2afyk://doi.org/10.1029/2010rg000348011.

985 DeBell, L. J.Vozzella, M.,Talbot, R. W., andibb, J. E. Asian dust storm events of spring 2001 and associated
986 pollutants observed in New England by the Atmospheric Investigation, Regional Modeling, Analysis and
987 Prediction (AIRMAP) monitoring network]. Geophys. Resl09, D01304, doi:0.1029/2003JD003732004.

988 DeCarlo, P. F., Dunlea, E. J., Kimmel, J. R., Aiken, A. C., Sueper, D., Crounse, J., Wennberg, P. O., Emmons, L.,
989 Shinozuka, Y., Clarke, A., Zhou, J., Tomlinson, J., Collins, D. R., Knapp, D., Weinheimer, A. J., Montzka, D. D.,
990 Campos, T., and Jimenez, J. L.: Fast airborne aerosol size and chemistry measurements above Mexico City and
991 Central Mexico during the MILAGRO campaign, Atmos. Chem. Phys., 8,-4028, 10.5194/acf-4027-2008,

992 2008.

993 Del Genio, A. D., Yao, M. S., Kovari,W., and Lo, K. K.W.: A prognostic cloud water parameterization for global
994 climate models, J. Climate., 9, 28D4, 1996.

995 Dickerson, R. R., Kondragunta, S., Stenchikov, G., Civerolo, K. L., Doddridge, B. G., and Holben, B. N.:
996 The impact of aerosols on solar ultraviolet radiation and photochemical smog, Science, 278, 827
997 830, https://doi.org/10.1126/science.278.5339,8P997.

27


http://gmao.gsfc.nasa.gov/pubs/docs/Darmenov796.pdf
https://doi.org/10.1175/1520‐0442(1997)010%3c0728:tnasa%3e2.0.co;2
https://doi.org/10.1029/2010rg000349
https://doi.org/10.1029/2003JD003733
https://doi.org/10.1126/science.278.5339.827

998

999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034

DiGangi, J. P., Y. Choi, J. B. Nowak, H. S. Halliday, G. S. Diskin, S. Feng, . . . K. J. Davis (2021), Seasonal Variability
in Local Carbon Dioxide Combustion Sources over the Central and Eastern US using Airb&@ite In
Enhancement Ratios, Earth and Space Science Open Archive ESSOAr.

DiGangi, J. P., Choi, YNowak, J. B., Halliday, H. S., Diskin, G. S., Feng, S., etSdasonal variability in local
carbon dioxide biomass burning sources over central and eastern US using airborne in situ enhancement ratios.
Journal of Geophysical Research: Atmospheres, 126, €2020JD034&25%/doi.org/10.1029/2020JD034525,
2021.

Drury, E., D. J. Jacob, R. J. D. Spurr, J. Wang, Y. Shinozuka, B. E. Anderson, A. D. Clarke, J. Dibb, C. McNaughton,
and R. Weber Sy nt hesi s of satellite (MODIS), aircraft (1 c
AERONET) aerosol observations over eastern North America to improve MODIS aerosol retrievals and constrain
surface aerosol concentrations and sources, J. Geophys. Res., 115, D14204, doi:10.1029/2009.2D002629

Dubovik, O.,Smirnov, A.,Holben, B. N.King, M. D.,Kaufman, Y. J.Eck, T. F., andlutsker, I. Accuracy
assessments of aerosol optical properties retrieved from Aerosol Robotic Network (AERONET) Sun and sky
radiance measuremends,Geophys. Resl05(D8), 9791 9806, doi10.1029/2000JD900042000.

Eastham, SD., Weisenstein, DK., andBarrett, SR. H.: Development and evaluation of the unified tropospheric
stratospheric chemistry extension (UCX) for the global chemtsanysport model GEGEhem,Atmos. Env, 89,

2014.

Edwards, EL., Corral, A.F., Dadashazar, H., Barkley, A.E., Gaston, C.J., ZuidemandPSorooshian, A.Impact
of various air mass types on cloud condensation nuclei concentrations along coastal southeast Florida, Atmospheric
Environmenthttps://doi.org/10.1016/j.atmosenv.2021.118310121.

Fairlie, T. D., Jacob,D. J.,and Park R. J: The impact of transpacific transport of mineral dust in the United
StatesAtmos. Environ., 1251266 2007.

Fairlie, T. D., Liu, H., Vernier, JP., Campuzandost, P.Jimenez, J. L., Jo, D. S., et &stimates of regional source
contributions to the Asian Tropopause Aerosol Layer using a chemical transport model. Journal of Geophysical
Research: Atmospheres, 125, e2019JD03156s://doi.org/10.1029/2019JD031506, 2020.

Fast, J. D.et al: Model representations of aerosol layers transported from North America over the Atlantic Ocean
during the TweColumn Aerosol Project. J. Geophys. Res. Atmos., 121, %848,
https://doi.org/10.1002/2016JD02524%)16.

Feng, J., Chan, E., and Vet, R.: Air quality in the eastern United States and Eastern Cat2@@2645: 25years
of change in response to emission reductions ofé®@ NQ in the region, Atmos. Chem. Phys., 20, 3181734,
https://doi.org/10.5194/aep0-3107-2020, 2020.

Fischer, E. V., Jacob, D. J., Yantosca, R. M., Sulprizio, M. P., Millet, D. B., Mao, J., Paulot, F., Singh, H. B., Roiger,
A., Ries, L., Talbot, R. W., Dzepina, K., and Pandey Deolal, S.: Atmospheric peroxyacetyl nitrate (PAN): a global
budget and source attribution, Atmos. Chem. Phys., 14,2688, https://doi.org/10.5194/ad@-26732014,

2014.

Fisher, J.A., D.J. Jacob, Q. Wang, R. Bahreini, C.C. Carouge, M.J. Cubison, J.E. Dibb, T. Diehl, J.L. Jimenez, E.M.

Leibensperger, M.B.J. Meinders, H.O.T. Pye, P.K. Quinn, S. Sharma, A. van Donkelaar, and R.M. Yantosca

28


https://doi.org/10.1029/2000JD900040
https://doi.org/10.1016/j.atmosenv.2021.118371
https://doi.org/10.1002/2016JD025248

1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071

Sources, distribution, and acidity of sulf@mmonium aerosol in the Arctic in wintepring,Atmos.Environ.,45,

73017318, 2011.

Fountoukis, C. and Nenes, A.: ISORROPIA II: a computationally efficient thermodynamic equilibrium modei for K+
Ca2+i Mg2+ NH4+ Na+HS O4 NIO 3iC ITH20 aerosols, Atmos.

https://doi.org/10.5194/aep-46392007, 2007.

Chem. Phys,,

7, 46859,

Ferrare R., Hair, J., Hostetler C., Shingler T., Burton S. P., Fenn M., Clayton M., Scaring A. J., Harper D.,
Seamans., Cook A., Crosbie E., Winstead E., Ziemba L., Thornhill, L., Robinson C., Moore R., Vaughan
M., SorooshiapA., Schlosserd. S,, Liu, H., Zhang B., Diskin, G., DiGangi J., Nowak J., Choi Y., ZuidemaP.,

and ChellappanS.: Airborne HSRL:2 measurements of elevated aerosol depolarization associated with non

spherical sea salt. Front. Remote Sens. 4:1143944. doi: 10.3389/frsen.2023.1203944
Ford, B. and Heald, C. L.: Aerosol loading in the Southeastern United States: reconciling surface and satellite
observations, Atmos. Chem. Phys., 13, 92883, doi:10.5194/aech3-9269-2013, 2013.
Gallo, F., Sanchez, K. J., Anderson, B. E., Bennett, R., Brown, M. D., Crosbie, E. C., Hostetler, C., Jordan, C., Yang

Martin, M., Robinson, C. E., Russell, L. M., Shingler, T. J., Shook, M. A., Thornhill, K. L., Wiggins, E. B.,
Winstead, E. L., Wisthaler, A., Ziemba, L. D., and Moore, R. H.: Measurement report: Aerosol vertical profiles

over the western North Atlantic Ocean during the North Atlantic Aerosols and Marine Ecosystems Study
(NAAMES), Atmos. Chem. Phys., 23, 1465190, https://doi.org/10.5194/a@3-14652023, 2023.
Gantt, B., Johnson, M. S., Crippa, M., Prévdt, A. S. H., and Meskhidze, N.: Implementing marine organic aerosols
into the GEOSChem model, Geosci. Model Dev., 8, 66929, https://doi.org/10.5194/gr@1619-2015, 2015.

Generoso, S., Bey, |., Labonne, MndBreon, F. M. Aerosol vertical distribution in dust outflow over the Atlantic:

Comparisons bet ween GEOS Chem

and

Cl oud

Aer osol

(CALIPSO). Journal of Geophysical Research, 113(D24), D242¢%s://doi.org/10.1029/2008JD01015008.

Giles, D. M., Sinyuk, A., Sorokin, M. G., Schafer, J. S., Smirnov, A., Slutsker, I., Eck, T. F., Holben, B. N., Lewis, J.

R., Campbell, J. R., Welton, E. J., Korkin, S. V., and Lyapustin, :AAdvancements in the Aerosol Robotic

Network (AERONET) Version3 databasé automated nearattime quality control algorithm with improved

cloud screening for Sun photometer aerosol optical d&iiD) measurements, Atmos. Meas. Tedlz, 169

209, https://doi.org/10.5194/an2-169-2019 2019.

Gonzalez, M. E., Corral, A. F., Crosbie, E., Dadashazar, H., Diskin, G. S., EdwatdsKkischler, S., Moore, R.

H., Robinson, C. E., Schlosser, J. S., Shook, M., Stahl, C., Thornhill, K. L., Voigt, C., Winstead, E., Ziemba, L.

Li da

D., and Sorooshian, A.: Relationships between supermicrometer particle concentrations and cloud water sea salt

and dust concentrations: analysis of MONARC and ACTIVATE data, Environmental Science: Atmospheres,

10.1039/D2EA00049K, 2022.

Hansen, Jet al. Radiative forcing and climate responkrirnal of Geophysical Researatmosphered02, 683k

6864(1997).

He, T-L., Jones, D., Molod, A., Kouatchou, J., Zhang, B., Liu, H., Yu, K., and Yantosc&efsitivity analysis and
optimization of the RAS system in GE@3hem, 9th International GEGShem Meeting, 89 May 2019,

Cambridge, MA, USA, 2019.

29


https://doi.org/10.1029/2008JD010154
https://doi.org/10.5194/amt-12-169-2019

1072  Hilario, M. R. A., Crosbie, E., Shook, M., Reid, J. S., Cambaliza, M. O. L., Simpas, J. B. B., Ziemba, L., DiGangi, J.

1073 P., Diskin, G. S., Nguyen, P., Turk, F. J., Winstead, E., Robinson, C. E., Wang, J., Zhang, J., Wang, Y., Yoon, S.,
1074 Flynn, J., Alvarez, S. L., Behrangi, A., and Sorooshian, A.: Measurement reportrauugeg transport patterns
1075 into the tropical northwest Pacific during the CARER aircraft campaign: chemical composition, size
1076 distributions, and the impact of convection, Atmos. Chem. Phys., 21i 3802, https://doi.org/10.5194/a@1-

1077 3771F2021, 2021.

1078 Holben, B. N., Eck, T. F., Slutsker, I., Tanre, D., Buis, J. P., Setzer, A.; AERONETS A federated instrument
1079 network and data archive for aerosol characterization. Remote Sensing of Environment, 6661), 1
1080 https://doi.org/10.1016/s0034257(98)0003%5, 1998.

1081 Hubanks, P., S. Platnick, M. King, and B. Ridgw8ODIS Algorithm Theoretical Basis Document No. ATBD
1082 MOD-30 for Levet3 Global Gridded Atmosphere Products (08_D3, 08_E3, 08_M3) and Users Guide (Collection
1083 6.0 & 6.1, Version 4.4, 20 Feb 2019), https://atmosphere
1084 imager.gsfc.nasa.gov/sites/default/files/ModAtmo/L3_ATBD_C6_C61 2019 02 2a(4H.

1085 Jacob, D.J., Heterogeneous chemistry and tropospheric ozone, Atmos. Environ., 34(2000);24%212000.
1086 Jaeglé, L., Quinn, P. K., Bates, T. S., Alexander, B., and Lim,: 5Global distribution of sea salt aerosols: new

1087 constraints from in situ and remote sensing observations, Atmos. Chem. Phys., 11313137
1088 https://doi.org/10.5194/aep1-31372011, 2011.

1089 Jaffe, D., Snow, J.and Cooper, O. The 2001 Asian dust events: Transport and impact on surface aerosol
1090 concentrations in the US. Eos, Transactions American Geophysical Union, 84(46)50501
1091 https://doi.org/10.1029/2003e0460001, 2003.

1092 Jin, L., Permar, W., Selimovic, V., Ketcherside, D., Yokelson, R. J., Hornbrook, R. S., Apel, E. G, Ku, .
1093 T., Collett Jr., J. L., Sullivan, A. P., Jaffe, D. A., Pierce, J. R., Fried, A., Coggon, M. M., Gkatzelis, G.
1094 I., Warneke, C., Fischer, E. V., and Hu, L.: Constraining emissions of volatile organic compounds from
1095 western US wildfires with WECAN and FIREXAQ airborne observations, Atmos. Chem. Phys., 23,
1096 5969 5991, https://doi.org/10.5194/a@38-59632023, 2023.

1097 Jongeward, A.R., Z. Li, H. He, and X. Xionatural and Anthropogenic Aerosol Trends from Satellite and Surface

1098 Observations and Model Simulations over the North Atlantic Ocean from 2002 toR2@téhos. Sci.73,4469

1099 4485, https://doi.org/10.1175/JAH-15-0308.1, 2016.

1100 Keller, C. A., Knowland, K. E., Duncan, B. N., Liu, J., Anderson, D. C., Das, S., @escription of the NASA

1101 GEOS composition forecast modeling system GEFSv1.0. Journal of Advances in Modeling Earth Systems,
1102 13, e2020MS00241&ittps://doi.org/10.1029/2020MS002413, 2021.

1103 Kim, D., Chin, M., Yu, H. B., Diehl, T., Tan, Q., Kahn, R. A., et &ources, sinks, and transatlantic transport of
1104 North African dust aerosol: A multimodel analysis and comparison with remote sensing data. Journal of
1105 Geophysical Resear c 627 htipo//slg.drgéld.H082/2013IDE102%W12. 5 9

1106 Kim, P.S,, et al.Sources, seasonality, and trends of southeast US aerosol: an integrated analysis of surface, aircraft,
1107 and satellite observations with the GEGBem chemical transport model, Atmos. Chem. Phys., 15, 100433,

1108 2015www.atmoschemphys.net/15/10411/2018bi:10.5194/acfd5-104112015 2015.

30


https://atmosphere-imager.gsfc.nasa.gov/sites/default/files/ModAtmo/L3_ATBD_C6_C61_2019_02_20.pdf
https://atmosphere-imager.gsfc.nasa.gov/sites/default/files/ModAtmo/L3_ATBD_C6_C61_2019_02_20.pdf
https://doi.org/10.1175/JAS-D-15-0308.1
https://doi.org/10.1002/2013JD021099
http://www.atmos-chem-phys.net/15/10411/2015/

1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1141
1142
1143
1144
1145

Kim, M.-H., Omar, A. H., Tackett, J. L., Vaughan, M. A., Winker, D. M., Trepte, C. R., Hu, Y., Liu, Z., Poole, L. R.,
Pitts, M. C., Kar, J.andMagill, B. E: The CALIPSO version 4 automated aerosol classification and lidar ratio
selection algorithm, Atmos. Meas. Tech., 11, 66Q35,https://doi.org/10.5194/ani1-61072018 2018.

Levy, R. C., S. Mattoo, L. A. Munchak, L. A. Remer, A. M. Sayer, F. Patadia, and N. CTHesCollection 6
MODIS aerosol products over land and ocean, Atmos. Meas. Tech., 632389doi:10.5194/arv-29892013
2013.

Li, Q. B., et al: Transatlantic transport of pollution and its effects on surface ozone in Europe and North America, J.
Geophys. Res., 107(D13), 4166, doi:10.1029/2001JD0QTR.

Li, Q. B., Jacob, D. J., Park, R., Wang, Y. Meald, C. L., Hudman, R., et aNorth American pollution outflow and
the trapping of convectively lifted pollution by upgewel anticyclone. Journal of Geophysical Research,
110(D10), D10301https://doi.org/10.1029/2004jd005039, 2005.

Li, X.-Y., Wang, H., Chen, J., Endo, S., George, G., Cairns, B., Chellappan, S., Zeng, X., Kirschler, S., Voigt, C.,
Sorooshian, A., Crosbie, E., Chen, G., Ferrare, R. A., Gustafson, W. I, Hair, J. W., Kleb, M. M., Liu, H., Moore,
R., Painemal, D., Robinson, C., Scarino, A. J., Shook, M., Shingler, T. J., Thornhill, K. L., Tornow, F., Xiao, H.,
Ziemba, L. D., and Zuidema, P.: Larg§eldy Simulations of Marine Boundary Layer Clouds Associated with-Cold
Air Outbreaks during the ACTIVATE Campaign. Part I: Case Setup and Sensitivities toSealgeForcings,
Journal of the Atmospheric Sciences, 79,108, 10.1175/jasl-21-0123.1, 2022.

Li, J., Carlson, B.E., Yung, Y.let al.Scattering and absorbing aerosols in the climate syMatrRev Earth
Environ3, 363 379 (2022) https://doi.org/10.1038/s4304022-00296 7

Lin, J-T., and M. McElroy Impacts of boundary layer mixing on pollutant vertical profiles in the lower troposphere:

Implications to satellite remote sensing, Atmospheric  Environment, 44(14), -1/R3%
doi:10.1016/j.atmosenv.2010.02.009, 2010.

Lin, S-J., and RoodR. B: Multidimensional flux form semiLagrangian transport schemes, Mon. Wea. Rev., 124,
20462070 1996.

Liu, H., D. J. Jacob, I. BeyandR. M. YantoscaConstraints front'!®b and’Be on wet deposition and transport in a
global threedimensional chemical tracer model driven by assimilated meteorological fields, J. Geophys. Res. Vol.
106(D11), 12,109.2,128 2001.

Liu, H., J. H. Crawford, D. B. Considine, S. Platnick, P. M. Norris, B. N. Duncan, R. B. Pierce, G. Chen, and R. M.
Yantosca Sensitivity of photolysis frequencies and key tropospheric oxidants in a global model to cloud vertical
distributions and optical properties, J. Geophys. Res., 114, D10305, doi:10.1029/2008JD20QS03

Liu, H., and Zhang, B.: GEG8hem v1101 for simulating tropospheric aerosols over the western North Atlantic
Ocean. Zenodo. https://doi.org/10.5281/zenodo0.10982278, 2024.

Liu, Z., J. Kar, S. Zeng, J. Tackett, M. Vaughan, M. Avery, J. Pelon, B. Getzewi€h l€e, B. Magill, A. Omar, P.
Lucker, C. Trepte, and D. Winker: Discriminating Between Clouds and Aerosols in the CALIOP Version 4.1 Data
ProductsAtmos. Meas. Teghl2, 703 734, https://doi.org/10.5194/anit2-703-2019 2019.

Luan, Y. and Jaeglé, L.: Composite study of aerosol export events from East Asia and North America, Atmos. Chem.
Phys., 13, 1221242 https://doi.org/10.5194/aep3-1221-2013, 2013.

31


https://doi.org/10.5194/amt-11-6107-2018
https://doi.org/10.1038/s43017-022-00296-7
https://doi.org/10.5194/amt-12-703-2019

1146
1147
1148
1149
1150
1151
1152
1153
1154
1155
1156
1157
1158
1159
1160
1161
1162
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1174
1175
1176
1177
1178
1179
1180
1181

Luo, G., Yu, F., and Schwab; Revised treatment of wet scavenging processes dramatically improves G0
12.0.0 simulations of surface nitric acid, nitrate, and ammonium over the United States, Geosci. Model Dev., 12,
3439 3447 ,https://doi.org/10.5194/gmil2-34392019, 2019.

Luo, G., Yu, F., and Moch, J. MEFurther improvement of wet process treatments in GEG&M v12.6.0: impact on
global distributions of aerosols and aerosol precursors, Geosci. Model Dev., 1322839
https://doi.org/10.5194/gmii3-28732020, 2020.

Malm, W. C., Sisler, J. F., Huffman, D., Eldred, R. And Cahill, T. A: Spatial and seasonal trends in particle
concentration and optical extinction in the United States. Journal of Geophysical Reseavspheres, 99(D1),

1347 1370.https://doi.org/10.1029/93JD02916, 1994.

Mardi, A. H., Dadashazar, H., Painemal, D., Shingler, T., Seaman, S. T., Fenn, M. A.Bimaass burning over
the United States East Coast and western North Atlantic Ocean: Implications for clouds and air quality. Journal of
Geophysical Research: Atmospheres, 126, e2021JD03d®A6.//doi.org/10.1029/2021JD034916, 2021.

Martin, R. V., D. J. Jacob, R. M. Yantosca, M. Chin, and P. GinGlobal and regional decreases in tropospheric
oxidants from photochemical effects of aerosols, J. Geophys. R&D3), 4097, doi;:10.1029/2002JD002622,
2003.

McGrath-Spangler, E. L. and Molod, A.: Comparison of GE®BGCM planetary boundary layer depths computed
with various definitions, Atmos. Chem. Phys., 14, 8&7/27, https://doi.org/10.5194/ad@-67172014, 2014.

Neuman, J. A., Parrish, D. D., Trainer, M., Ryerson, T. B., Holloway, J. S., Nowak, J. B: Raaative nitrogen
transport and photochemistry in urban plumes over the North Atlantic Ocean. Journal of Geophysical Research,
111, D23S54https://doi.org/10.1029%2005JD0070102006.

Painemal, D., Chellappan, S., Smith, W. L. Jr., Spangenberg, D., Park, J. M., Ackerman,:A\ieteatime synoptic
patterns of midlatitude boundary layer clouds over the western North Atlantic: Climatology and insights from in
situ ACTIVATE observations. Journal of Geophysical Research: Atmospheres, 128, €2022JD037725.
https://doi.org/10.1029/2022JD037725, 2023.

Painemal, D., Corral, A. F., Sorooshian, A., Brunke, M. A., Chellappan, S., Gorooh, V. A:,Ast averview of
atmospheric features over the Western North Atlantic Ocean and North American Eadt&oagt Circulation,
boundary layer, and clouds. Journal of Geophysical Research:Atmospheres, 126, €2020JD033423.
https://doi.org/10.1029/2020JD033423, 2021.

Park, R. J., D. J. Jacob, B. D. Field, R. M. YantoacaM. Chin: Natural and transboundary pollution influences on
sulfatenitrateammonium aerosols in the United States: Implications for policy, J. Geophys. Res., 109, D15204,
doi:10.1029/2003JD004473004.

Perry, K. D.,Cahill, T. A.,Eldred, R. A.Dutcher, D. D., andill, T. E.: Long-range transport of North African dust
to the eastern United StatdsGeophys. Resl02(D10),11225 11238, doil0.1029/97JD0026A997.

Peyridieu, S., Chédin, A., Tanré, D., Capelle, V., Pierangelo, C., Lamquin, N., and Armante, R.: Saharan dust infrared
optical depth and altitude retrieved from AIRS: a focus over North Atlanttomparison to MODIS and
CALIPSO, Atmos. Chem. Phys., 10, 1989367, https://doi.org/10.5194/adj®-19532010, 2010.

32


https://doi.org/10.1029/
https://doi.org/10.1029/97JD00260

1182
1183
1184
1185
1186
1187
1188
1189
1190
1191
1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217

Pfister, G. G., et alOzone production from the 2004 North American boreal fires, J. Geophys. Res., 111, D24S07,

doi:10.1029/2006JD007692006.

Philip, S., Martin, R. V., and Keller, C. A.: Sensitivity of chemistirgnsport model simulations to the duration of

chemical and transport operators: a case study with GE@®v10-01, Geosci. Model Dev., 9, 1688695,

https://doi.org/10.5194/gm#- 16832016, 2016.

Philip, S, Marin, R. V., Pierce, J. R., Jimenez, J. L., Zhang, Q., Canagaratna, M. R., Spracklen, D. V., Nowlan, C. R,,
Lamsal, L. N., Cooper, M. J., and Krotkov, N: Apatially and seasonally resolved estimate of the ratio of organic
mass to organic carbon, Atmos. Environ., 87484http://dx.doi.org/10.1016/j.atmosenv.2013.11.08&14.

Provencal, S., P. Kishcha, A.M. da Silva, E. ElhachamdP. Alpert AOD distributions and trends of major aerosol

species over a selection of the world's most populated cities based on the 1st version of NASA's MERRA Aerosol

Reanalysis, Urban Climate, 20, 2681, https://doi.org/10.1016/j.uclim.2017.04.001, 2017.

Pye, H. O. T., Chan, A. W. H., Barkley, M. BndSeinfeld, J. H.Global modeling of organic aerosol: the importance

of reactive nitrogen (NQand NQ), Atmos. Chem. Phys., 10, 11261276, https://doi.org/10.5194/aep0-

112612010 2010.

Pye, H. O. T. and Seinfeld, J. H.: A global perspective on aerosol fromdtatility organic compounds, Atmos.

Chem. Phys., 10, 4374401, doi:10.5194/aeh0-43772010, 2010.

Quinn, P. K. and Bates, T.: OceBerived Aerosol and Its Climate impacts, in: Treatise on Geochemistry, Elsevier,

Oxford, 317 330, https://doi.org/10.1016/b978-08-0959757.004162, 2014.

Ridley, D. A., Heald, C. L., and Ford,:BNorth African dust export and deposition: A satellite and model perspective,

J. Geophys. Res., 117, D02202, do0i:10.1029/2011JD01@032.

Savoie, D. L.,and Prospero, J. M.Aerosol concentration statistics for northern tropical Atlantic. Journal of

Geophysical Research, 82(37), 595964 1997.

Sayer, A.M., L. A. Munchak, N. C. Hsu, R. C. Levy, C. Bettenhausen, arid 30ngMODIS Collection 6 aerosol

product s: Compari ssbeepbeBween DBaukbdédJarget,
recommendations, J. Geophys. Res. Atmos., 119, 13186539, do0i:10.1002/2014JD0224%914.

Seethala, C., Zuidema, P., Edson, J., Brunke, M., Chen, G.;Yi, Rainemal, D., Robinson, C., Shingler, T., Shook,

and

Aimer g

M., Sorooshian, A., Thornhill, L., Tornow, F., Wang, H., Zeng, X., and Ziemba, L.: On Assessing ERA5 and

MERRAZ2 Representations of Celdr Outbreaks Across the Gulf Stream, Geophysical Research Letters, 48,

€2021GL094364, https://doi.org/10.1029/2021GL094364, 2021.

Shah, V., L. Jaeglé, J.L. Jimenez, J.C. Schroder, P. Campdaaf)d.L. Campos, J.M. Reeves, M. Stell, S.S. Brown,

B.H. Lee, F.D. LopedHiilfiker, and J.A. Thornton Widespread pollution from secondary sources of organic

aerosols during winter in the northeastern United States. Geophys. Res. Lett.,, 42983%,7@019. DOI:

10.1029/2018GL08153@019.

Shingler, T., Dey, S., Sorooshian, A., Brechtel, F. J., Wang, Z., Metcalf, A., Coggon, M., Mulmenstadt, J., Russell, L.

M., Jonsson, H. H., and Seinfeld, J. H.: Characterisation and airborne deployment of a new counterflow virtual

impactor inlet, Atmos Meas Tech, 5, 125969, 10.5194/ar®-12592012, 2012.

33


https://doi.org/10.5194/acp-10-11261-2010
https://doi.org/10.5194/acp-10-11261-2010
https://doi.org/10.1016/b978-0-08-095975-7.00416-2

1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234
1235
1236
1237
1238
1239
1240
1241
1242
1243
1244
1245
1246
1247
1248
1249
1250
1251
1252
1253
1254

Silva, S. J., Ridley, D. AandHeald, C. L: Exploring the constraints on simulated aerosol sources and transport

across t he Nort h At |
https://doi.org/10.1029/2020EA001392, 2020

Smirnov, A., Holben, B. N., Eck, T. F., Dubovik, O., and Slutsker, I.: Cloud screening and quality control algorithms
for the AERONET database, Remote Sens. Environ., 73 3837https://doi.org/10.1016/S0024257(00)00109

7, 2000.

antic

Wi

t h i sland based

sun

Solomon, P.A., Dennis Crumpler, James B. Flanagan, R.K.M. Jayanty, Ed E. Riekrd&harles E. McDaddJ.S.

National PM2.5 Chemical Speciation Monitoring Netw@kKSSN and IMPROVE: Description of networks,
Journal of the Air & Waste Management Association, 64:12, 114138, DOI: 10.1080/10962247.2014.956904

2014.

phot

Sorooshian, A., B. Anderson, S.E. Bauer, R.A. Braun, B. Cairns, E. Crosbie, H. Dadashazar, G. Diskin, R. Ferrare,

R.C. Flagan, J. Hair, C. Hostetler, H.H. Jonsson, M.M. Kleb, H. Liu, A.B. MacDonald, A. McComiskey, R. Moore,
D. Painemal, L.M. Russell, J.H. Seinfeld, M. Shook, W.L. Smith, K. Thornhill, G. Tselioudis, H. Wang, X. Zeng,
B. Zhang, L. Ziemba, and P. Zuidenfserosol Cloud Meteorology Interaction Airborne Field Investigations:
Using Lessons Learned from the U.S. West Coast in the Design of ACTIVATE off the U.S. EasBalast.

Amer. Meteor. Soc100,1511 1528,https://doi.org/10.1175/BAM®-18-0100.1, 2019.

Sorooshian, A.Corral, A. F. Braun, R. A.Cairns, B.Crosbie, E.Ferrare, R. et alAtmospheric Research Over the

Western North Atlantic Ocean Region and North American East Coast: A Review of Past Work and Challenges
Ahead.J. GeophysResAtmos, 125, e2019JD031626ttps://doi.org/10.1029/2019JD0316Z2®20.

Sorooshian, A., Alexandrov, M. D., Bell, A. D., Bennett, R., Betito, G., Burton, S. P., Buzanowicz, M. E., Cairns, B.,
Chemyakin, E. V., Chen, G., Choi, Y., Collister, B. L., Cook, A. L., Corral, A. F., Crosbie, E. C., van Diedenhoven,

B., DiGangi, J. P., Diskin, G. S., Dmitrovic, S., Edwardsl.EFenn, M. A., Ferrare, R. A., van Gilst, D., Hair, J.

W., Harper, D. B., Hilario, M. R. A., Hostetler, C. A., Jester, N., Jones, M., Kirschler, S., Kleb, M. M., Kusterer,
J. M., Leavor, S., Lee, J. W, Liu, H., McCauley, K., Moore, R. H., Nied, J., Notari, A., Nowak, J. B., Painemal,

D., Phillips, K. E., Robinson, C. E., Scarino, A. J., Schlosser, J. S., Seaman, S. T., Seethala, C., Shingler, T. J.,

Shook, M. A, Sinclair, K. A., Smith Jr., W. L., Spangenberg, D. A., Stamnes, S. A., Thornhill, K. L., Voigt, C.,
Vomel, H., Wasilewski, A. P., Wang, H., Winstead, E. L., Zeider, K., Zeng, X., Zhang, B., Ziemba, L. D., and

Zuidema, P.: Spatially coordinated airborne data and complementary products for aerosol, gas, cloud, and
meteorological studies: the NASA ACTIVATE dataset |,
https://doi.org/10.5194/esskb-34192023, 2023.

Stohl, A. et at. Validation of the Lagrangianparticle dispersion model FLEXPART against-targje tracer

Earth Syst.

experiment data.Atmospheric Environment,32(24), pp.4226&4 1998.

Streets, D. G., Wu, Y.and Chin, M: Two

Decadal

Aerosol

Sci. Data, 15,7 3WR

Trends

as

a

Dimming/Brightening Transition. GeophyRes Lett., 33, L15806https://doi.org/10.1029/2006GL026471, 2006.

Tackett, J. L., Winker, D. M., GetzewicB. J., Vaughan, M. A., Young, S. AandKar, J: CALIPSO lidar level 3

aerosol profile product: Version 3 algorithm design. Atmospheric Measurement Techniques, 11({418229

https://doi.org/10.5194/ar11-41292018 2018.

34

Li

k €


https://doi.org/10.1016/S0034-4257(00)00109-7
https://doi.org/10.1016/S0034-4257(00)00109-7
https://journals.ametsoc.org/doi/abs/10.1175/BAMS-D-18-0100.1
https://journals.ametsoc.org/doi/abs/10.1175/BAMS-D-18-0100.1
https://doi.org/10.1175/BAMS-D-18-0100.1
https://doi.org/10.1029/2019JD031626
https://gcc02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fdoi.org%2F10.5194%2Famt-11-4129-2018&data=04%7C01%7Chyundeok.choi%40nasa.gov%7C080782b1505d4240b7c108da18b4badc%7C7005d45845be48ae8140d43da96dd17b%7C0%7C0%7C637849461747047981%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000&sdata=y9OlC8e5m9tRfanQDSI2uxSu%2BRkCqMk4WHEq2RnlUtQ%3D&reserved=0

1255 Tai, A. P. K., Mickley, L. J.,and Jacob, D. J.Correlations between Fine Particulate Matter (PM2.5) and

1256 meteorological variables in the United States: Implications for the sensitivity of PM2.5 to climate change.
1257 Atmospheric Environment, 44(32), 3978984.https://doi org/10.1016/j.atmosenv.2010.06.0&2010.

1258 Tornow, F., Ackerman, A. S., Fridlind, A. M., Cairns, B., Crosbie, E. C., Kirschler, S., Moore, R. H., Painemal, D.,
1259 Robinson, C. E., Seethala, C., Shook, M. A., Voigt, C., Winstead, E. L., Ziemba, L. D., Zuidema, P., and
1260 Sorooshian, A.: Dilution of Boundary Layer Cloud Condensation Nucleus Concentrations by Free Tropospheric
1261 Entrainment During Marine Cold Air Outbreaks, Geophysical Research Letters, 49, €2022GL098444,
1262 https://doi.org/10.1029/2022GL098444, 2022.

1263 Tucker, G. B., and R. G. BarrZlimate of the North Atlantic Ocean. In Climates of the Oceans (H. Van Loon, ed.)
1264 New York: Elsevier, 193 262.http://hdl.handle.net/102.100.100/282631?indextaB4.

1265 Twomey, S. Pollution and the planetary albedo. Atmos. Environ. 8j 1256 (1974).

1266 Twomey, S. The influence of pollution on the shortwave albedo of clouds. J. Atmos. Sci. 34,1649
1267 (1977).

1268 val Martin, M., Logan, J. A., Kahn, R. A., Leung;¥., Nelson, D. L., and Diner, D. J.: Smoke injection heights from

1269 fires in North America: analysis of 5 years of satellite observations, Atmos. Chem. Phys., 10151491

1270 https://doi.org/10.5194/aep0-1491-2010, 2010.

1271 van Donkelaar, A., et alRegional Estimates of Chemical Composition of Fine Particulate Matter using a Combined
1272 GeoscienceStatistical Method with Information from Satellites, Models, and Monitors. Environmental Science &
1273 Technology, 2019, doi:10.1021/acs.est.8b062949.

1274  Wang, Q., D.J. Jacob, J.A. Fisher, J. Mao, E.M. Leibensperger, C.C. Carouge, P. Le Sager, Y. Kondo, J.L. Jimenez,
1275 M.J. Cubisonand S.J. Doherty Sources of carbonaceous aerosols and deposited black carbon in the Arctic in
1276 winter-spring: implications for radiative forcingstmos. Chem. Physl11, 12,45312,473 2011.

1277 Wang, Q., D.J. Jacob,J$packman, A.E. Perring, J.P. Schwarz, N. Moteki, E.A. Marais, C. Ge, J. Wang, and S.R.H.
1278 Barrett Global budget and radiative forcing of black carbon aerosol: constraints frortogmiée (HIPPO)

1279 observations across the PacificGeophys. Resl]19, 195206 2014.

1280 Wang, J., Wood, R., Jensen, M. P., Chiu, J. C., Liu, Y., Lamer, K., Desai, N., Giangrande, S. E., Knopf, D. A, Kollias,
1281 P., Laskin, A, Liu, X., Lu, C., Mechem, D., Mei, F., Starzec, M., Tomlinson, J., Wang, Y., Yum, S. S., Zheng, G.,
1282 Aiken, A. C., Azevedo, E. B., Blanchard, Y., China, S., Dong, X., Gallo, F., Gao, S., Ghate, V. P., Glienke, S.,
1283 Goldberger, L., Hardin, J. C., Kuang, C., Luke, E. P., Matthews, A. A., Miller, M. A., Moffet, R., Pekour, M.,
1284 Schmid, B., Sedlacek, A. J., Shaw, R. A., Shilling, J. E., Sullivan, A., Suski, K., Veghte, D. P., Weber, R., Wyant,
1285 M., Yeom, J., Zawadowicz, M., and Zhang, Z.: Aerosol and Cloud Experiments in the Eastern North Atlantic
1286 (ACE-ENA), B. Am. Meteorol. Soc.,ib1, https://doi.org/10.1175/BAM$-19-0220.1 2021.

1287 Wesely, M. L. Parameterization of surface resistance to gaseous dry deposition in reg@ieahumerical
1288 models,Atmos. Environ.23, 12931304 1989.
1289  Winker, D. M., Pelon, J., Coakley Jr, J. A., Ackerman, S. A., Charlson, R. J., Colarco, P. R., Flamant, P., Fu, Q., Hoff,

1290 R. M., Kittaka, C., Kubar, T. L., Le Treut, H., McCormick, M. P., Mégie, G., Poole, L., Powell, K., Trepte, C.,
1291 Vaughan, M. A., and Wielicki, B. AThe CALIPSO mission: A global 3D viewf aerosols and clouds, Bull.
1292 Amer. Meteor. Soc., 91, 1211229, https://doi.org/10.1175/2010BAMS30092010.

35


https://doi/
http://hdl.handle.net/102.100.100/282631?index=1
https://doi.org/10.1175/BAMS-D-19-0220.1
https://doi.org/10.1175/2010BAMS3009.1

1293  Winker, D. M., Tackett, J. L., Getzewich, B. J., Liu, Z., Vaughan, M. A., and Rogers, RheRglobal 3D distribution

1294 of tropospheric aerosols as characterized by CALIOP, Atmos. Chem. Phys., 133335

1295 https://doi.org/10.5194/aep3-33452013 2013.

1296 Wu, S, L.J. Mickley, D.J. Jacob, J.A. Logan, R.M. Yantosca, and D. Rind: Why are there large differences between
1297 models in global budgets of tropospheric ozone? J. Geophys. Res., 112, D05302, doi:10.1029/2006JD007801
1298 2007.

1299 Wu,H., X. Xu, T. Luo, Y. Yang,Z. Xiong, andY.Wang: Variation and comparisonof cloud coverin MODIS and

1300 four reanalysis datasets of ERA-interim, ERA5, MERRA-2 and NCEP. Atmos. Res, 281,

1301 106477 https://doi.org/10.1016/j.atmosres.2022.1062022.

1302 Yang, Y., Wang, H., Smith, S. J., Zhang, R., Lou, S., Yu, H., éBalirce apportionments of aerosols and their direct
1303 radiative forcing and lon¢erm trends over continental United States. Earth's Future, 6; B888.

1304 https://doi.org/10.1029/2018EF000854)18.

1305 Yu, H., M. Chin, D. M. Winker, A. H. Omar, Z. Liu, C. Kittaka, and T. DieBlobal view of aerosol vertical

1306 distributions from CALIPSO lidar measurements and GOCART simulations: Regional and seasonal variations, J.
1307 Geophys. Res., 115, DOOH30, doi:10.1029/2009JD01,33%K0.

1308 Yu, K., Keller, C. A., Jacob, D. J., Molod, A. M., Eastham, S. D., and Long, M. S.: Errors and improvements in the
1309 use of archived meteorological data for chemical transport modeling: an analysis usingdB&®&.1-01 driven

1310 by GEOS5 meteorology, Geosci. Model Dev., 11, 8849, https://doi.org/10.5194/grdl-305-2018, 2018.

1311 Zender, C. S., Bian, HandNewman, D. Mineral dust entrainment and deposition (DEAD) model: Description and
1312 1990s dust climatology. Journal of Geophysical Research, 108(D14), 4416.
1313 https://doi.org/10.1029/2002JD002775, 2003.

1314  Zzhang, L., J. F. Kok, D. K. Henze, Q. Li, and C. Zhiaaproving simulations of fine dust surface concentrations over
1315 the western United States by optimizing the particle size distrib@eophys. Res. Let40, 3270

1316 3275,d0i:10.1002/grl.505912013.

1317  Zzhang, B., Liu, H., Crawford, J. H., Chen, G., Fairlie, T. D., Chambers, S., Ka), @lilliams, A. G., Zhang, K.,

1318 Considine, D. B., Sulprizio, M. P., and Yantosca, R. M.: Simulation of rk2@&@nwith the GEOShem global

1319 model: emissions, seasonality, and convective transport, Atmos. Chem. Phys., 21,188361

1320 https://doi.org/10.5194/a€p1-1861-2021, 2021.

1321 Zhang, H., L. D. Yee, et al., Monoterpenes are the largest source of summertime organic aerosol in the
1322 southeastern United States, PNAS, v.115, no.9,-2038, 2018.

1323 http://www.pnas.org/cgi/doi/10.1073/pnas.1717513115

1324 Zheng, G., Wang, Y., Aiken, A. C., Gallo, F., Jensen, M. P., Kollias, P., ... & Wang, J. (2018). Marine
1325 boundary layer aerosol in the eastern North Atlantic: seasonal variations and key controlling processes.
1326 Atmospheric Chemistry and Physics, 18(23), 1761635.

1327  Zheng, G., Arthur J. Sedlacek, Allison C. Aiken, Yan Feng, Thomas B. Watson, ShirafRabiehJanek Uin, Ernie

1328 R. Lewis,andJian WangLong-range transported North American wildfire aerosols observed in marine boundary

36


https://doi.org/10.5194/acp-13-3345-2013
https://gcc02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fdoi.org%2F10.1016%2Fj.atmosres.2022.106477&data=05%7C01%7Chongyu.liu-1%40nasa.gov%7C6719709232624c2100c208db727e1fa6%7C7005d45845be48ae8140d43da96dd17b%7C0%7C0%7C638229658245815971%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=KReHnFFCHAhdOW6EUxSqQ9G5OAP9l9m2yeB2sAlEjAE%3D&reserved=0
https://doi.org/10.1029/2018EF000859
http://dx.doi.org/10.1002/grl.50591

1329
1330
1331
1332
1333
1334
1335
1336
1337
1338
1339

layer of eastern North Atlantic, Environment International, 139, 105680,
https://doi.org/10.1016/j.envint.2020.10562020.

Zheng, Y., Horowitz, L. W., Menzel, R., Paynter, D. J., Naik, V., Li, J., and Mao, J.: Anthropogenic amplification of
biogenic secondary organic aerosol production, Atmos. Chem. Phys., 28980%3https://doi.org/10.5194/acp
2389932023, 2023.

Zhu, L., Val Martin, M., Gatti, L. V., Kahn, R., Hecobian, A., and Fischer, E. V.: Development and implementation
of a new biomass burning emissions injection height scheme (BBEIH v1.0) for the-CE€»% model (vD1-

01), Geosci. Model Dev., 11, 4108116, https://doi.org/10.5194/grid-41032018, 2018.

Zhuang, Y., Fu, R., Santer, B. D., Dickinson, R.@adHall, A.: Quantifying contributions of natural variability and
anthropogenic forcings on increased fire weather risk over the western United States, Proceedings of the National
Academy of Sciences, 118(45), €2111875118, doi:10.1073/pnas.2111826218

37


https://doi.org/10.1016/j.envint.2020.105680

1340
1341
1342

1343

1344
1345

1346
1347
1348
1349
1350
1351

Tables and Figures

Table 1. GEOSChem model simulations for Feblar. and Aug-Sep. 2020.

Stratiform cloud QFED biomass burnin
Model simulations water content (CWC) emission injection heights| Emissions

standard MERRA-2' PBL all

fixedCWC 1.0x10%kg n* PBL all

BBO0-5.5km MERRA-2 0-5.5 km all

BB2-10km MERRA-2 2-10 km? all

noanth MERRA-2 PBL zero anthropogenic
emissions

nobb MERRA-2 N/A zero biomass burning
emissions

nobg MERRA-2 PBL zero biogenic emissions

nomari MERRA-2 PBL zero marine emissions

nodu MERRA-2 PBL zero dust emissions

"CWC is used in the model parameterization for aerosol scavenging due to stratiform precipitation. Its value is either

taken from MERRA2 (Luo et al., 2019, 2020) or assumed a fixed constant of 1:kdlo13 (Del Genio et al., 1996;

Wang et al., 2011).

*This simulation is for AugSep. 2020 only.
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Figure 1. Falcon (HU25) flight tracks during the winter (Feb. 1Mar. 12) and summer (Aug. 13Sep. 30)deploymerd of
ACTIVATE 2020. Almost all flights are based out of NASA Langley Research Center (LaRC), with a few in thelejshdgment
based out of the nearby Newport News/Williamsburg International Airport. The agamfiling domain is divided at 36°N into
two box regions, the north ("N"; 389°N, 6975°W) and the south ("S"; 3236°N, 7175.5°W), for data analysis.
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of aerosol species to the total aerosol mass or AOD. Note that the model only calculates a combined AOD for sulfatadnitrate,

ammonium (SNA).
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Figure 17. Case study for longange transport of the western U.S. fire smoke to the WNAO on Sep. 23, 2020. (a)160ES
Quicklook Visible Images for 18:21 UTC, Sep. 23, 2020 (NASA Langley SATCORPS group). Superimposed are the King Air (red
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