O W oo ~NO O AW N P

1

Tropospheric aerosolsover the western North Atlantic Ocean
during the winter and summer eampaighsdeploymentsof
ACTIVATE 2020: Life cycle, transport, and distribution

Hongyu Litt?, Bo Zhand?, Richard H.Moorée?, LukeD. Ziemb&, RichardA. Ferraré, Hyundeok
Choi*", Armin Sorooshia?) David Painemat, Hailong Wang, Michael A. Shook, Amy Jo
Scarind#, JohrathanW. Hair?, EwanC. Crosbié#, MartaA. Fenrf*, TaylorJ. Shinglef, Chris
A. Hostetlef, Gao Chefi Mary M. Kleb?, Gan Lu@, Fangqun Y6 MarkA. Vaughas, Yongxiang
Hu?, Glenn S. Diskin?, JohnB. Nowak, Joslia P.DiGang?, Yonghoon Chdi*, ChristophA.
Keller’8 andMatthewS. Johnsof

INational Institute of Aerospace, Hampton, MASA

°NASA Langley Research Centétampton, VA USA

SUniversity of Arizona, Tucson, AAJSA

“Analytical Mechanics Associatedampton, VA USA

SPacific Northwest National Laboratory, Richland, \MASA

6State University of New York at Albany, Albany, NUSA

"Morgan StateJniversity, Baltimore, MD USA

8NASA Goddard Space Flight Center, Greenbelt,, MISA

SNASA Ames Research Center, Moffett Field, G4SA

"Now atSAIC / NOAA/NWS/NCEP/Environmental Modeling CenteZollege Park, MDUSA

Manuscriptsubmttedto Atmos.Chem. PhysApri-2024evisedNov. 6, 2024

Correspondence to: Hongyu Libdngyu.liul@nasa.goy Bo Zhang (bo.zhang@nasa.gov)

Abstract. The Aerosol Cloud meTeorology Interactions oVer the western ATl&xiperiment (ACTIVATE) is a

NASA mission to characterize aerossdbud interactions over the western North Atlantic Ocean (WNASDEh

characterization requires understandofdife cycle, composition, transport pathways, and distributbaerosols

over WNAQ. This studyuses the GEOSChem model to simulate aerosadlistributiors and propertieshat are

evaluated against aircrafiroundbasedand satellite observations during the winter and summer field deployments

in 20200f ACTIVATE. Transport in thdéoundary layerBL) 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 composésdominated by sea

salt,which increased ithesummerfollowed by organis and sulfateAircraft in situaerosoimeasurements provide

useful constraints on wet scavengimgyGEOSChem The model generally captueobserved features such as

continental outflow, landcean gradient, and mixing of anthropogenic aerosols with sea salt. Beugtivity

experimentswith elevatedsmoke injection heightso the midtroposphere ersuswithin BL) better reproduae

observation®f smoke aerosols from the western U.S. wildfmeer WNAO in thesummer Model analysis suggest

strong hygroscopic growth of sea salt particles theit 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 higiresolution models that better resolve vertical transport.
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1. Introduction
Aerosolparticlesscattersr-andabsorb radiation in the atmosphere, direothsemidirectly affecting adiation

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., 202Zhey also affect ropospheric photolysis and

photochemistryby modifying solar radiation, andeterogeneous chemistby providing surfaces forgasparticle
interaction(Dickerson et al., 1997; Jacob, 2000; Martin et al., 20@M)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., 20p2Continentaloutflow regions represent a mixture of various aerosol

sourcesandtypes, and are impacted by largeale and synoptic weather systg@srooshian et al., 2020ffering 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
Painemakt al. 202). ACTIVATE 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 layéviBL) clouds(Sorooshian et al., 2®; 2023. The six field deploymentgook place
during Feb-Mar. and Aug-Sep 2020, JarApr. and MayJun 2021, Nov 2021Mar. 2022 and MayJun 2022
respetively. In this paperwe characterize thaerosol life cycletransport, compositigrand distribution over the
WNAO, defined as the oceanic domain bounded 23N and 6085°W, and North Amerida East Coasturing
thewinter (Feb-Mar.) and summe(Aug.-Sep.)campaighrsieploymentof ACTIVATE 2020usingthe GEOSChem
chemical transport modélhe model analysis of aerosdts the deployments of ACTIVATE 2021 and 2022 will be

reportedseparately.

Climatological circulation patternslargely determine the transpgrathwaysand spatial distributiomf trace
gases and aerosalgerthe WNAO (Sorooshian et al. 202Corral et al. 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 to the WNAOe.g.,Chen & Duce, 1983)rhe-largescale-alternation-of atmospheric-mass-between

ne-Bermud High-apda-the eland YRS alida a
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On synoptic scaleshe North American outflow of trace gases and aerosols to the WNd@nigantlydriven
by mid-latitude cyclones (Cooper et al., 2002; Li et al., 200%an and Jaegle, 203xhich-consist-of four-main

cRes eam-subsiding-behind-the-celddront—and post

cold-frontboundary-layerBlL)-airstream-{(Carlson,-1998Ferrespondinghy Rl ajor transpormechanism for North
American pollution outflow over the WNA@cludehorizontal advectiomvithin theboundary layerBL) behind the

cold front, frontal lifting by the WEB-warm conveyor bel(ahead of the cold frontland convectivdifting of
continental-poliutierfollowed by westerly transport in the freepospheréCreilson et al., 2003; Li et ak002). For
instance,Fast et al. (2016) identifiekey processes responsible for the aerosol lapbservedover Cape Cod,

Massachusetts, and over tRerth Atlantic Ocean{several-hundretilometers-downwindiuringthe TweColumn
Aerosol Project (TCAPEonducted duringuly 2012 The aerosol layers observed in the free troposphesalted

from mean vertical motions associated with syndmiiale convergenaghead ofa cold front which lift ed aerosols
from the BL. i [

198%--Recentaircraft observations fronthe North Atlantic Aerosols and Marine Ecosystems Study (NAAMES)
during20152017showedayers ofsulfate,black carbonandorganic aerosaénhhancemestin the free troposphere
suggestindong-range transport of continental anthropogenic pollution and biomass bB#)g@missiongo the
remote marinatmospherdCroft et al., 2@1). Over the North Atlantic Oceamorth American pollutiorgenerally
follows two transportpathways one rachesEuropein 4-5 dayswhile the otheiis entrainedin the Bermuda High
anticydone (Luanand Jaegle, 2013)

Tropospheric aerosols over the WNAO represent a mix of mainly anthropoBBnigiogenic, dust, and marine
emissionsgee a&comprehensiveeview bySorooshian et al., 20200he major aerosol types over the WNAO include
sulfatenitrateammonium (SNA), black carbon (BC), organic aerosol (OA), dust, and se&N&taerosolsare
mainly formed in the atmosphere through oxidation amelutralization ofprecursor gasesulfur dioxide §0),
nitrogen oxidesNOx), andammonia NHs). Theyarewatersolubleand subject to wet scavengifue to air pollution
regulatory policies in continental North AmericaqthropogenicSO, and NQ emissionshave been significantly
reduced ovethe pastoupleof decadegFeng et al. 202Q Streets et al., 2Z®), resulting ina decreasing trenih fine
particulate mattemassconcentrationgnd aerosol optical depth (AOD)s well agremendousmprovemens in air
quality in the eastern 1$. and easter@anadgvan Donkelaar et al., 201€oen et al., 202(rovencakt al., 2017
Jongeward et al., 201§ ang et al., 2018; Corral et al., 2021

Sourcesof light-absorbingBC aerosolsare both anthropogeniand 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 sucht@penesThe southeast U.S. is known as a region for large biogenic

SOA productiorwith 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 (#bilGuind
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Heald, 2013)Manystudieshavecharacterizethe impact oBB sources in AlaskavesterfiCentralCanadawestern
U.S.onthe extended WNAO regigrspeciallyduringthe 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 &km above theground(Val Martin et al., 2010andarelatively highpercentagef 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 202818 using
groundbasedand satellite observatiofs conjunction with MERRAZ reanalysiglata More frequehBB eventsare
found tooccurin Jun.-Aug. overthe northern part of theast Coastvith sources from western North Amerjaghile
more eventareidentified in Mar.-May over thesoutheast).S. and Bermudaith sources fronmsouthern Mexicp
Yucatan,Central Americaand the southeast U.Bhat study along with otherdEdwardset al., 2@1) point to cloud
BB aerosol interactions over theast Coastand the WNAO.Longrange transporteflorth American wildfire
aerosols, e.g., those frottme Canadiarwildfires in Aug. 2017 withthe extremeénjection height of ~12 km, can be

observed inthe marine BL of eastern North Atlantiter descendinip thedry intrusion behind midatitude cyclones

(Zheng et al., 2020 he August Compl ex A GAuguwstf2020 and th€alifasnia Credk dire e

occurred in early September 2020, ranked among the top five in California wildfire higtarsing et al., 2031

These firesare expected thave important impacts on trace gases and aerosols, especially carbonaceous@ezosols,

the east coast and the WNAO during the sumeaerpaigrdeploymenof 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 spring canreach the eastern UGaffe 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 theoutflowto the WNAO is typically smallCorral et al., 202)1 Modeling and observationaiglies
have found tha&n understandingf the dust loadingandspatial(especiallyvertical) distribution over the WNAQs
still lacking (Colarco et al., 20Q3eyridieu et al., 201d5eneroso 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, 2 4altaerosolgSS)are a

major source o€CN, including giant CCNover the WNAO(Gonzalez et al., 2022and thus have indirect effects

on cloud, precipitation, and climat&s represented in MERRA, sea salt lang with sulfatecontribute mosto total
AOD over the WNAO(Corral et al., 2021)MERRA-2 sa saltAOD over the WNAGOIs typically highestin winter
monthsand lowest in summe(Dadashazar et al., 2021; Aldhaif et al., 202consistent withsea salt mass
concentrations observed IMPROVE sites along the U.S. East Cq&xirral et al., 2021)\While sea salts typically
the largestontributorto aerosol mass and extinctiamver the remot@cean signatures ofong-range transporbf
anthropogenicBB, and dust emissiorare oftenpresentas shown bsilva et al. (2020)n amodel analysis ofun

photometepbservations of AODrom twoisland stes over the North Atlantic
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The ACTIVATE missiondeployedtwo aircraft (HU25 Falcon and King Air) flying in coordiniaih, with the
Falcon making in situ measuremenis the lower troposphereand the King Air providing remote sensing
measurementsf aerosas and clouds in the same vertical colufrom an altitude oB-10 kmwhile also launching
dropsondesFlight hours totaled73 and ~60 for Falcof+59 and ~67 for King Air) dringthewinter (Feb 147 Mar.
12,2020) and summer (Aud37 Sep.30,2020) depl oyments of AC,]Tréspedtively.d s
These intensivaircraftin situ andremote sensingbservations ofierosolgprovide an opportunity to teite current
understanding afopospheric aerossburcesnddistributionas well asassociategirocesseas represented tsfate
of-the-art global modelsin this paper, we evaluate the GEG8em CTM driven by the MERRAR assimilated
meteorology (with marine POA emissions) agaiGIT IVATE aircraft measurements as well as ground and satellite
observationgor the periods ofhe winter and summermpaighgleploymentof ACTIVATE 202Q We determine
the sourcestransport, and distributioof tropospheric aerosols over the WNADhe analysis also serveas a
descriptionof aerosol conditionsn the region during the tweampaigndepbyments We plan to address the
following science question$l) What are the major outflow pathways and transport mechanisntisefexport of
North American anthropogenic pollution to tiNAO in winterandsumme?®; (2) Can a statef-the-art chemical
transport model reproduce the distribution and variability of tropospheric aerosols oM A@ as observed during
ACTIVATE?, (3) What arethe sources of tropospheric aerosadswell ashe relative contributions of terrestrial
versusoceanic sources to the aeroswss AOD, and their variability over th&/NAO in winterandsumme®; and
(4) How is the summer compared to the winter with respettiéssources, transposnddistribution of aerosolever
the WNAQ?

This paper is structured as followSection 2 introduces the GE&hem modelwith bulk aerosobhand-,
observational data se@ndmodel simulationsncluding output sampling approachesndsection-3-describes-the

observationaldata-sets-udnadhis-study Sectiond-3 delineates the meteorological setting and transport pathways for
pollution overthe WNAO. Section5-4 presens the model simulated aerosobmposition and distributioover the

WNAO (section54.1) and model evaluations with aircraft in situ measuremeh@O, sulfate, nitrate, ammonium,
andOA concentrationgsection54.2), AERONET AOD measurements (secti®f 3), andaerosol extinction profiles
from aircraft HSRI:2 lidar andCALIOP/CALIPSO satellite retrieval&ection 4.4 which includescasestudies of
aerosol tansport and mixing Section&-5 presentgjuantifiesmodelsource attributiomof AODs over the WNAO

duringwinter/summer 2020ollowed by summary and conclusions in sectién

2. Model and Data

2 2.1 Model Description
We use the GEOSChem global chemical transport model wWww.geoschem.ord§ version v11-01

(http://wiki.seas.harvard.edu/geosem/index.php/GEOGEhem_v1101) to simulate thesources, transport, and

distribution of tropospheric aerosols over the WNA®e model iglriven by theMERRA-2 assimilated meteorology
(at a horzontal resolution of 2°x2.5° wiff2 leveld from the NASA Global Modeling Assimilation Officé.includes
a detaileddescription ofstratospheri@nd tropospherichemistry fully coupled through the Unified tropospheric

stratospheric Chemistry eXtension (UCKastham et gl.2014). Gasphase tropospheric oxidant chemistmas

f

r

S
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originally described by Bey et al. (2001) aitsl caupling with the SNA aerosol thermodynamiasasdeveloped by
Park et al. (2004 5NA thermodynamics are computed with the ISORROPIA thermodynamic m@auiukis and
Nenes, 200)f BC follows Wang et al. (2014)0A is afterPye et al. (2010) and Pye and Seinfeld (20 &8@dmarine
primary OA (MPOA) usesthe scheme of Gantt et g2015) based on monthly mean MODIS chlorophkgll
concentrationsSOA follows the simplified Volatility Basis Set (VBS) scheme of Pye e{2010. Sea salt aerosol
emissionsise theempiricalsource functiorof Jaegle et al. (2011yith a dgpendency orsurface wind speed arsga
surface temperatur&he modelssumeswo dry sea sakizebins, onefor accumulation modegdius0.01-0.5 um)
andthe otherfor coarse modéradius0.5-8 um). Dust emissios in GEOSChemwere described by Fairlie et al.
(2007) and weuseherethe Dust Entrainment and DepositioDEAD) scheme (Zender et al., 2008jth 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 assumé&tie input meteorological archives havb@ur temporal resolution
for 3-D fields and thour resolution for 2D fields. The model time steps (I0in for transport and 2@nin for
chemistry) arehosen tmptimizeboth simulationaccuracy andomputationakpeed (Philip et al., 2016).

The modeluses the TPCORE advection algoritiom 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. Theaerosolwet 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 ef28l11, 201. 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, simulationwescribedwith a
fixed CWC of 1.0x10° kg nT® comparable to observed upper limiBel Genio et al., 1996; Wang et al., 20Hte
also presentedn theother handMERRA-2 cloud cover and precipitation over the UEaist Coasand WNAO are
biased lowrelative to satellite observatiorf8V/u et al., 2022Bosilovich et al., 2015, 2017gnd thusintroduce
uncertainty in the model scavenging proces&esosol drydepositionuseghe resistancén-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.

containsbiofuelemisions-Anthropogenicbiogenic, marine DMS, and lightning NOx emissians described in the

Supplement(sectionS1). BB emissions are from the Quick Fire Emissions Dataset (QEERL, Darmenovand da

Silva, 2019, whichis based orthe location andire radiative power (FRP)btained from théModerate Resolution

Imaging Spectroradiometer (MODIS) Level 2 fire products and the MODIS geolocation prd@E&€&b. provides



261  daily mean emissions dface gases and aerosol94fx0.1° horizontal resolutionBB emissions are injectealithin

262 thedepth of thePBL in our standardsimulations In a separate set of simulatiofisey arealso injectedo the 0-5.5

263 kmor 210 kmaltitude rangeo investigate the sensitivity of model resultsBB emission injection heightghe

264  choice of these higher injection heights is basedhe following previous studiesA substantial fraction oNorth

265  American fireemissionss injected to the free troposphere (e.g., val Martin et al., 2B%% of he QFEDBB

266  emissions aralsodistributed between 3:5.5km in the NASA GEOSCF model (Keller et al., 2021; Fischer et al.,
267  2014).An explosive pyrocumulonimbus (pyroCb) cloud from Californian Creek fire on September 9, 2020 was
268 reported with the plume height peaking above 10 &ar( et al. 2020. Biegenic-emissions-arealculatedenline

269 . ' ‘ . o
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281 3 2.2 Observational Data Sets
282 ACTIVATE aircraft data. During ACTIVATE, the HU-25 Falconaircraft made in situ measurements of

283  carbon monoxide (CQhixing ratics and aerosotoncentrationsluring each flight(duration of~3.5 daytime houjs

MNarine-DMS—emissions—are—calculated—as—a—productof the

284  CO measurements were made wittPicarroG2401 gas concentration analyzer (DiGangi et al., 2C81hmicram
285 nonrefractory aerosol compositioamasmeasuredby theHigh-Resolution Timeof-Flight Aerosol Mass Spectrometer
286 (HR-ToRAMS; Aerodyne) (DeCarlo et al., 2008ilario et al, 2021, operated in 1 Hz Fa#S mode and averaged
287  to 30s time resolutionAMS data were collected downstream of an isokinetic dodiffeser inlet (BMI, Inc.)and
288  also sampled downstream of a counterfloual impactor (CVI) inlet (BMI, Inc.) when ioloud Dadashazar et al.,
289  2022;Shingler et al., 2012pnly the former is used in this studyMS measurements are reportedras standard
290 temperatur¢27315K) andpressure (10135hPg. Oneminute merged Falcomataares used in this studywe also
291 wuse t he nadirnieying\High 8pectral Resolution Lid& (HSRL-2) retrievals ofvertically resolvedherosol
292  extinction coefficient at 532 nr{Ferrare et al.2023) The HSRI-2 instrument has beamsed inpreviousaircraft
293 missionsand readers are referrénl Burton et al. (2018jor further information about its operationdgtails. The
294  FLEXPART model(Stohlet al., 1998is used tadentify the originof air masses associated wiiigh HSRL-2 aerosol
295  extinctionduring an event othe longrange transport od western U.Sfire plume ACTIVATE aircraft dataand
296 FLEXPART model output are described in detailby Sorooshian et al. (2023)and available at:
297 https://doi.org/10.5067/SUBORBITAL/ACTIVATE/DATA001
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AERONET -and-MODBIS. We useAOD measurementfrom the Aerosol Robotic NETwork (AERONET
http://aeronet.gsfc.nasa.gadolben et al., 1998) groundbased aerosol remote sensing netwhseuel 20 daily
data usedrebased onhe Version 3 algorithrandare cloud screened and quality ass|gites et al., 2019; Smirnov
et al., 2000. AERONET AOD daitawere obtained fothree sitesluring Feb-Mar. andAug.-Sep 2020 NASA LaRC
(37.10N, 76.38W), NASA GSFC 88.99N, 76.84W), Tudor Hill, Bermuda (326°N, 6488°W). For comparison
with GEOSChem AODs at 550 nm, AERONEAOD values at440 nm were converted to 550 nm usittge
AERONET440-675 nm Angstrom exponerstimated ncertainties iIAERONETAODs areon the order of ~0.01

CALIPSO. The CloudAerosol Lidar with Orthogonal Polarization (CALIOP), on board the Cléedbsol
Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) platform, has been providing aerosol vertical profile

measurements of the Earthés atmosphere on a gl obal
4.51CALIOP Level 2 Aerosol Profile productwith avertical resolutiorof 60 mandhorizontal resolutiorof 5 km

over an altitude range of 30 km 0.5 km and only quality screened extinction samples are used in the analysis.

SC
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Specifically, aerosol layers with Cloud Aerosol Discrimination (CAD) setges than100 or greater thar20 are
rejected to avoid loveonfidenceaerosol classifications (Liu et al., 201HIso, aerosol layers with the extinction
Quality Control (QC) flag not equal to 0, 1, 16, and 18 are rejected to removeididence extinction retrievals,
while aerosol extinction samples with the extinction uncertainty equal to 99.9a&mwell as those at lower altitudes

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

al., 2018; Tackett et al., 2018).

In addition, we apply the same data averaging approach that was used to generate the CALIPSO version 4 Level

3 aerosol products (Tackett et al., 2018Jhe follewing—quality screening and data selection techniques are

appliedriefly described ithe Supplement(section ).

an)
0 ctHG ~ — Hata — ~ >,

calipse-lare-hasa.goviresources/calipso—users—gui@ALIOP aerosolextinction coefficierd at 532 nm

horizontally and vertically regridded onto the GEGBem grids by averaging all quality screened extinctaines

within each grid boxCALIOP dataare available atttps://subset.larc.nasa.gov/calipso

We also usewsface aerosol concentration observations frominieragency Monitoring of Protected Visual

,,,,,,,

were

Environments (IMPROVEandthe Chemical Speciation Network (CSNgtworks(Solomon et al., 2014; Malm et

al., 1994) aerosol deposition flux measurements from National Trends Network (NTN) of the U.S. National

Atmospheric Deposition Program (NADRttps://nadp.slh.wisc.eduy/and AOD retrievals from MODIS on Aqua

satellite(Sayer et al., 2014; Levy et al., 2013; Hubanks et al., 2Th@&se data setse described in theupplement

(section ).

10

be



https://subset.larc.nasa.gov/calipso
https://nadp.slh.wisc.edu/

372
373
374
375
376
377
378
379
380
381
382
383
384
385
386

387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408

2.3 Model simulations andoutput sampling
We performGEOSChemsimulations for the periods of December 1, 2018larch 31, 2020 and Juneil

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

also conducted to investigate the impacts of using fixed CWC in model scavenging, sensitivity to BB emission

injection height, and impacts of various emission types (anthropogenic, BB, biogenic, marine, and dust). The impacts

are quantified by the difference in simulation results from the standard model and the sensitivity expérahknts.

1 lists all model experiments.

Hourly, daily, and deploymeraveragemodeloutput are saved for analysior comparisorwith aircraft in

situ and HSRE2 lidar measurementsorly model outpuis sampled at the time and locatiortlod aircraft.

For comparison witllaily AOD measurements #ie three AERONET sitesaidy model outpuis samped

at thelocation of each siteNhen comparing witlCALIPSO data, nodel output averaged oves2lh LT

and 1314 h LTis sampled at the date and location of nighttime and daytime CALIOP measuréraents
CALIPSO orbit tracks)respectively.

4.3 Meteorological Settings and Transport Pathways

In this section we describthe mean stateof meteorological setting8L outflow, and vertical transpouf
pollution during Feh-Mar. and Aug-Sep ACTIVATE 202Q as represented by the MERRAeanalysis anGEOS
Chem model simulationThey will facilitate the interpretation of modalesults as well as comparisons with
observational data section54. Fig. 1 showsthetracks of 22HU-25 (Falcon) flighs during Feh-Mar. ACTIVATE
2020and 18 flights durindAug.-Sep ACTIVATE 2020, with flights typically transitingvia waypoints of ZIBUT
(36.93°N, 72.67°W) and OXANA (34.36°N,3.75°W)to avoid military restricted air spac€he aircraftsampling
domain is divided at 36°N into two box regions: the north ("N':388N, 6975°W) and the south ("S"; 3236°N,
71-75.5°W) for this analysis.

Meteorological settings. Thewinter and summerampaigrdeploymenperiods feature contrastimgmospheric
circulation patterns anmheteorological condition§ig. 2a-andrig-2b shows MERRA-2 near surface air temperature
surface level pressureglative humidity, vertical pressure velocity), total and convective precipitation, anéBL
heighs (based orthetotal eddy diffusion coefficient of heat with a threshold value of 2inMcGrath-Spangleand
Molod, 2014)over the WNAOaveraged over Febd-Mar.12 and Aug.13-Sep.30, respectivehAlso stown in the
figures arethe model simulate€O concentrationsand aerosol extinctionoefficients(at 550 nm)at 945 hPaln
winter, thelower troposphere adhe WNAO regionwas dominated by westerly wind and air masses ftontinental
North Americain the northandanticyclonic windsn the southeastThe latterwas associated withhe Bermudadligh
locatedto the east of the domaiA strong NW-SE horizontal gradient isurface temperaturextencdkd from the SE
U.S. coasttowardsNE/E, consistent witHrequentpassagesf cold frontsdriven bythe Northern Hemisphemaid-
latitude cyclonesnd the warm Gulf Stream sea surface temperainrésh-Mar (e.g., Seethalat al., 2021) The
ACTIVATE flights in the twebox regionsampledthis continental outow extensively Flights to the north often
occurredduring postfrontal conditions, reflecting one of the mission objectives to sample and study MBL clouds,
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especiallyduring cold air outbreaks in wintérat have been the subject of recent waitrow et al., 2022; Seethala
et al., 2021; Corral et al., 2022; Li et al., 2022; Chen et al.,)2022ddition tolower temperaturghe postfrontal
air was characterized bgubsidingmotionwith lower relative humidityandprecipitation(dry air) as well adower BL
height. In particular,the S box region experiencd strongeruplifting and precipitation predominantly stratiforin

ahead othe cold frontsit suggeststronger aerosol scavengiagsociated with the southerlusterof flights. The

generallyhigher marine BL height over the WNAO winter (than summer)is mainly due to a larger

temperature contrast between the relatively warm ocean surface and the colder air above, leading to

increased lowetropospheridnstability and turbulent mixing and thus a higher BL height (Chien et al.,

2019; Gallo et al., 2023; Wang et al., 20Npdel BL CO concentratios shoved large landto-seagradients

over the WNAQresulting fronthe factthatNorth American pollution outflowas much stronger in the N box region
(westerlywinds) than in the S box regigmhich was oftenintrudedby low-latitude marine air (southwestemyinds),
during Feh-Mar. 2020 The moreinhomogeneouslistribution ofaerosol extinctiorcoefficients(compared to CO)
generallyreflectsthe shorter aerosol lifetimegs well aanore complexprocesses and their interactidngolved in
speciated aerosemissionstransportheterogeneoushemistry,photochemistryand wet scavenging.

In summey while midlatitude cyclonesandwesterliesmove northwardthe Bermuda Higlstrengthenednd
extenad westwardwith southwesterlyoffshorealong theU.S. SE coast(~32-36JN) and easterlyrade windsn the
sultropics(<30IN; Fig. 28). Compared to the wintertimehe horizontal gadientsn surface temperatur&H, vertical
pressure velocityprecipitation, and PBL heighteremuchweakerin theN and Shox regionsHowever convective
precipitationwasmuchstrongerin summerandaccountedor ~50-80% of the totajprecipitationin the flight dmain
Despitea largelandto-seagradient, model simulatedL CO concentrationsere much lower due t6O oxidation
by higher OH in summer.In contrastto the wintertime,BL aerosol extinctiorover the WNAO during summer
exhibitedlarge enhancementempared to those over Igraliggestingnajoraerosol sourcesf marine origin

Boundary-Layer outflow of pollution. Transport in theBL behind cold frontss a major mechanism fahe
North Americarpollutionoutflow to the WNAO.It exerts large impactstheBL trace gases and aerosomposition
as well agheir spatiotemporal evolutidn the ACTIVATE flight damain Fig. 3 showsHovmoller diagrams of model
daily mean air temperature, Cénd sea salt concentrations at ®& along 72.5°thear the longitude of wapint
ZIBUT) over the WNAO during Feld4 - Mar. 13 andAug. 137 Sep. 30During Feh-Mar. 2020(left column,Fig.
3), therewere aboutfour major periods with cold fronts passing through the study, asemdicated by the wavy
pattern ofnearsurfaceemperaturelay-to-day variatios. During frontal passage€,0 pollution was sweph the BL
behind the cold frontsoutheastwartb the ACTIVATE flight latitudes (32.439.8N). On Feh 15-16, Feb.28, Mar.
1, and Mar 7, the BL outflowof CO reachedsfar assouth of 2°N. On the other handidvection of warrmarine
air from low-latitudes resultedin low CO concentrationscrossthe flight domain Enhanced sea salt aerosalere
often associated with strong wiaddwarm air fromthe south(left bottom panelFig. 3). A remarkable sea salt event
occurredbecause o$trong surface windpeedon March 7 during a cold air outbreaRuring Aug.-Sep. 202qright
column,Fig. 3), cold air intrusiordeepinto the flight domain did ndiake place untilate Septembegincemidlatitude
cycloneswereshiftednorthwardin summerHigh COeventswithin the ACTIVATE flight latituderangesappeared

associated wittransportof anttropogenicor wildfire emissiors that occurreetweer35-45°N. Two strong events
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of high sea salt concentrationscurred orSeptember 102 and19-22. The formerwasdue tohigh surface wing
associated witla westward movindpw-pressure systenThe latteresulted fronthe strong windsluring a cold air
outbreakthat lasted foseveral days whetold 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 wirdged springare asignificant

mechanism for transporting pollution from therh Americancontinent to the WNAO (Sorooshian et al. 2P0

However, effective transport of these pollutantth®sWNAO typically requires the westerly flow to be coupled with

midlatitude cyclones. These cyclones facilitdte 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, convectiveransport, andL turbulentmixing. Fig-
4-shewdNe analyzedmodelresolvedargescale vertical fluxes, convective fluxes, and RBtbulentmixing fluxes
of CO{Fig—4a&4b)and sea salFig—4e&4-d)-at 1km and 2km, respectively, averaged over the pesiofiFeb.14 -
Mar. 12 and Aug. 137 Sep. 30Qrespectively,2020 (Fig. 4; Fig._ S1). During Feh-Mar. 202Q large scalevertical

transportahead otold frons apparentlyplayed adominantrole in lifting CO out of theBL over the U.S. east coast
andtwo flight box regions(Fig—43a}, followed by rapideastward transport in tHeee troposphereConvectionwas
also important irthis role especially in th&box regionlt becamesven more importarih summer duringhug.-Sep
2020 when convectivefluxes of COwere comparable tdargescalevertical fluxes(Fig. 4bS1eb). For sea salt, by
contrastBL turbulent mixingwasfound to bethe dominant process responsible tfox upwardtransport of sea salt
within and ventilation out of thBL over theflight domainin winter{Fig—4<¢}, while bothconvection andurbulent

mixing wereimportantin uplifting sea salto the free tropospheie summer(Fig. 4d4; Fig. S19. Entrainment(i.e.,

turbulent mixing of air from the free troposphere into the Blas previaisly shown to béhe major source ofhe

MBL aerosol population in the Eastern North Atlafifibeng et al., 2018Recently Tornow et al. (2022¢mphasized

theimportant role of entraining fre@opospheriaclean airin diluting MBL CCN under cold air outbreak conditions
during the ACTIVATE field campaigrOur modelcalculatedPBL mixing flux of COin the uppeBL (=~ 1.0 km) is

negative(downward in the S box region suggestingntrainmenplays a role ther&ig. S13.

5-4 Simulated aerosols over the WNAO and model evaluations

54.1 Simulated aerosol compositiondistribution , and loadingover the WNAO

In this section, we descrilibe horizontalvertical distributionsandmass loadingsf aerosol speciesverthe
WNAO duringFeh-Mar. and Aug-Sep 2020, as simulated by GEGShem.Fig. 5 showsthe929 hPanapsof model
simulatedmassconcentration®f sulfatenitrateammonium (SNA), black carbon (BCprimary organic aerosol
(POA), secondary organic aerosol (SOA), sea salt, anchdesdged over the period of Fdld.- Mar. 12, 20D. Also
shown ardongitudealtitude crosssectionsof eachaerosol specieasveraged over 339°N. Thedistribution pattera
of SNA, BC, POA and SOAresemblethoseof CO (Fig. 2a), 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

13



483  with mass concentratiorsharpy decreasingeastvard.As will be discussedn sections4.2, POAIn the study dmain
484  areattributed tdNorth American anthropogenigicfuel; andsoutheast).S.BB emissionsSulfatemass concentration
485  shows aveakergradientbecausé®MS from ocearis also a source @0, andsulfate.Sea salhas the largest aerosol
486  massover the WNAQ with maximumin the easterly trade wind regi@mdto the east of thaorth flight domain
487  Abundances oBC, SOA and dustcross the flight domaiare relatively smallDustto thesoutheast of Bermuda
488  aresult oflongrange transport from AfricaAs shown in thevertical crosssectionplots aerosol masses amgostly
489  restrictedn the lower troposphere (&3 km).

490 Fig. 6 shows the samplots asin Fig. 5, but for Aug. 131 Sep 30, 2020. Sulfate concentrationsn the BL
491 increased significantlyelative to wintetbecause o$trongemproduction of sulfate fromxidation of SG, in summer.
492  The strongerwestto-eastgradient in sulfateconcentrationsvas partly due tdhe lack of cold front passages as
493 midlatitude cycloneshift to higher latitudein summerNitrate concentrationis the BL decreasé substantiallydue
494  to higher temperaturahatlimit particlephaseammonium nitratéa major chemical form of nitratessociationsas
495  well as the competition foammoniumby more sulfateThe simulated highitrate concentrationsn the upper
496 troposphere between &®°N arepresumablyfrom lightning NQ« emissionsThe spatial pattern of BC concentrations
497  over land is consistent with a major source from the westerrBB.8 summer(versus primarilyfrom anthropogenic
498  and-bicfuelemissionsin winter). However, BC remairs a smallcontribution to the outflow oferosols POA
499  concentrations arkigh in the BL albeitlower than in winter with a peakin the lower free tropospherat(~2 km
500 altitudg) over the WNAO lts primary sources arilorth AmericanBB and anthropogeniemissionsMuch higher
501 SOA concentrationseflect thelarger production fronstrongoxidation ofbiogenicVOCs from the southeastS in
502 summerThe vertical extent athe majorNorth Americancontinental outflow aerosolgassignificantly higher than
503 that in winterreflecting thempactof summertimesonvective lifting.BL sea saltoncentrationgncreasd in summer
504  over the WNAQ especiallyfrom the ACTIVATE flight areas to Bermugaecause otrongerwinds during two
505  weather eventgsection43). Dust amounts also significantly increas®ecause ofongrange transporbf dust
506 emissions from Noht Africa. It is noted thaffrican dustcan beransported tthe Gulfof Mexicoand themorthward
507 totheeastern U.Sas showrby enhanced dust concentratiomshe BLbetweerB0-85°W (dust vertical crossection
508 Fig. 6).

509 As a summary of modsimulatedaerosolsFig. 7 shows nedel simulatedneanconcentrations (ug mSTP)or
510 AODs ofeachaerosol speciedér graph and their fractionsf the totalaerosolmassor AODs (pie chartsYor the
511 flightareas{ A N0 a nkg. 1ji &er the periods dfeh 147 Mar. 12 and Aug 131 Sep 30 ACTIVATE 2020,
512 respectivelySea salis adominant fraction oftotal aerosol mass in the Bh both winter(53%) and summer12%),

513 followed by organis with 24% in winter and.3% in summerThe Higherhighersea salt massoncentratioris also

514  themainreason for higher total aerosol massummer.The former is ascribed to two events of strong surface winds

515 and high sea salt emissions during t8apoerl0-12 and 1922 (section 3Fig. 3, despite the lower average surface

516  wind speedoverthe domain 0f32-40°N, 6276°W) during the summer (1.2 m/s) vs winter (3.7 m/s) deployment.

517 SNAis about20% of the total aerosol mags winter and11% in summerDustaccouns for 1% in winter and% in
518 summer wi t h t he | a traflecingnor efficient téarssport flodie easterreAtlantic ardorth Africa
519 by thesubtropical tradewinds. Seasalt, SNA andOA are the main contributors to theeantotal AOD in theflight
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areas with the following percentage contributien SS: 41% (winter), 62% (summer) OA: 26% (winter), 16%
(summer) and SNA: 31% (winter),20% (summer).The much largefraction of AOD (versusaerosol massfrom
SNA s ascribed tahe stronghygroscopic growh of thosefine aerosolssimilar toOA.

54.2 Model evaluation with aircraft in situ measurementsand sourceanalysis

In this section we evaluateodel simulationsf CO and aerosolsith ACTIVATE aircraft in situ measurements
A series ofGEOSChemexperiments with different configurations wererformedto investigate the impacts kéy
aerosolrelated processés the modelincluding emission sourcear(thropogeniend-biefue| BB, and marine), BB
emission injection height, and cloud water content (fixaldevs. MERRA2, Table 1). Fig. 8 andFig. 9 compare
model simulated vertical profiles of CO, SNAnd OA mixing ratios with Falcon aircraftPicarro andAMS
measurementgduring Feh-Mar. and Aug.-Sep 2020, respectivelylt is noted that the observed profiles above 3 km
are probably biased because Falegoraft flewbelow3 km most of the timeAlso shownin the figuresare model
results fromsimulations Table 1) with (1) a fixed value for cloud water content udedaerosol scavenging
(Af i xedCBEamissions(iferted to the®5 km altitudes(for Aug.-Sep.2020 only), (3) anthropogenic
(fossil fuel and biofugl emissions turned off, (4BB emissions turned off, or (5) marine emissions turned off,
respectivelyValues(500 m-binned are medians over all flights.

In winter, theaircraftobservationshoweda decreasing trend €O, SNA, andOA aerosoloncentrationsvith
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 wittihe observationsThe model capturebe observegulfateconcentrationn
the BL but underestimatethemin the free tropospherdikely due touncetainty in the model aerosol scavenging
schemeas discussed belowBimulated itrate concentrationsn the BLaretoo high compared tobservationsThe
model reaonablycapturathe vertical distribution chmmoniumconcentrationsbut the vertical gradieim the lower
tropospherés too strong.The simulatedA concentrations ariased high in the BL andiasedow above ~4 km.
The modehttributesCO and SNA aerosolsainly 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 enhancemerdit ~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 thawebservedsuggeshg the 35.5 kminjection heightis too

high in winter(dark yellow line, Fig. 8). The occurrence of two peaks likely due tothe bifurcation of biomass

burning plumesassociatedvith transport in each layeThe effect ofmarine emissions 08NA 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.
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557  Conversion of cloud water to precipitation is determined by the ratio of raintee@C. Since rainwateusesthe
558 same value from MERRA, the smaller CWC frolMERRA-2 compaed toFhis-is-mainlybecausagenerallythe
559 o . N

560 kg nid, Table 1); leading-taesuls in afasterconversion froncloud water tdhe same-amount-girecipitationand
561 thusstrongerscavengin@®NA aerosols are affectedore compared t®A because they are more solublde
562 reduction insulfate concentrations isubstantigl especially in themiddle and uppetroposphere The model

udsaresignificantlysmallerthanthe assumedixed value(1.0x10°

563 overestimate ofulfatein the MBL compared to aircrafBMS measurementss corrected by thisipdatein wet
564  scavenging, bugimulated concentratiorbove~4 km arefar too low, suggestindgce scavengings too fast Thislow
565  biasseems noasobvious fornitrateor anmonium presumablydue to theSNA thermodynamiequiibrium where
566 lower sulfatefavorsmore nitrateassociatedvith ammonium in the aerosol phase

567 In summer aircraft measure@€O concentrationshoweda relativelyweak vertical grdientwith much lower
568 concentrations in thBL compared tavinter anderhancemenltayers in the middle and upper troposphefe3-4 km
569 and -5.56.5 km Fig. 9). The formermeflects the shorte€O lifetimein summer and the latteesults fromthe long
570 rangetransport ofNorth American continentgdollution as well asthewestern U.Sfire emissionsObserved sifate
571 concentrationgxhibiteda strong vertical gradient witmuch higher level@n the BL compared to winterlong with
572  enhancementat 34 km. The generally higher sulfamncentrationshroughout the tropospheile summerreflect
573  stronger oxidatiomf SG in both the gas phase aimdcloud (Dadashazagt al., 2022; Tai et al., 2010)he observed
574  nitrate concentrations in the Bhavea median value clos® that in winterbut showmuch smallewariability. BL
575 ammonium andOA concentrations arsubstantially higher thaim winter. All of nitrate, ammonium and OA
576 observationshowlarge enhancement@tween-3.5 km and ~5 km

577 The modeteasonablyeproducesheobserved CO concentrations in the BL faills tocapture the observations
578  in much of the freetroposphergespeciallythe magnitudef CO enhancementround 4 km and 6 km (red and

579  black lines,CO panel ofig. 9). The primary reason for the underestimated CO in GEEB&m is likely the model's

580  excessive OH concentrations, which accelerate CO oxidation and reduce overall CO mixing ratios. Jin et al. (2023)

581 also highlighted that GEGShem tends to underestimate concentrations of highly reactive VOCs, which likely

582 contributes to the OH overestinmi. In a comparisonvith airborne observations of wildfire emissions, Carter et al.

583 (2021) found that while the model simulates well aerosol concentrations, the low CO bias suggests potential issues

584  related to the representation of chemical processes in the model. In addition, uncouple® Cikhd C@chemistry

585  could lead to the OH biases in GE@Bem (Bukosa et al., 2023 he-reasotfior the lattelis-attributed-tahe-moded- s
586 i i

587  Neverthelesxclear reduction®f COin the model simulations without BB anthropogenisourcesuggesboth are

nabilitbv-to-retain-thewestern BB-CO nlumesphenreachinag-theastern 1oihe-A LA aht areq

588 importantsources to C@n summerover the WNAO

589 For SNA andOA aerosolsthe standard model simulatitends to underestiatethe obsered concentrations
590 the BLin contrastto the wintertime (red and black lines, aerosol panelsFaf. 9). The model alsanderestimat®
591 observationsn most ofthe free tropospherexcept for nitrateThe observedhitrate and OA layer enhancements
592  betweer3-5 kmarereasonablysimulated with the OA peakat slightly loweraltitude (~3.5 kmjand ofmuchlower

593  concentratiorin the modelOn the other handhe modebarely capturgethe sulfateandammoniumenhancements
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observed in this layeAll theseunderestimatednhancementarelargely improvedr correctedy extending theBB
emissioninjection heightfrom within the BL to 0-5.5km (dark ydlow lines, Fig. 9), suggestinghatreleasinghe BB
emissionswithin the BL significantly limitsthe long-range transporof fire emissionsn the free tropospher&he
model simulatesoo highnitrate concentrationis the mid-uppertroposphere (5km). Thisis presumablydue tothe
largereductionin sulfateresulting from the use MERRA-2 CWCin the aerosascavenging schen(eed and blue
lines, sulfate panel dfig. 9). Less sulfate shiftthe SNA balanceto favor nitratein the modelas more nitrate is
retainedn the aerosol phage neutralizeammoniumin the SNA system The model sensitivity experimergsggest
that SNA aerosols arpredominantlyfrom continentalanthropogenic emissioms summeirike 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 contritba®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 troposphlmsgyroduction of SOA, andr strong scavenging
associated witlsonvective precipitationThe effect of marine emissions sulfateappears more significait the BL
and lower free troposphecempared to wintereflecting thestronger oxidation of marine DM&hdconvective lifting

of DMS orits oxidation product§SQ,, sulfate)in summer.

54.3 Model evaluation with AERONET AOD measurements

Comparisons of model results wishirface aerosol concentration observations from the IMPROVE and CSN
networks, aerosol deposition flux measurements from the NTN network of NADP, and satellitmé&3Drements
from MODIS/Aquaare included in th8upplement (sectiors1S3). In this section we evaluate mod#iulated AOD
with groundbased measurements from AERONB#ith a focus on the eastern U.S. coastal region.

Continuous measurements of AOD fréxsBRONET are usedo evaluatehemodelperformancen reproducing
the observedAOD magnitude and temporahriability as well as longange transport aherosol plumesrFig. 10
shows model simulatedhily AOD (at 550nm) versus daily AOD measurements fromo AERONET sites (NASA
LaRC,NASA GSFQ in the eastern U.&ndone site Tudor Hill) located at Bermudaver the Atlantic Oceaduring

Feb:-Mar. and Aug-Sep, respectively,2020. Model results ar€from the simulations Table 1) fistandardo,

ifi x e d@owmdier only) BB 6 KfarGummer only) A nkgoa,ntfhnob b 6, , respedtiveyn o mar i o

Also shown inthdigurear e scatterplots of model ASMAERINEDADDS d e
thethree sitegor winter and summer, respectivelg winter, AERONETAODsat LaRC and GSFéhow large day
to-day variability with an increasing trentbwards early springThose atTudor Hill exhibit smaller day-to-day
variability butmuch largewariability on aweeklytimescale.The standard model simulatidnlack lines)eproduces
theobservations at the sites readaigavell. Using a fixed value foEWC in the wet scavenging schefgeeen lines)
significantlydegradeshe model performanc€omparisons between the standand sensitivity simulations suggest
that AODs atLaRC and GSFG@re mainly attributed tanthropogenic emission€ontributions fromBB emissions
are significant and magecome comparable smthropogenic contributiona 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 GBC indicate even larger dap-day variatiors with
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larger maximum AODg$~0.30.4) compared to winte¢~0.2-0.3). The minimumAODSs 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 thistudy) AERONET AODsat all three sites clearly identifwo extremdy largeAOD events
close to Aug26 andSep.23; the western U.S. fire smoke associated with these ewentsalsoobserved bircraft
during ACTIVATE (section54.4; Mardi et al.,2021; Corral et al., 2022The standard modéblack linesyeproduces
the decreasing trend of minimum AORs LaRC and GSFC, blargely undegstimateshe magnitude oAODs at
LaRCwith better performance at GSFthesimulationfi B B. 5 Konange linesyvhereBB emissionsreinjected
between 6.5 kmsignificantly improves h e mo d e | GoScaptudng thé largei AOD events, especially at
GSFC. Comparisonbetween the standard amsénsitivity model simulations suggest thehile AODs are often
attributed toanthropogenigand BBto a lesser extehsources BB emissionsare mainly responsible for tHarge
AOD events a or aroundAug. 26 andSep.23. For theAug. 26event,the large reductiom modelAODs when BB
emissions are turned affdicates thathe transporof the western U.Sire smoke plumes to Tudor Hil successfully
captured by the modeThe modelattributesthe observedarge AODs in early Aig. to long-range transport of dust
from northern AfricaHowever,most of the timéAODs at Tudor Hill aranainly due tamarine (sea salt) emissians
The above analysisuggests that GEGShem simulated AOBand their vambility in the WNAO region are

reasonable

54.4 Model evaluationwith aerosol extinctionprofiles from aircraft HSRL -2 lidar and CALIOP/CALIPSO
satellite retrievals

The NASALaRCHSRL-2 lidar instrumenbn theKing Air aircraftmeasurederosolextinctionprofilesin the
same verticatolumn aghe Falcon in situ measuremeirtghe BLin a coordinated manneturing 17out of 17 and
17 outof 18 joint flightsof the 2020 winter and summesmpaighdeploymentsrespectivelyOn the other handhe
CALIOP instrument on CALIPSO satelliterovides remote sensing measurements of aerosol extirmtEmthe
WNAO from spaceincludingthreeoverpassesfor which the twoACTIVAE aircraftperformedunderflights during
the2020summercampaigideploymentin this section, we evaluateodel simulatdaerosol extinctiomprofiles with
HSRL-2 lidar and CALIOP/CALIPSOsatellite retrievalscharacterizeaerosol extinction vertical distributipmand
examine potentiadources and processesmnsible foraerosol extinction enhancemer@ase stuiksof land-ocean
horizontalgradient of aerosol extinctio®NA and sea salt aerosol mixing, dodg-range transport of the western
U.S.fire smoketo the ACTIVATE study domaiin summer 2020as observed by HSR2 and CAUOP, arealso
given.

4.41HSRL-2 and CALIOP
HSRL-2-Fig. 11 comparesnodelsimulatedaerosol extinctiomprofiles (550nm, red line$ with aircraft HSRI=

2 lidar measurements (532, blacklines) averaged ovet7 HSRL-2 flights during the 2020 winter and summer
campaigisdeploymentsrespectively Also shown in the figure areesults from model simulations with different
injection heights foBB emissions Table 1). Hourly 3-D model outputvassampled at théme and location oéach
HSRL-2 measuremestfrom 17 (winter) and17 (summer) flights respectively In winter, HSRL-2 observechigh

aerosol extinctiomear thesurfacein the marineBL, which reflects North AmericanBL outflow of aerosols to the
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WNAO (section43), andrapid decreases daderosol extinctiorwith increasingaltitude A layer ofaerosolextinction
enhancementvas observedat ~2.5 km altitude The modellargely overestimategxtinction in the BL and
underestimates in the free troposphereesulting ina much sharper gradiebetween the BL and aboyeed line.
Note thaton the other hanthe model significantly underestimatesnthly meanAOD relative to MODIS/Aqua
measurementis winter (Fig. S334). This discrepancypetween HSRI2 and MODIS measuremeritkely reflects
the sampling differences; for instance, many ofHi$RL-2 flights occurred during cloudy conditiomehenMODIS
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 modéhprovesthe simulation othe verticalgradient
because oflirectly putting part of the emissions in the free troposphdosvever, themodelis 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 atdserved by CALIOPIn summerthe
standardnodel(red line)simulates th&L aerosol extinction reasonably wellit fails to capture the tge extinction
around 5 kmas observed by HSRE. Increasing the injection height of BBnissionsn the modeto 0-5.5 km(green
line) or 210 km (blue linexesults inmuch higheraerosol extinctiorat ~5 km, whichis still lower thanthe mean
observedralue by a factor of >However, be latteris weightedowardsthe extremely higlaerosol extinctiomt ~5
km observed by HSRI2 on Sep. 15 and 22, 2020hich will bediscussedaterin Fig. 1716.

CALIOP—Fig. 12a(lefteolumr) comparesnodelsimulatedaerosol extinctiorf550 nm)vertical proflleS\Mth

CALIOP measurements (532 nrayeraged over thg

the-WNAO,—respectively—North(395°N,—7226 22 W), —Ccentral WNAO (32° 39°N, 78268°W) subdomain-and
South{(25%32°N;-82272°W), as defined by Corral et al. (ZOZQ)qd—Bem}uda—QS%—N—G%Q—\M during the2020

winter and summedeployments, respectivelf

CALIOP-observationdn-tAhe CentraPAINAOwhere—4#l ACTIVATE 2020 researcllights occurredwithin the
central WNAQ-n-acontext-oflatitudinaleontrast Model outputaveraged-ovenf 1-2 hLT and 1314 h LTaverages
is wassampledat-thedate-and-location-afong thenighttime and daytim&ALIOP-CALIPSO measurementsbit

tracks respectively The right columnshowsthe model speciated aerosol extinction profiles corresponding to the

sampledotal aerosol extinctioprofile on the left columnin winter, CALIOP observations show aerosols arainly
confined in the BlovertheWNAO. In-theCentral M NAOThe observedherosol extinctiomeacheachesa peak of
~0.05km™ at ~0.51.0km altitude andexhibit layers of enhancemeritsthe free troposphere.g., ~2.%m and ~4

6 km; noteBL top < 1.6 km,Fig. 23). The peak at ~2.5 km is consistent with tH8RL-2 aerosol extinction

enhancement at this altitude, as mentioned abBige {1). The model captures the decreasing trefderosol

extinction with altitudebut underestimateis the free tropospherwhere aerosol wet scavenging is too fast in the
standardnodel(section54.2 andFig. 8-this-is-alse-the-case-the-Nerth-WNAO-subdema)nSimulated speciated

aerosol extinctiowaluessuggest sea salbontributes most tBL aerosol extinctin while SNA and Oontributions




705
706
707
708
709
710
711 In summerWhile-while summetime-aerosols are mostly confinédthe BL (top < 1 km) a larger fraction of
712  the total AODis contributed by aerosols in the free troposphemmpared tavinter (Corral et al., 2020Fig. 120).
713 . . — . )

714  subdomainThe CALIOP aerosol extinctiowaluesbetween ~3% kmin the Centralcentra WNAO are notas high as
715 thosefrom King Air HSRL-2 measurementgright panel,Fig. 11), presumably because tlie spatiotemporal
716  mismatch betweethe CALIPSO satellite overpass adng Air HSRL-2 sampling The CALIOP-observecdaerosol
717  extinction peak~0.08 km') at ~0.5 km altitud@n theGentralcentraWNAO is ~60%higher tharin winter, consistent
718  with the model result ofnoresea salt irsummer(Fig. 12ab; also seeection54.1).-Fhe-standard-model-simulation

719 with BB emissions-iniected-within-the Bfhiled-to 5 a_themokeaerosol extinctiomnhancemaen hetweel-8

720
721
722
723
724
725
726
727

728  4.4.2 Case studies
729 Land-Ocean aerosol extinction gadient. We present a casgherea large horizontal gradienbf aerosol

730  extinctionfrom the easternJ.S. coast goingastwardsvasobserved by HSRI2. Fig. 13ashows model simulated
731  hourly total aerosol extinction at ~1 km altitude over the WNAO during the King Air morning fligktX7 UTC)

732  on March 12, 2020Gray-lines-indicate-the-complete-flight-track-with-overlayedred-lines-denoting-theflight tracks
733  foreach-hourOnthe morning oMarch 12 King Air conducted a statistical survey flight as well as an ASTERa

734 undetflight. It flew eastwardsrom LaRCandturned northeastward netire ZIBUT waypoint followed by flying

735  backvia ZIBUT after conducting an ASTER undfight along 69.7°W. The-entire flighttock-abeout 3-hous4:00-

736  17:00UTC)-Fig. 13b compares thérme-heightcrosssection of aerosol extinction observedtbgKing Air HSRL-

737 2 lidar with thoseof modeltotal and speciatederosol extinction during the flighkig—14a-shows-atitudeheight

738 . _— _—

739
740
741

o action-of aerosolextinction-me ed by CALIOP ecompared-to-that of model aerosolextinction(550
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HSRL-2 observe very high aerosol extinctioin the BL over land and off the coaswith a decreaing trend
towardthemarine rgion. The model capturesithtrend(Fig. 138) butgenerally overestimasBL aerosol extinction
(Fig. S556). BespiteHSR beingunable toobtainmeaninafulretrievalsin-the BL for alarae nortion-of the flight
trackbecause-of thimterference-ofow-level cloudstheobservedhe HSRL-2 measurements of tlgeneral pattern

of BL aerosol extinction over land and ocesarevery similar tothe model resul{Fig. 13h). A thin layer of aerosol

at 23 km seen by HSRR is missing in thestandardnodelsimulation This is likely due tdhelow injection heights
(within BL) of southeast U.BB emissio in the modelGEOSChem speciatederosokextinctionsuggestuggests
that SNA andOC are themain contributions over landnd off the coaawith a similar magnitudeof extinction(Fig.
13b). Over the oceaif~14:3016:30UTC), SNA, OC, and SSall contribute to the thin aerosol layelose tosea
surfacewith a slightly highercontribution from SNAThe CALIPSO descendingwah scannedhe WNAO region
about seven hours earl@ndintersecteglmostperpendicularlyhe flight track(Fig. £4aS7g). However the CALIOP
retrieved onlyjlow aerosol extinctiometweer32-40°N (note~37°N is theKing Air flight latitudeat 1400 UTC). This
is becaus¢he CALIOP laser signal was largely attenuated by the presence of optically thick aidhese latitudes
(Fig. £4bS7b). Indeed the correspondingnodel resultshowhigh aerosolextinctionin the BLalong the CALIPSO
orbit track Model simulated speciated aerosol extincttuggest SNA and OCcontribute comparablyo aerosol
extinctionat ~37N while sea salbecomes more importatdwards lower latitudeg=ig. 24bS7D).

SNA and sea salt mixing.We present a casehereSNA and sea salt aerosols are mixedsuggested byur
modelanalysis oHSRL-2 andCALIOP observationsFig. 15ab14 presentplots similar toFig. 14ab-13 but forthe
King Air flight on March 6, 2020whentheKing Air conducteda statistical surveylight to the OXANA waypoint
and then t@ southwest point (32°8l, 75.2W), and encounteredtdgh aerosol layer in the mariigl (Fig. 15a143d).
The aircraft returned along the sarfight track. HSRL-2 observedenhanced aerosol extinctian the lower
tropospheredespite missing retrievalsfor most of theflight period (~18:00-22:00 UTC) due toatteruation by
widespreadmarine stratus cloud§sOESvisible image, not shown)'he modelattributesthe observed enhanced
aerosol extinction in thBL at ~2000 UTC to sea salt mixed witBNA aerosolgFig. 45514h). The detachment of
the SNA aewsol extinction layefrom the sea surfacesuggeststs major sourceis U.S. continental anthropogenic
emissions.GEOSChem also simulates high aerosolextinction over the southWNAO region centerednearthe
returning point of the flightCALIPSOoverpassethe same regioat the ascending node the next day, Mar. (Fig.
16a153). CALIOP measurements (5821) over the WNAG:17:53]uring 18:04-18:06 UTC that dayshowenhanced
aerosol extinction in thiewer troposphere (< ~2.5 kraputh of °N. The model reproduces this enhancengErg.
168al154) and attributes it mainly to coarseode sea salt (<32°NINdSNA (>32°N)(Fig. 26b15b). The latter ighus

consistent withthe model analysis of HSR2 measurements on Mar(Big. 45b14b). It is interesting to note thait

< 35°N, especially lower latitudeshe model simulategery high sea saltmostly coarsenode)aerosol extinction
near theop of themarine BLwhere RHand cloud extinctiorare high This feature is typicallgeenover theWNAO
in both CALIOP aerosol extinction profileand GEOSChem simulationst suggest stronghygroscopiogrowth of
sea salt particlesndsea salseedingdf marineBL clouds.

Transport of the western U.S. fire snoke. The above ealuation of modekimulations withHSRL-2 ard

CALIOP compositeaerosol extinction observatioimssummer 2020 hasuggestd thatusing 65.5 km BB emission
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injection heightsignificantlyimproves model performance in simulating ttransport of the western U.S. fire smoke
plumes to the WNAQO(Fig. 11, Fig. 12b). We present herenodel simulations oHSRL-2 aerosol extinction
measurementwith large enhancements in the free tropospfrera severaindividual flightsto further denonstrate
theimportance oBB emissioninjection heighs with respect to the overathodel performancd-ig. 1716 compares
time-height crosssections of HSR{2 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. EmdSep. 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 but capturedB80-5.5km In the case of Aug.
28, both simulationperform similarly and reprodudie 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 @se study of longangetransport othewestern U.S. fire smoke to tNéNAO on Sep 23,2020
which wascapturedby both CALIOP and undeflying ACTIVATE aircraft. Fig. £8-17 shows timeheightcross
section oHSRL-2 aerosol extinction (532 nm) compared to that of meatal (and speciatederosol extinction (550
nm) for the King 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 Falcor{yellow) flight tracks.
HSRL-2 observed layer ofvery high aerosolextinctionbetween 1.51.0 km during 1700-18:00 UTC and another
layerof enhancederosol extinctiotetween 1.63 km during~18:30-20:00 UTC. Themodelsimulatedtotal aerosol
extinction show asimilarlayer of aerosol¢higher 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 suggest that thelominantcontribution tothe high aerosol extinction layés 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 troposphdéviedel 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 FESRL
retrievalsarenot availablgor that time windowdue to cloud interferendsutdo 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 km during the flight onSep. 23, 202QFig. S6S8). Although he modeffailed toreproduce
thehigh CO concentrations this layer(also see sectn 54.2), it simulategelatively weakCO enhancements due to
BB nearthe bottom (~23 km) of the observed layesimilarly, the model putthe BB aerosolplumeat an altitude
about 1 kimower than tlatobservedinjectingBB emissions to higher altitudes has little effectthe simulated plume
altitudein this caseAs observedthe simulatedBB plume is mainly composed of organic aerosols

Back trajectoriesvere calculatedo determine the origin dhe aforementione@dmoke plumeFig. 19ab-18ab

shows the FLEXPART simulated upwind residetioess for theair masssarriving atthe location(latitude 36.87N,
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816 longitude 72.57W, altitude~35km) at17:13UTC, Sep. 23, 202 majorpartof the air nasesoriginated from the
817 BL of thewestern U.Sabout 34 days upwingdwherelargefire events occurreduring early and micBeptembeas
818 depicted bythe QFED BB CO emissioninventory (Fig. 199. Thetrajectories in conjunction witeurfaceweather
819 maps Ei ' i ridhsghowr) suggest thathe air
820 masses subsiddd within the BLbehind @& eastwaremoving cold frontover midwestern stateg-110°W-105"W)

821  during Sep. 120 before being lifted to the free tropospheiging Sep.20-21, followed by fast transpobtetween
822  3.55 kmaltitudesto the ACTIVATE domain

823 While both ACTIVATE aircraft captured the smoke plume from the western U.S. fires,sahallite
824  measirements fronCALIPSO can puit in a context oflatitudinal extent Fig. 20-19 (left column)shows thecurtain
825  of aerosol extinctiomeasured by CALIORver the WNAOat-during 17:4517:55-17:57 UTC (=1:45-56 pm LT),

826  Sep. 23, 2020in comparison with model selts from both the standard and BB®km simulationsAlso shown

827  (right column)is the comparisomorresponding tothe CALIPSOnighttimeoverpasstduring 07:0810-07:13UTC
828  (~03:0812am LT)whenthe noise in the data is smaller compareditytimedata During daytime,CALIOP observed
829  high aerosol extinction the lower tropospherat 27-33°N and41-45°N, between2.5-4.0 km altitudesat 35-37°N,
830 andaround4.5 km altitudeat 2731°N. The altitude?.5-4.0 kmof the aerosol plumat 3537°N, wherethe CALIPSO
831 underflight occurredjs closeto the plumealtitude ~15-4.0km observed byHSRL-2 during16:9417:3417:48UTC
832  (Fig. 1817h). The standard modetasonably reproducdise general pattern aferosol extinction as a functiaf

833 latitudeandaltitude butunderestimatel in thelower tropospheraround43°N and misseaerosols observed at 4.5
834  km between 27B1°N. For thelatter, he BBG5.5kmsimulationincreases aerosol extinctitt the simulatedplume
835 altitude is still~ 1 kmlower. The CALIOP nighttimeobservations made about 10 hours eaitfietlose proximity
836 showamore cierentpatten of thelatitudealtitude distributioni.e., enhanced aerosol extinction in the BL between
837 2543°N anddistinct aerosol plumes in the free troposph@:&-5.5 km, 35-43°N; 4-5 km, 27-33°N), with missing
838 retrievalsbetween 4319°N. The modekimulates coherent aerosol plunieshe free troposphere awider latitude
839 range(35-49°N), especiallywith the BBG5.5km simulationBB0-5.5kmsuggests thahe CALIOP observed plume
840 at 4.5 km between 233°N is a southward extension tie smoke plumat higheratitudes.The simulatedaeosol
841  plumeis neverthelesat least 0.5 km lowen altitudethanthatobserved bYCALIOP.

842 Theweaker vertical transpoof trace gases and aerosalshe models likely a result otwo model uncertainties
843 remapping ofmeteorological datdrom the native cubedphere grid of the pare@EOS5 GCM to anequally
844  rectilinear (latituddongitude) grid and degradation dtie spatial and temporal resolutions ofitigut meteorological
845 data(Yu et al., 2018)Yu et al.(2018)showed thathe remapping anthe use of 3hourly averaged wind archives
846  maylead to 520%errorin the vertical transport af surfaceemitted tracef?Rnin offline GEOSChemsimulatiors
847  compared tonline GEOS5 simulationslt was attributegpartly to the loss obrganized vertical motion®egrading
848 the spatial resolution of theeteorologicabata for input to GEO€hem(e.g., 2° x 2.5Used in this studyfurther
849 wealened vertical transporbecauseorganized vertical motions are averaged auta coarser resolutionSuch
850 inefficient verical transport in carseresolution GEOSChem waslso notedreviouslyin the simulations of Aan
851 Tropopause Aerosol LayéFairlie et al., 202Pand uppetropospheri¢??Rn (Zhang et al., 2021 s constrained by

852  observations Restoing the lost vertical transport by implementing the modified Relaxed Arak@eraubert
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not

853  convection scheme in GE@Shemwouldalleviate this issugHe et al., 2019)0n the other handhe spatiatesolution
854  for global modelsmaybe too coarse to resolveean vertical motiothat can be better resolved tBgional models
855 asillustratedby Fast et al(2016)whensimulatingthe observederosol layersransportedrom North Americaover
856 theAtlantic Ocean

857
858  6.5.Sourceattribution s of AODs over the WNAO during ACTIVATE
859 In this section, wejuantify the contributionsef differentemission typsto the AODsoverthe eastern U.S. and

860  WNAO during ACTIVATE in the modelFig. 2120 showsthe absolute and percentage changehéaverage AODs
861 for the periocs of the 2020 winter (Febl4-Mar.12 and summer(Aug.13-Sep.30) campaigndeploymers,
862 respectivelywhen anthropogeni@ncluding biofuel) BB, biogenic, marine, and dust emissionssagaratelyurned
863  off in the modelIn winter, anthropogenic emissiomaakedominantcontributions(70-90%) over landbetween36-
864 48N, 30-60%in the N boxregion 20-40% in the S box regigmnvith adecreasing contributiotnendfrom NW to SE
865 At Bermudaabout 20% of AODs due to anthropogenic emissioB8 emissions makehelargest contributiongup
866  to 40-50%) in southeastern U.S. coaahd contribute about0330% of AODs in the N+S box regionsMarine
867  emissions (mainly sea saltpntribute30-60% over most of the MS box regions with an increasing contribution
868 trend from NW to SEwhich is oppositeof the trend of anthropogenic emission contributidBi®genic and dust
869  emissionsmake only small contributionsto AODs throughoutthe domain.In summer,anthropogenic emission
870  contributionsare reducedver both land anilVNAO compared to wintemwith 20-30% contributiorin the N+S box
871 regions.By contrast,BB emissioncontributions increase substantiathyer land and WNAQrelative to winter,
872  reflecting theinfluences of the western U.S. fire smake well asBB emissions fronthe southeast U.Sduring
873  summerinterestinglythere isan apparent pathway ftransport of smoke pluméswards Bermudéeft second row,
874  Fig. 21b20b) as also demonstrated in recent wokldpaif et al., 2021; Mardi et al., 20RXhis is consistent witthe
875 smokeAOD events observed by AERONET at Tudor Hill, Bermisection5-34.3). At Bermuda,BB emissiors
876  contribute moréo AOD than anthropogenic emissidnsummer(~20% vs. 45%). Biogenic emissiorontributions
877  (10-20%)are mostlyconfinedin the southeast U.9larine emissiorcontributionsto AOD in the N+S box regions
|878 andaroundBermudaaresignificantlyhigher compared to wintéleft fourth row,Fig. 21520b), despitehighermarine
879  emission contributiomsouth of30°N in winter. African dust contributions to AO>10%) are seen mainlyo the
880  south of Bermudautextend as far as Florida atite Gulf of Mexico.

881

882  £6.Summary andconclusions

883 We have simulated troposphederosols over the western North Atlantic Ocean (WNAO) during the winter
884  (Feb.14- Mar. 12) and summer (Audl3i Sep.30) campaignsleploymens of the NASAEarth\Venture-Suberbital

885  3-ACTIVATE 2020 mission (Sorooshian et al., 2019, 2023) using the GEREnglebalchemical-transpeimodel

886  driven by the MERRA2 assimilatedmetecrelogyeanalysis(at 2°x2.5° horizontal resolution). Model results are
887  evaluated with measurements from two aircridfg low-flying HU-25 Falcon and higflying King Air, as well as
888 groundbased and satellite observations. Our objedsit@ characterize and improve understanding of the aerosol life

889  cycle, transport, and distribution over the WNAO during the ¢éanapaigndeployment.
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Results.Major work andresults are summarized below.
1) Contrasting atmospheric circulation patterns and meteorological conditions were prevalenEdirivg:

and-Aug-Sep-ACTVATE 202the two deploymentdn winter, the flightstook-place-ina-recurringlocationfor-the

N aes-o old on d an h ha Northaern Hamisnhardaniade onea nd mpled-the North- American

continentaloutilow-extensively—Flighta the north often occurred during

MBL clouds, especially during cold air outbreaks. The southern flight region experienced stronger uplifting and

precipitationscavengingln summey the strengthened Bermuda High extended westward with southwesiteally
offshore along the U.S. SE coast (=3@N) and easterly in the subtropics (<30°N). Comparewitdger, 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. Thewinter campaigrdeploymenencountered 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 summeyintrusion 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 miximdnter, largescale
vertical transport ahead of cold fronts was the dominant process responsible for lifting CO out of the BL over the U.S.
East Coasaind the flight domain, followed by rapid eastward transpotite-free-tropospher€onvectionwas-also
important-especialy-inthe southernflightareadedamezvenmore importanin 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 wintevhile 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
of-the-nerthern-flight-demainwhile BC, SOA, and dust abundances across the flight domain were relatively small.
In summey BL sulfate concentrations were significantly higher, resulting from stronger production from oxidation of

SO. BL 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 VOC$he vertical extent of the major North American continental outflow
aerosols was significantly highbecause of the impact of convective lifti8l. sea salabundancéncreased in

summer over the WNAQ@:=specially-from-the ACTINVATE flight-areas-te-Bermubecause of stronger windsiring

two weather eveniDust amounts also significantly increasiite tolong-range transport of dust emissions from

North Africa.In both seasons, sea s&#, and SNA were the main contributors to the mean total AOD in the flight
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areas. The strong hygroscopic growth of fine aerosols results in a much larger fraction of AOD (versus aerosol mass)
from SNA (orOA).

5) We evaluated model simulated vertical profiles of CO, SNA, @Adconcentrations with Falcon aircraft
AMS measurements ambrformed sensitivity experiments to quantify their souriesvinter, outflow of pollution
from continental sources dominated the lower troposphere, causing a sharp vertical gradient in CO, $MA, and
concentrations at ~Akm altitude;in summey impacts of convection and BB sources increased and those gradients
were weakerExtendingthe BB emission injection height from within the BL teb(® km largely improved or
correctedthe modellow biases in simulated aerosol enhancements in the free troposphere during the summer
campagndeployment SNA aerosols are predominantly from continental anthropogenic emissions, but summertime
BB contributions are also important between6-48m. OA in the free troposphere are mainly from BB whetbase
in 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 usedB@SChemhas a large impact on the
simulatedropospheri@erosols over the ACTIVATE study domain. Usingthe MERRA s spati otemporall
CWC (versus 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 alsochad some difficulties in reproducingthe surface aerosol concentraticand deposition flux
measurements in the eastern U.S. coastal regiorell asAOD retrievals from MODIS/Aqua satellite measurements
over the WNAO. Fully implementing the revised wet scavenging scheme of Luo et al. {@a@8)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 nrdpring the two eampaigndeploymers. 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 HSRI2 between the BL and free troposphere, suggestigertical lifting is probably too weak in the
model.In summey HSRL-2 observed much higher aerosol extinction in the BL and large extinction enhancements
around 59 km altitude. The standard model fails to capture the lattezan bamproved byusing higheBB emission
injection 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 trdpoggplfere

due to too fast scavengingN 3t

vdh summey 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 over tlgentral WNAO compared to winter is consistent with simulated higher sea salt in summer.
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especially-in-thaorthern WNAO-subdomainA featuretypically seen over the WNAO (< 35°N) as suggested by

CALIOP aerosol extinction profiles and GE@®em simulations is very high sea salt (mostly coarede) 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 WNAGeam 23,

2020, which was captured by both CALIOP d@hdunderflying ACTIVATE aircraft. The CALIPSO measurements
allowed us to put this smoke transport event in a context of latitudinal edtedel simulations of HSR{2 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 emissions .idtkn® altitudes ofteimproves

the model performance. Case studies also show that the reedehablgaptures 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 tyf@ghropogenic, BB, biogenic, marine, dust)
the AOD over the eastern U.S. and WNAO in the maddelinter, anthropogeniemissioncontributionsdominate
near the coasind decreassoutheastwardBB emissions contribute most to AOD southeastertJ.S. coastand
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 redumedBB 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 th8®/NAO may modulate cloud microphysics and precipitatiBecently, Painemal et al. (2023)
analyzed wintertime BL cloud synoptic variability over the WNAO hnkled the occurrence of a maximum in cloud
droplet number concentratiomnith 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&liosvorkimplies thatusing
reasonable BB emission injection heigintglobal modes, among other factorplays an essential role iapresenting
smokecloud interactionsThe high coarsenode sea salt aerosattinctionalong with high RH and cloud extinction
near the top of the marine BL ovilire WNAO (< 35°N) asidentified in this work suggstsa potential ideal region
for studying giant CCN cloud interactiongGonzalez et al., 2022).
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Future research. This study highlights the following areas for recommenéigdre work to improvethe

modeling and understanding of tropospheric aerosol life cycle, transport, and distribution over the. WINAO
evaluation of the MERRA 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 expectedignificantlyenhanca h e  m ocapabilitydts simulate smoke aerosols and

their vertical distribution over North America and the WNAO. Furthermeiferts-to-improve-parameterizations of
sea-salt-emissions-for-use-in-global-models-sheould-be-encouramgfficient vertical transport in coarsesolution

models mayalsebe improved by using higresolutionandbr regional models.

Data availability. Observational data for model evaluation are introducegkirtionsection32.2. All data from the

Falcon anding Air are publicly achived onNASA Atmospheric Science Data Cent&SPC)6 s Di st r i but ed
Archive Center (DAAC) and accessilée https://doi.org/10.5067/SUBORBITAL/ACTIVATE/DATAOQIGEOS
Chemcodev11-01 used in this works availableat https://zenodo.org/records/10982A#u and Zhang, 2024)

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

noanthpf MERRA-2 PBL zero anthropogeniend
biefuelemissions

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 fromMERRA-2 (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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ACTIVATE Falcon Flight Tracks
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Figure 1. Falcon (HU25) flight tracks during the winter (Feb. t4Mar. 12) and summer (Aug. 13 Sep. 30)campaighs
deploymens of ACTIVATE 2020. Almost all flights are based out of NASA Langley Research Center (l.aRG a few in the
winter eampaigndeploymentbased out of the nearby Newport News/Williamsburg International Airport. The asaraftling
domain is divided at 36°N into two box regions, the north ("N*396N, 6375°W) and the south ("S"; 3236°N, 7£75.5°W),
for data analysis.
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679 plotsat 929 hPaRight-two-columnd) longitudealtitude crosssections averaged over-33°N. Note different color scales among
1680 panels. Rectangles are the maiaas sampled by aircraft during Fékar. and Aug:Sep. 2020. The locations of LaRC and

681 Bermuda are marked by black squares. The vertical lines in the right columns indicate the longitude (76.4°W) @b laRC.
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Figure 1817. Case study for longange transport of the western U.S. fire smoke to the WNAO on Sep. 23, 2020. (2)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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