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Ocean Biogeochemistry Control on the Marine Emissions
of Brominated Very Short-Lived Ozone-Depleting
Substances: A Machine-Learning Approach
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Abstract Habogenated very shon Hd substances (VELS) affect the aeone budget in the simmph e
Rrominaid VELS o natusa Dy omdiod fom the ooesn, and cursenl oogn o mesinn |men b vany
dramiatically. We preacil & pew global somnic emhsion mvenlay of BrVELS (bomae ki and
it hane ), e ileri ng (B phy sboad forcing in (he oocan and the stmopherse, = well s the ooman
I oggennche misiry contnol . A dala orkenbed machdme-kearming emu btor was developed b oouple the air-sm
wichamg e with e oomn Bogoochemistny. The prodiciod sarfey sereater comoendsalion s and (he sofaa
stmoapheric mixing raiios of Br-VSLS are ovalusiod with lang-lerm, global scale observations and the
prodictad ve mcal distslss bonaal Be-VELS o comipasad 6 e ghibal mifher ne obacrulion is blk bacal
summer and winier. The global marine cmksbons of bomokim and dbomomelhane are ol imsed

o e KR % med S g B peer vy, resipectbvehy. T e niewr oscesin e emiss ion i meesitory of Br-VS LS §s mone s ki Huw
e U wilely wiexd pop-cown approaches for neprosenting the seona b spatia] var ations and the

annual meansof simmpheric concent tiosd. The sew appmach |mproves the model prodiciabiliny o b
auppled Bath ayaie m miodel snd can be sad od o hanh for et igating (e past and lubuse son ¢ misons
and loedbar ks usder o imate change This model [mmework can be waed (o calculeie Uhe bidisect jona ]
ocemn i Mlwwees for olher oompounds of inberes.

Plain Language Summary |lslogen stoms relesed from de man-made, long Bved

ez e major case of the s bsphe ric asone depletion. Beoeni shudies found thal mefural

v o e oo mingg very shont liesd ssbstamos. ane of particular impsarano: lor e oeone radiaibe becing
i B lowr raimphon: Thess booming-coonixising & hor (-] osmg-deploting subeanom. ang ralugrally
praducad fmm phvtoplaskion |n senvater and felesal nio (b simophoe The patl doade ha socs
ncremed spplcations of mech ine- bem g techslgees s cimste-relied msesrch. [n this wark, we we s
i B -orfendisd machine-lesming algoritm i caloulste ibe productbon of bromine oomisining s o -Hved
subslancos in (he oo an, reprsenting a (a fy soeraleand compatationally efficient sohition Tor addnes ing
faare climale prodctlnm.

L. Introduction

Rromnsisd very skt vl subsisnces (BreVELS), incheling beomoalorm (CTIBrs) and oo momet hase
(1, Tir ), are imuporiand peecarsers of resciive bromine spedes in the amosphere. The maliiphase chemn-
By fvlving risctive bromise spociis alliscts asomse and mescury' in both tha teposphine and the seraio-
spharne (G- Lopa of al. 20 0E Saii-Lopes & von Glasow, 200 2 5chmic o sl 2006 Sherwen o al, 2007
Walis ot al, 2008, Wang of al. X015, Wang, McNamara, of al, 2009 ) and e o parSoubaily slimng oo s
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radiatbae impact in the bawer siestosphene (Bragel of al. 3319 Hosaind of al, 3005 Noarn of &, 3005
Salawich o al. 2005) Be-VELS s satutally producd in servater. s (he aomn i@ thought o b ks
dominani global soure Cheough sires achange (Muiler o &l 207 Caspenter & Lis, 2000: Qusck &
Wallwce, 200%; Yobouchi ef s, 07 The nabursl symibess mechanisms of B-VELS in seswaber remain
Py undersiood bul ase maindy eelated to phytoplankion and photosynihetic processs in the senwaber
(Moo it al, 19°06: Lin & Mandey, 300 E L Yvos-Lléwis Thornton, Builer, of &l 005; Lie o al, 3005
Shibaeaki o al. 2006 Highes & Sun, M6}

Curmem Lisosan i emission imaentor i of Br-VELS vany dramatcally . Por acample, Uh ghobalannaal aos nic
crsmna of CHRT, range frem 73108 Gg B per v in boBom-up inven o (lennans ¢ &, 2005
Semmier ot o, 2015; Takaonal, 200 %) jo 4 25-84800 g By per voar in ihe op-dows (oheratinns by der ved)
e nborks (Builer elal, 2007, Lag ol al, D10 Onldfer o 5, 20]12; Quack & Wallace, 200%; Warwick
ol al, X)L These invenlor s show parioalarly large dscsepancie. in the high-latitude reglons (1 lossin
elal, 2005 2006 L The lop-down invenbories, a0 hough proaidi ng mes.onds bl e cons i nits om e 50m osphe ric
many g injection (BEngel o al, 20019 Homaini ol al. X006), may haw Imisd praslicabiliog of feune
ol et varim S0 and (pedbacks, s ibe emming fhues (derivad (nm smospheric obee nadone) have ol
been desigmad o provide isbrmstion o bow (Bese fuses would respond o chesges in ol conditians
or external focing Oeddifler of al. (2013 derbed globs ) mardne Be-VELS emBsbons for cheemd st ry-climake
e by i Bingg | ctbsoenoed (s o e chborophod Faobservat ions { climato logy Drom Chie SeWi S sael-
Bl which isan asumad prosy for Chi oz begeod cmical prodection of thas: compounsds. Howavwr, in
iy observations fme nd no miusi relntinsships betwoes by BrVALS snd chloropladl (Cospenter of al, 2009,
Liu, Tvon-Lewk, Thomion, Compbell, of o, 313} Efaris heve been made io develop boliomup embsion
Iventories, lo better quandly the sozankc embsbons, (s b cmspled Banb system Len nartz snd onlosgwes
ivostigaiod ihe global muarine emisions of Be-Y3LS (Lenmartz el al_ 200 5) wing a modular Barth ssiem
mnie | (Eichod of al . 2005) with an online air- 4 occhange module (Poior o al. 2006), bowxd an (b
oibvcr bona Dy devivid ghobal disrbution s of the sur e demsier BrVELS(Zidka ot ol , 013) This cmsplad
bemewnrk 5o key siepiovwand 5 more skl epreesisiion and nproved pralictabiliny of intermciive
ek ions wilkin chemising-dimste models The sursce sewsler onoenlmlions, primarly delermined
by the oomin biogeochemic] and e phy ol proosses in Che sswaier, sl e foundation for The air-ss
e g peciveek. I ka ol all, (200 b oo dictid panait wor k in peoducing &g bal praduct of (he surfaoe
swalet diributions of BrVALS br s in ghobal medek. Hovever, the oljecthe supping sprrech uad
(Thks et al, X13) dd not slequsicly repreeni e comples oo an Megeockem kiry asnieml s be poe wes
mnahle & fully wsolve Be sesonal or spalial serssons in the nelusl swaster. Stemmber o sl (A1 5)
dirvelopad a state-o e art three-d mension al oo biogeoshem stny model o simabsbe Dhe ol ici o noes
ansd sinlks af CHIER, in the eocan, yel the potentially imporant CHEr, praduction inomsal waes aswell a
femn aea jov algas (Carpenier o al., J007) s sal roprascnted. Addidenally, oo keowlalge, CHgRrs
mapled alr-se embsbons were o slmulsied (Semmler of &l X015

Mtwchin el carning and s ficis] isiel pence hoe prove n b be a valushls wol in e B syslen wienco. Ta
musme & fow o rimg gl il bors, Shersen of 2 (20019 jand Rodhas snd TV ks (2007 ) lowragel exnting
sl vy grddhelisd hmsiitns clbservations smd developed new prodeces for medel we. Rocent years have seen
“online ™ applicalines & well. For oo mple. machine-leaming “emu bion,” tmained by peoces e | mode &
{ialbien oo putal ional by expeensinee) ar abserval s, may b wssd o neplace (e (sametmes highly nosrain
pammaleri B o (g, phinetany bou ndany laver schomis and closd microphy o achem) in Barth ays-
ke mndch (Sohhan o al, 20081 Aldough comimson algof it (eg,, tandom b ) mey be el s e
online (&g, Sohbsnl of ol 2008) and offline spplioitons (eg., Sherwen et al, D19, the snline sppoach
hos advanisges The machine-kmming emubiior inoorparated into the Barh sysiemn model (online) is
aupled o olber phasical and cleem izl procese within the Barih svstem mode L hemelone will sespond
w0 ¢ her gt i oo | el it e o0 it el B, e Mo ey el g s i s Mrancll i hca -
. [ the aloeswmiionod campls (Riekss & DeVia 27 Shersen o al, 2009, dissbalgio
{ussslby monikly) of gridded chaervminmn s ssiellie paducts sne used; therelee, Uhe tempaom] varistions
Beyond ihe climatolog s (eg. . deandal, inleramnes ] and dallyhor odback mechanisms cannol be nsolwsd
Mopeover, (he ofline approaches, iminesl by prisent-day cbservalbons, may be prone o gelemalic biss
whin ussd for futsro'pad peojctons. The online appraacks may e kms affecial by sch biaes (if
dsagh b cvalastod ), since the s variahes s sl by heth tmining and Eodting thesdore, b
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b s il i By, hlhosvervier, e conlline & malabor can be fexdble in e msof wemporal{eg . daily and
vk ly) and spadial rosokatbon , depending on the lemperal and spiial omerageof tha i Gie observtion
and the model nmalution

Thae fatupe trend of the marine emidons of these osone-depleting ashaanos remaing unclear. A oo
bl e i 1ot Pribuise i b & aies o o Be- VR LS ande s J#flsent ¢l mate chasge § oomar e, aeusting
i il surfacy seavaler concesiralionaol ReVELS f ohe fobuse (Fiuks of al, 017 However, snlhsopn-
genbcally forosd climabe change may boad 1o comiderahie changos in the oomn degeoc bemion] sisie ond
primary prodecibity (Erumbardl of al, 2017; Long o al, 200680 To owr nowledge, there ha boeen mo
alie eyt by il emni il an aspepaoaach b underitand (e i ndhaem o of Netuse changes in the aosn bisgeochen-
sl At and (he productivisy on Ghe e i o mis o of Br-VELS. A teised e e hear ning esnubaing

wpementing e oceas blageochemisy coptml couplad 1o an Bath syiem mxdel, may provide insighis
o s s e

In ol work, v presest & dals-oresiod smachineka ming emuling (o calos beie the g loha | surfsos serwator
dari bt of CHEL sad O A, lasad onooossn bogeschem ey, The calulsted o idsy mas i
ol mestodoggies of the surface seovwa e r ooncestm Bons of TR, sed C1E18e, are evabesbod with olsen stions
(HakhcAl data sei: Halocarboss in the Oomn and Atmosphere; soe Zika ot al, 2005 )and wied io drive the
air-sa v chang e procesas nothe global chee mislry - i mate maosdel. (he Commusity Almuspha ric Maodel with
chemisry (CAM-chem ). An om line air-sc aochange hamewnik (Wang, McMNamars, of ., 7019 was dinel-
o], o CAM-cleem, wihiich 5 used i his waik bo imvestigsbe the mamhne embdlon s of BRVELS 8 e 105 ey
period (X0S-2005 1 T e mode ksl surfsoe stmispheric concentrstions of CT8ey and CH 0 are oo mparsd
0 jgr ol - o valions From the Malional Oosnic and Atmispheric AdminigratonTarth Ssiem
Reszach Laboraany (NOAASBSRL) global nomimring sesvork (Momtizka ofal. X051 The new botiom-
up ocaEsic emimion ivemtoria of BrVELS previde improved predictab@iny for the e ons ) spatial
v mibors of these shon-Fvad coone deplefing substanoes over the widely uwed iop-down Imeniobs
Mopeoser, the modelsd vembal disrbufoss of Clilir, asd OO0, are compased o the airbome
oy vl b, b mend Froomy dhe first anad (e secomd deploymenis of the Maonal Aeromawtio and Space
Adminmiraion (MASAD Atmospheric Tomograply Muasgon (Wolky o al. 018)L The ghlal marise
e off CEHry asd Ol are compased with peevioss siudic.

2. Methods

CAM -chem { Lamanue of all, 200 2; Tilmesof al . 20050 is the @ mos pheri coom ponent ol b Malional Cinbir
b Aumwspheric Resrch (RCAR) Commun iy Banh Symem Madel (CERML In this wark, CAM-chem
{frem the peblicly elesed CESME.L 1) nedged (Tilmes et sl 2005 )0 NASA MERRAZ mcteomiogy fiells
with  horlsonisl rsalution of0.9 s osde o 1 257 hongitude snd 56 levels (susisce o3 hifa) The chemkiry
scherm: i hasind on Chal im e CTSKE2Z 1L, which inchedes & detailod represemiation of Dopos phenic and st -
wrsphar ic chem g Lry {samee as i Tilmes of al. 20150 Inadition, the air-se oxchange modwle (s soction 1]
oy ot el ity Bt v hadogen chemisiry | Fermandies o all., 204; Mavarme o al, 5 5 Sais-Lopezetal
1 2, e impleme nied o bop ol 1k publicly relemed CESM2 L), Anikfopogen ic emimions aie [hom ik
Conapled Mo el Imter compurisyn Projeol Phose & (0 ossly ol ol 30 ), oo s o e v ogetstson ane cal-
o o] e tho B ool o oy o0 (e ] Aol s Proom Pt Cuee ol by o il 300 201 The maodel
i spun-ap bor 5 years (0002006 ), and. Che madedind resulis in X05-2015 ane comparid B grond-baesd
chacratbons. around the ghobe. [n abditos, molel simeliions fom ssother glohsl chemical imnapor)
model, TOMCAT (Chipperfcld, X6 wing & susber of aher ooamnic VELS cmkskn isvennrioes
(Linng of ol 010 Oodésier of ol , 3012 Warach of ol X0: Tiaks of sl 3003 v b cludod in Chis work
o compmrison. The TOMCAT simulations (see section 4 Jor detaib) are Fom [lossin o al (2003}

11 Omlime Alr-Sem Interfaoe for Selhuble Species

The ooeanic fhses of CHTrs and Clizliry are caloulsted wsing the Online Adr-Ses Interfice for Solublke
Specis (DASER) developad for CRSME CAM-chem (Wang, Hornbmook, o1 al. 2009), which & based on
e wide by umid two-daver model framewerk (ohnson, 000 Lis & Shiter, 1990 In briel the -
cnchamgo in doscribod by the airaide and waler-side wan ke volsciio (k. o ke ) e B baad on e
MOAA COARE algorihe (Sefery of al, 20000, with the aldiion of the sill aly difiee fuy wljetme

WANG ET AL
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Atmosphere model

I
Chemistry Meteorology

—

Online Air-5ea Interface for hachine-Learning
S0luble Species (OASISS) Emulator

Physics Bipgeochemistry

Ocean model ) ations

11I:u.rr L. Smfiomat. dagram iof il v ol i U AT LI ermsEE ane oy devehged b (IR C AN < hem, with the
ool e i o oo oo o il o ipen e AR S0R ) ] BB o o s oo ot e mach iR iea fre g crmudain s CFS
Lo by Farth Swiem kol UAM chomn © Lomsmus sy AEmospiorn odal mifh chemnbry, OAG00 © Lkl A
Samn [nievrlicr Tor Soluble Specee

(Mackay & Youm, 1985) Kegue B bEicd on MNghiingale of al (200000 This OASDES model Iesnevworn K

(Pigus: 1) i Tally couplisd with CAM <he m, calculatingg the bilinectional Thioes of trece gases axns idiring

B lacal phvdical de of 1be oo (i aiitee bemperahiee. salinily, and waasMibbks) and 1k

simnaphere (emperaluse, pamause, and wind)l The susbhe sawakr copceniralions of CHAr, sl
CliMry (usad o deive the sirsos eochangs | e prodicied by & mackinekmming sigonsiihm el on
oy v Sesnwaler oo Ol el s and othe r ancl ey | pars meters (sociion -2

LI, Dacwion Troos and Randem Foerest

Thas s chime -esir nin g eornlaior wid bes & ndom Jooes segresaion a igoniLhen providesd Dn Che Pyibaon 5okl
i e e ( Pisclpe i ol Al 2000 1) Supporting informalion Figune 51 ghviss a simple ilkesicalion af 15

inciphk ol tha randds b, The trai

i clatadot (Ectivm I3 jconamiiol a pumiber of daia sconls; aach
i reco ] coplalin & dependent varishle (hn thas case, efther CTIR g or CT1:Beg jand & nemsher ol ancil ey
ar bl A ramddom Jonesd B e ensemnble ol 8 member of dsCision Do, & doch nn iree oonsksls of & “rod
mle, & number of “Ephl modes, and ey @ sumber o] "l m s ™ A eich nasdie {rool s phin' ks, e
pienl dala sl B mnkoml shil wle eo il n (s wark, e mcan ajuaie ool (M) I8 used &
P ofmel el o aahae (he iphc Bach poiaisleaphin maulks in a idecton of MSE aad che bosl spli is
il bn & sy Uhal the radecton ol MSE B masiEn ol The spliting prooes is oondinsoed ustd & mnaEnam
mymber of dals reoonds ane el s s nosde, oF & rEad s doph ol & iree S nesched, smd the [ms] nodes, ane
referred i as beall nodis. The mean of all values of the dependent varishle in & leal node b e prediction of
liis parBoukai e Molkwing 4 paficalad pth, unkss & eal node conlang ok one Kt feoend, & which
i (b value ol tha dopendenl war bl @ ihe prodcton of his i T he camtination ol tha ancillary var

abvks s dsis reoosd detersises how 1 will "trevel hrosg b s decsion (e The mmadaom kv prediction
hr s partioels dels rooord B due e s v o ol e peedecionns maake by all deckn e [ order i mold
e rliling . the random Dres agorithm in his wiork ] ot irap agprogalon Or Thagg ing  EppaEch
[ Prxdrispis ol al. X100 inowhich (e i nng Jdala s & ndeenly gamplsl Wilh replecames | Irmm all dala

labiglind a8 (emimin g thas inchssis g Dhe randomness and d ey (Braman, 20001 To Risther avweid over i

Eng MR al ihe cntire dais s & randomly ssepbod sl used ke validstbon (s invlvad B e Craining)
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1%, Surfame Seswaler Conoentrations Prodicted by Machine-Learning Algorithm

Im thids work, the monthly globsl sar e serwaler conces rations of CHBr s O, e e peadiced by a
mainal machinelerning emulalor which mimics the oasan biogeochemical control o the synibesis of
hese compounds in e senvater. The machine- ke ming (e ining data sol consibe of (i) surfao: serwaler
avncslialiond af CHEr, and CH.A, olbervalnn in the FHalOcA) dats s, which spam fram 1987 1
M) (Ehkaetal, X 3% (i) ocan depth (isbealing ik open oo and comn| rglans <008 ko axnil
resolubon) (i) anciliany ooean physical and Bogenche mbcal variabie (mosthly mosns; Teble 510 The
ancillury oomn bogoochemical varkbles (S0 nexd sectbon for detalk) are rom the fully couplsd contml
nin in the MCAR CESM Lange Bnsermble datase (K ay ol al, 30040 Al anci Tary biogeochenmic | v i biles
ane mamplad hssrd on the e Car-momb) and lacstion of each HabDeAn observalion. Due o the e,
vk i iy ol che s i sesraster odmerv atioss (lew than 5,000, Figuns 2 and 4], ous cursent sppemch is
mnashle i rewhve the abon-erm varistom (eg, <1 month) Semmier of al (3015 ndlcsiod that the
ClHBry mesidemoe Gme in e oomsm is 300500 days; thene bee, our chakoe of lemposal resobstion lor e
e hine lesarming O menlh ) e nod Gase anes idomable srechumal Baaos [ more sar o s wanlier b rea-
G are seailbsble in the lemre, our approach can cortain by socnmodate 1 noed Br higher lempnem]
wmolutan (g, weeklyl Once trained, ihe sachine-leaming algriths use the same modeled aomn
B ogeche mical variabls for prediction s all model grid poisis. oo besting and eve oo purposes, e
e hiine-lisarm ing emulkabor is curnendly run ning offlise in this work. As a oomponént of the Barh ssiem
maode) (CERM), CAM-chem i capable of opesating in coupled configurations, b oample. with (he acive
s jow model, aoan medel, and marine coavaem model throsgh & coupler. 1e such coupled comligus-
ana, Uhee irainod mach bne-bese ning cmulsior sy direclly seirieos tie var bl (rom (e e coossiem
mide ] vin the ooupler, providisg “is-hus® praficisbiiy, which s csentid for the Niere sl pesi
dlimate projections.

e ni st s have used salellite products and gridded sheervatinns. o imestigate the oomn i il sensce of
organishalogess (Osddfer o al 2012 Sherwen of al. 200 %), providing remar kable insighis inlo the eosm
Bogoache migry condrol on e omganohalogen sourars and chemisbry, espectally in the ropical segoss
Thaene a e & few | i o s oo hee apphications asis g s lile o griddad obsenatione (i) A discused oar lier,
e mde] Bl ol gr icdedind. b o e e il pemypars | pao botbon (¢ 8. meonthly L () The saellic pao-
s ey e (pelatively ) Bmbied ooversge [nthe high-lsiisde negons, e oample, teSosthen Ooean in
bureal summer , due i e satelbie orbital paitems and the impacts of cowdy and kighly reflective surfaoe
(g sisn i) comd Wions_ This B panicular k' nelevant for e Re-YELS. sinoe curmen | oo i Br-VELS iman-
wiin dhow basge decepancie. B e Soutbern Ooesn (Hosaing o al, 00300 The e no'pasl dimale
projections may mol be sl pstifiod i§Dusbng (he stelBie and griddad ohaervatbom. (k) Thesacllic sd
gridded eheervatnms may nod oo r Uhe Tall compledty of the phys o] and Sogenche mical processs sffeot-
ing the naimral sy nihesis of Br VSLS in (he oomn. For cample, the chionphyll a prodect om Lhe SaWils
sailie] e otservations (Ha o al, 2002 )do nol separale the &nemit <hboroplal content (mom & Mierent ply-
oplinkin groups sor provide issghs o @ growth! nutrent Eritatos. [n this werk, we propas an
shernutbve spproach and we e epper occes blogeochemistry varishle from the CESM Paralle ] Degan
Progmam (POP) and the Mogechemical Blemenn] Cycling (BEC) model (Moo e al, X013 for the
mschiinee- learn ing enmalaior. We comsider this a b neibye approach b the folvwing advankages (i) As dis-
s dl s Ber. Uhe naschine- bes i g emlator hased on Che CESM POPYBEC may aommmoadato the nesd
for Bigher emapenal ool whon | o s e v i T obienva o ol Br-VELS baoame avaibable) (8) The car-
sent configarstdon of S e machine e ing crawlster providi irpreved spal sl coverage in Se high- ke
eghin s compa red o (e st Bie prodiects., e pecinl by the South em COoess is borea] summer. The Southern
Ocisan neprisends & brge Faciion of the global ooram sada divers ity of biogeoch emical regimes amd & parii-
aularly sensitive o climate change (Stephens e1al. X181 The Sasthern Ocsan sl fesluns a varey of
anigue condithons alfocting (he air-se ooches ge proosse, aech a8 the v and bubblos ol the 2 -
Elerlae deiven by (b sieong susfoce windi, and the ooupled occss-sca e-ammphers inleractions
(Femandes of al, 2019 Ghen the long opepheric lfaimes (o fow wedds or loager) of BrVELS
(Hessaini eral, D6} the Southern Oomssn-emitied CHBn and O firy might contr ibube i Uhe tropos pheric
Be-VILS bardin and alfoc thdr desona] wartSons on the hemigpherc scale (Abzahamsson of al, D180
(iifh A varkey of physical and Blageochem ical vasiabla o incorpo il nte e machine lsrming . provil-
g the compladey sl b noodad o capluns Uhe spe fal and emporal varisiions of BeVELS i ke ocesn. Far
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ol o e e sl o b ey dissl rieieon = ol the obsened ¢ a0 S Fars] machiee ey prediced surkace
il ragha | R B, . Dais podres e sl ihe open coean and the coasil peguens (ocean deapth shaloseer ibon 300 m e
3 %l m Halkocarhoms m e Chomn amd Al mcsphiee

amph. dflenenl rvpos of vasiab el ane ussixd in Uhe s B learn ing emuba s, inckxling nutne nis Gnon

phosplsie, niresbe, el dilke el Chlisophyll comlent (distom, damiroph, and amall phyoplnkng )
sl Einy, oaxygen |disolved oxygen and surbsoe oaygen Do), ssd medision (iv) Those CESM POFHEE
icarshles aee il n bolh frining and the pradicios, proviling the inheres comsBlency Jor [he CESM
Famewnrk thal is imponas] B uieefpasl climaie projections. The CHEM POPBAES models hase boin
elenadvely dAmchad and proven o capluns The brge-wa ke e a rowakad in the olsenalions relaed

anglu ol &, 0] Deney ol al, X0 Krashesdl of &, 2007

o U naslreenis and prodoec by | Dar
Long < &l, 2006 Moore of s, 200X Moore & Brssches, 2300 ) Noe demis are provided ino e
sipperifing Inkrmalion. We lsler show Lhal this fraining -pediction vorkllow yvields owerall quile

pisn abhbe ageeme nl wilh observalions inchualing hose in the Sowulhern Oaean

The imiming prooess of the ramdom Jons] algoenihe b Wlkves: 50% ol all vaild duis (= leggel by (e
Fha W0 Al dlala sl s well & the ancillary variables, are mndomly samplsd as the tmlekeg dain sa, amd
Pl oo bnbngg I8 ussd a8 Jeilleg daia idl. The Iraining Jdala se1 s usid 16 conslfaecd The fandom Sored, and

o l 1k o Pz
| The alofes ] v Lrag

el al, 2011) wis used lor sampling f0 avold overfiting. Some of he by perpesmeters o Be algonithm

B Lol j g

s il i9 wail] B evaluste ha port wiw Copd B ciesnl BgneT Than

il A mmd Encar 1u slope Belween =09 and =] il [ Podrogoss

mewy b mened o bnpeoase il per Brmance. [nothis work, ihe random Bee st by penparame ter bsiion condig
aralion i o lollews aumber of Jecision Fess: L000; critlerion (el maliic 1o ovalisale The splitk MEE;
e M dpth ol 8e tred B ol s (50 thal the nodis will b b an gl all bal nodis comlain
oy ansiamphel The algnriihm may o brs & Eodcior irepasesce mlsg, which iiike percemisge ol Cme
sl @ prodeoion | ndependent ancilsry varasie) |s used (o spll Che e The snchlleny vanasks wilh oo
i o ra i g oy be el imonaatod Erom Burtheer iramieg and prsdicions. The imiporian o misg B @vwn
m Tabke 5 ). Ll the monthly Beldsd mullivise mssrs beltwoen 2005 and 200 Shal these variab s are usid
0B i nax] akgor hen o peadict | B sty Sesw sl Conoenl ratons £ ol Ar-VEL S & Cha i speaai ol [ 580 -as

e s e mend e
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Figus 1. laiside & 5 af the jpoedied wrlicn sewslet CIIRE ; 6 e opon aordim < om i Bo e Ialohi dais el Oday and pask ok feprosend $ie
Bl d :hiﬂh—lrﬂhmhnh.rl.t! [l e, oo Sy, Bllachk and sad Enew mdcase e :-h.n.p:ﬁh'l.:l"lﬂl Vil o byl dorm and i be
& xrning pvd iy The B-T9 praceile ol #e I ok and the machk W e arr uk wilh gray

and pnk sbadngs, s vly. 'I.'hl'_hnld e g uuriles of ihe obeervel o e ressona by well cypiuned by the machine lesrming. (A dids
il m §lakocurdrn & e (Eean and Amoghos.

Ld. Armospheri: Obsorrations Used for Model Comparison

In this wourk, surbsoe CHIBr, and CT By, messurements [nom 14 siatbons around the globe (MOAATSRL
global moniorng network Montzka e sl 200 hamn wed toevaluste The mod kel senonaland spatial var-
mlions af e CHE, and CH Re,. In Wil ahale sif samples. wise coloctal appooxdmately woek]y inba
pairod sl of gl (el pebor o heing analyeed s NOAASESRL s Roukder, Colossdo (Mion ks et al,
X1} In sbdidom, dee siebomme C1 IR and C1xAry mesurements (nom ibe MASA ATom leld compaign
(ATom-1: Juby-August X606 and ATom-2 Janss ny-Pebneany 2017 Daring ATom- 1 and ATom-2 (e ey -
iy insrumen ed MASA DC-8aircrall transectisd the lengths af the Pacific and Adlanii: Dosans dusing two
saon & (Piguse 520, comianly profling fom e serlsce o 8 upper (ropnephons Tower sraloiphese
Dhizing ATom-1 and ATorm 2 CHRe, and CH Rey wess o mulisnesusly seasarad by thes bochn iquese (ke
NCAR Tmoe Orgenic GG Analyser (TOGA; Apel ol al, D0, 005 ibe University of Califvsis, 1 ise
(UCT) Whoke Al Samipler (WAS; Dlake o al, 306050, and the BOAA Programmable Fask Package (FTF)
who ke ai sampler. MCAR TOGA B a bt on line gas chromestograph'mass spoctmomele r syslem. with an ana-
bering cyele of -2 min The UCT WASand NOWA PP ase both offline whole s samplos, and (b samplos
viete analyeed sflerward |n ibe seapecihe labomiara The model owslpul v smplad slang ihe fligha
Eack frcomparson.

3. Predicted Surface Seawater Concentrations

In this secBon, (ke machinekamisg prodicied o seswaler concentralions of CHRe and CHBr; ane
mmpred o the Tlal0cAl oervalion deis sel. The stslbiion] distribotions of the ohserved CHRr, amd
ClHip My ane both well capiured by the machine-leamdng emulator (Figume 21 Overall, the obse roed. batiude
dopernden chis of CHe  and CHafr irh-lhmﬂ ﬂF.'I.I.IIﬂh’:f e machi - hermd g algoriithm (Figuse 31
ﬂtmiﬁl.hhl.rpmnhpmu{ﬂdﬂ E| |- wihere OH5; and AOD; represent the
b i) by e s e el resaal s, rupﬂ:ihaly,l.dlil.l.‘lc wivmm her ol samples ) in (he spen somn
ane 12% anad 20 bor CHB y anad CH Brg, sespoctivedy. In e omastal risghons (oo ndepdh < 2060 m ) e misin
absolule penoeniags error I:I-'IA PE) b EHH' and CTH;lr; ane 17% amd 46%, mogpoctively. The monl-mean-

Elu:rn.-nus.a'
s|usie erron | RMATES '—'H—] In ke open oo are 49 and 08 pmolL le CTIBr, smsd

CIH By, rempoctvely: in ihe onmilsl segioes the RMSE sre 13 and 11 peal'L for CHAr; and CT5 e,
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Machne-leaming medicles THE, imd L) Bachirg-asTing precicied GHB; (omp L]

Figuse &, Deormber- May and hene- Movemn ber meamn of wurbor srowa Ser oonor e ome ol © B and CFH R, Rlack deoi e | e loc o8 om whene albyena
e (i Ad ) weey gvainlbie Jlalchi dob med ldmarsme m the d kran and Simospla o

respectively. 't remains chiallenging io ully ranke the cosminl Esiuns in cument ghobs ] che mistey climie
miide b Por instance, nos stste-of - se-ar tooess Y518 model, s Noed ooncenirsfon was peescribal inwake s
shallower iham X0 m, and the oosstal souros (macrmalgae with tide-dependent bromolorm producton,
rilismaie] fram benibic algae & soag i) are nol oplicl ]y repasentid (Stemmler of al. 201 5) Simdaily.
Dnddifes of al applod & soalisng Mol (o acgmin | for the erhancpd VELS emisona B the (osstal mgoRs
i e praduce the abscrvalions s (ke comlal sl (Deddilez o al_ 2007 We will shivw ey il cossiml
veghins conbrb ke s sehsissiial iection oo the glohs] otal Br-YSLS emisions

Figwre 4 ahowa | e Dece miber- My and June-Novgsmhe 1 s ol | he s boe seawaler predbolad CTHRT, amd
Clizfry Ingeneml the suerfioe seawaber C10Ery and C11xBr; ame en hesosd in cosstal reghons, as well as the
productive wpwelling sones in the nopic, whene the nstrient-rich sarfoe wakers suppon. Uhe ph vioplan kion
ol of [hé on hanoid verlal mivng wilh he makisum piodieos al Br VLS bakow [he (&bl ki)
mid lwwr & spvealbed [mm provious smedds (Liv o al, 2003 Similarly, ekvaied sarlsss seswaler
CTEry, sl T Hry sse alse [ound inthe Souhern Docan B Deoember-May, which sy be selsiad fo the
apaclling in the Antarctic divergenoe zone. In cominsi, ower susface seovaler Tir-VELS s fand bn the
ooman gynes due possdbly to Bie limied netrienis. Overall, e obenationalby trained machine-lssm ing
algorilhm G phidoes The lange-scale Wi and (he sssonal ity of the obionval suilass daevaled Bi-VSLS
Adlvanon] chemesliy-climan malels with kigher bosisontal fesndson of rogional selmemen) capabilay
iy help o dmprewe Lhe maide] bias in the onaslal segore [nothe meantime, bosg-temn | mukisssonal)
oy il b, Ll | oely enpr s Dhe e Sormas o al ke machine Jearmlng e lslor e ooeslal segons

4. Surfsce Atmospheric Concentrations Compared to Surface Observations

The mesc ki se- karning peodial surlac: serwaler oOfRCcml Dl N o Br-VELS are wed o drbop the o9 -aa
cuchasge of Br-VALS ((OASES]L and the CAMchem pralictad mosthly mesn sarface stmiosphe ric mibdng
milks @ compansl o the sufaee chsrvations ohained & 14 sadons from e NOAAESRL global
mlwinrk. ThiE maids] cmilguraios B hoaalla denlad as CAM-chem OASTES Mochlne-bamnbeg. The
CAM-chem amalaion wilth presctibel aooasic VILS erapsmnmd wakd 1o salelin chlamphyl] (O didhe
ol gl 2002 & aks shown, which i denolad s CAM-cherm Orddies 20012 The miodel Lllhl"{u.l.iu:ll it
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CAM-charm Ol flaze- 200 2 beas bown extensively wsd for VELS stuslies (Pernandes o al . 3014 Mmoo al.
A5 Rai-Lopex o al, M) amd] B olherwise idemtical @ CAM-chem OASTES Machine- kaming.
Meamwhile, provios TOMCAT model proadictions from Homsis) o al (007) sng s ) s of occanic
i on | mvesto s (Ling et sl , 3000; Onddfes ot al, 3012 Warwich of ol , X000 7l ol al , 30 3), hese-
aler demoted & TOMCAT Onddser-2002 TOMCAT Llaeg-2000, TOMCAT Zkio-3009, and TOMCAT
Warwick-2001, are compared 1o the CAM-chem smulstions. Mote that ibes: TOMCAT simulaions ane
for a differena pericd {1997 20110 ) ik 1k CAM-chom gmulations amd tha MOAA absorvaliong panoms nkid
= this wor k (2005-200 51 The interannua ] vas sl Biy of oo embisions of VELS b waally ssemsd o b
armall (bl o gl 2003, X16) The modebod aned observad mosthly moan serfioe C1IBrg sed 1101,
mixing ratios were determined for seledod boations (Flgures 5 and )k

In the Ascihe, CAM-chem A SISS Mchi ne-les i ng oo pruses the sessaomnsl vee bston s of obse reed CTTRr, in
Aler (Cansda) and Summil (Greendand) bl not in Bareow (Alsks, USAL In Aler ssd Rarrosy, (e
absrrvind surlaoe CHEe, miking ratios wene nol veell capusisd by amy of the mode b discesed inthis work,
aapecially 8 winter, poably s 1o (he e oo emisions mol comaiberad inthe medcl. P formanae wie,
B Aol (Canada), TOMCAT Lisng 2000 viclds the bt sgrocment wilh alwervalion, billveod by CAM-
chem € ASDSS /Mach ine-learning. In Summii (Greenkbnd), CAM-chem OASES/ Machinelearning yiekls
the besl agreemeni

In the cosstal midleifudes, ibe obiened semonal varistlons |n Mace Tead ([ nelend) sl Teinklad Head
(LSA) are nol coplaned by any of ihe previous models, posibly due o the anique lscal (onestal ) oonditens
thanl devimie from Uhe global backgroumd (Yolouchi o al . 30171 By ool CAM-chem OAS BS Machine-
N niimgg v e lls Wb Bl dagmisemie il wilh ochservations in Thase ondstal smidbtinede locstions.

In the continental mbdbisds, the ohserved sesonal variations in Harvand Fores (USA)L Niwol Ridge
(LEA) and Wisoonsin {(LFSA) ane caplaral by CAM -chem OAS S8 MMachinelarning. & wel & CAM-chem
Orddf-2012 and TOMCAT Onldfes-3011. TOMCAT Lang 200 ako producs gaile s sabke
sgrocmes | (within the variations of ihe cheerasom) in Harvand lamsl (LISA ) asd Niwel Ridge (LEA) b
v s v e (o C1 10 ; essaremen s | s Wsomssibs (LISA]L

In e tropicl TOMCAT Zaks- 2003 and TOMCAT Linng 20W0 oty kel o rall vory goad agsecment in
Msuns Loa (USAL Cape Kusiakshi (USAL snd Cape Matsiuls (Americaen Samoal, while CAM-chem
Ovcliy - 2012 mmdd TOMCAT Ordkfee-2002 tend (o ovesestimmie (e surfaoe O [, ohienvatnes in Dhese
mopical locations. The surface CHBr, modebed by CA S -Chemn OASTES M achine-lism ing in ths work i abo
i oo agroemenl with sbienaions in Mauna Loa{USA i bul is lower (byabout hall a pan per thousandd)
i ikl observid in Cape Kamekahi (USA L Ta Cape Matatala A o fican Samo ), bowoer, CAM-chim
OASTES Maching- ke nd sg prodics o prono scad ansusl sacimus s May-July, while abserved surace
ClEry Im ise s period is only slightly enhanosd

In the Southern PHembphens, the s loe ohae vagons of CTHEy, shew inke reiling scmonal varistbom. [n
Caper Girin (A uesira B, s Bght by emhanoe d surface ©1 By are obse nved. in Deoember-Manch, whibeall models
prosdict an anmual maimum in April-August. Al the Palmer Station (Angrctica ), slightly enhancoed surfaos
CHBlry are ound from Bmuary o June (with bege varistions i Bmeery-Fobraasy ) and CAM-chem
CAS TS Machine ke nd sg prodics an annuesl Fadsnem in May-July, Al aher medek pradict s cossiienl
June=Augusl moxdmum al the Palmer Satos Al e Sooth Pele, however, Uhe olserooad sorfioe CRI0r,
peaks in Jul-October, which B nesonably well capluesd by CAB-chemn Osdédfez-X12, TOMCAT
Ordofie-201L and TOMCAT Liang-2010 CAM-chem OASISS Machine-kaming predicis an ann el
mre imaimn Ap S pembe s at b Sowth Pole, -3 months as Ber van ober el bon.

I shenld b maged that Che TOMCAT simulation periad (1997-2011) from Hossaing of al. (2003) is o
U mame 38 b sl perical in this work (2005-2005) altheosgh (e obserwxl CHE, 30 S alions
in 2005-2005 is qaile dmilar o that B 1W7-2001 (Homaini e o, 2003) The madeled stmosphe ric
CiEr, may be affcied by plotolysk, bydmod radicsls, and tessspon, which may well differ besveen
CAM-chem im this work and TOMCAT. The inber-model diowpancy may be mraly glmped by
wamiing the difference betwen CAM-chem Ordafes- 2002 and TOMCAT Onbdfes- 2012 The diffir-
engw B oquik el o in Trinids] Flesl (USA) s] Harvand Fossi (USA) whome the dcropancy
B clome o 1 ppd (Figare 5L
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Figure 5. Comp areson of oserved mosihby mean CH By miossg o a0 14 NOsGAESE L ground st s s oupu Uinem s worl, aswell is previoms modd ing
results wsing &ifmen oceanic emissicn ieniores Trom Hossuin o al $003) BOAA TR L = Mabomal Oom i and Amosph e c Adm s ics (Eani System
Resewch Labomsony: CAlchem o Oommen iy Ammoegphernc Model wilhchamsrng

Surfacs CF; Fir ; mixing ratios. howeves, do sl show a pronounced sssonal and spelial varistons a8 CHE ;.
e 1o its longer tropespleric Bletime (Figure )L Figuee 6 shows Uhe medeled and olscrod monthly mean
surface Cl1xBen mixing ratios in diflerend locadons. [ngenem ) CAM-chem OASISS blachine- e aming cp-
uris the obkerved levels and sesonal variations of CH lir, in 12 om of 14 site in Bamow (US4 ) and
Trimidad Hesl (USA) CAM-cham OASISS ‘hachine doar ning prodicis 2 pros ounosd sammer ros mam
(i mmilar b s dr CHES )which & nol woen i obrrations. The performance of ather medels wris with
Incations Natably, in Susimi I:_E-I'E:I'I.l:l'ldj...\.ltl'l: (Commda ), Niw Ridge (LISA L W soonan (USAL Mauss
Lo (USA)L and Cape Kumukahi (USA)L TOMCAT simulsdons show Bile sesonal variations, whike
CAM-chem simulalions caplure the sammer minimum of obsersed CHaBry

The ewremal] performence of difereni modek can be evalusied using ®e Toylor disgram (Figare 71 Tnihis
analys k. monthly memn serface obseratons amd the modeling wswlts for all lo@tioes are ageregalod
Ther aibseriis] annsal moan CHER s well Gpdenad by the top-doyn mvenioris such a8 Oeddde: of al
(200 2) smd Liang ot al (20 ) & meadel simubsions wing thasa lopdown imgmlorie ¢lusler anoms nd the
11 reference line b the Taylor disgram (Figare 7L M ihe sssons) verisions may not be fully sesohed
I s popediovwm venton s (s diosssd previne v ), which b indicsted by mioderste Pesrson coelTcke m
(03-04) in the Taylor dagram. Thla o al (3015, a hiom-ap invenlory, betler caplums Lhe sssdonal
vt ko, conmnypanid. B Rbee op-down imee miores., @ indicaied by an imprsced Peamon oeelficienn (-0.70
The nanwly devdiopend botlom -up imsmiory in this work (CAM <hem DASIRR Machisglearning) wends (o
andersdmuic (ke snnosl mess CHBr (b =29 globally), but ihe sesmossl wrsiions of CHBr, are
wiery wiell caplused (Pesrsen cocllicient: -088)L As ke C11,8r,, all models Ssowsssd in ikis wirk are
@pah i ol reproducing the obsenvid msn CHzBrp levels within -50% . CAM-chem mosdiel lends. b btbir
pon v b aodmieryinl saon sl variations of CHAr; (Pearson oo lbdent 0.5-0.7) (kan TOMCAT (Peanson
anilacicsl < 02k
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Figure k. Compareson of otserval monihly mean C Habe, miing raio o 14 HOMESRL grownd siations i cotpul from, s sork, 25 well & previoss mode)
ing results s ing dillerenl ocenic omission imvemones o Hosssin & al (305, MOAAESEL & Kool Scen i and &imosp ben Admin sinion Eanh
Sysiem Fesearch Laborpiory, CAMchem o Commusity Ammosphenc Model wah chemsiny

5 Comparison of the Global Oceanic Emissions

Figune 8 compares the newly divelopa] boliom-up aosanikcembson i mvesiory of CHBr, (with online -
rchamge and machinekearning prodicisd serisy seawala concenlrtions) o & succslul lop-down
i inn investery from Onléd ez etal (200 20 The Orndd e 2002w siory dhows Bode seanonal var ioss,
pa sy kel g to the lewer Peaman ooslficiesi i the Taylor disgram (Figues 704 sooent stsdy highl ighed
e imponance of semonally renhed ocmnic embsions for 1he sSrsspheric Bjoction of BrVSLS
(Fichm o al, 2015} The new emision invesiory (Figure 8) showas claar sesonal varistbons., ading Lo
i ol Siseona | vanr tadoms globally (Pigare 71 Thee Oz 300 2 mventory abio has foax] valluss in ik
ashiropical, midlatiude. s high-Bimede oomns. We nolod that (b mew oom -up oooanic omiRsgion
ventory all CHIRry shows Righ sesdo-el (lux oves Uhe Tnden Oomon, South Chine Sca, snd Jrvs Sea (2=3
s 107 polecubeeem st L wikich b comparable to the oomnke CUBr fux reparied over the Soulh China
S (25 4 29 = 107 modeculs-cm A Fublbrilgoe et &l D06 )L bt toaamnd the upper end of that over
e Indian Ocvan (15 £ 20 x W07 mokcubsicm™ 4 '; Ficha o al., 20017k The Ordificz-2012 inventory.
Bewevr, b appraximately 1.5-2.0% 107 mokoulacm L, inihi seghon, comparsBle o Chal fepor el
i Flebn ol al_ {200 T}, butl & wwesd the kwer emnd ol thei b PohBeibgge of ol (3006) The reason thal te new
v nory im s work shows high CHBr fluacis Uhat one crukse shedy in the Dy of Thengal (6 57-1 196%M,
BROT-RE_26"E) reportisd kigh CHE ek in the iy e momn oo al wealers (86 4 10 el L iasm malo
ol al., XHk a3 & nowul i machinekaming algorithm prodiciad high arisoo sswaler congenirations in
e regfion s well (Figuse 4) This b ik only susfsce semvaier mesuseme sl oo lshle inihe MaDeAs dsis
sl b rhat seghon (Flgare 4. Fligare 9 shows (e sames oo s rion for O, Sk by, Che Ordifie- 2012
v nkory shows 1inle sesonal vardations and B no oseanic Nuses for CHaBr; in ihe majority ol the
Southern Hemigphere. The new imestory in this work ako shows kigh oomn e CH; R Haes o i
Indisn Ocean and South China Sea (0.6-09 * 107 mokculecm o ') very close to thal sporied over
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varains CAM-chem » Jommeniy Mmacophorc Model widh chemiwiny.

e South China S (0.7 £ 06 % 10" mokeulescm s " Puhlbribgge etal. 2016} but b a factor of -2 hower
e that reporied aver the Tadian Oomn (16 & 13 ® 107 mekcukscm 5 " Fickn o al, 007 The
Oy 2012 b emiory shows kesis than 0.5 107 meleculkscm 3" {nibe e ndine neglon, lowes i ihai
vepar b in Po hisriigge of ol (2086 hor Mieh ot sl (007 ) bore ser e ses s ber olsenaonss in this region
vl it nlfy I prove Che per formanoe of e machine-keamd ng o mulabor, as wiell a6 (e bl o m-up ooanic
cEmnn i mesiany o CET amd CHaRe

The: ghobal oosan i emissions of CHEry amd CH B asfmated i this work amd poevious sudies ane sammar-
inond i Tabbis 1. Thot g bk | vacirt e et ol (TR st v n . (i v ek R 5 g Tl ot s ., vl W B
Tower end af the e age prodicted by Uhe topdenwn extismaies (XR1=8400g Br per wear) but higher than oiher
reoendly deve loped botiom -up nvestor e (70=- 200 Gg By per yoor; Table 1) The globa | oommnic cmbsion of
C19, i, bs esiinatend i be 54 Gg Br per year, which is kveer than the top-down estimates (5 7- 300 Gg Br per
s ) bul compaeable o the reae nt boblom-up imventor s (6.2-78 Gg Br per vl In partioular. Siemimler
ol al. (2015 healoabind the airsea wws of CHE wing the smopheric cono niration of CHE (dheena-
gan 3 mnappod Lo the ghobal e le) Prom Taks o o, (2003 hand suslsss seswaler concentration af CHEr, pre-
e by o slmbesin [0 e o escen B ogenc B By i), sugsn st ngg Ul e o ity o i Bse St hern Dhoean
b nee s ink o CT T, inbosesl summer. In this work, the majority of the Sowthemn Ooean B found o bea nel
ginkal CHIEr: in borgal sammer. oom dstend with Zidka o al. (200 %) andSemmber ota L (2005 but (he sosn
wpake of CHAr, simulbsad in this woark (CAM-chem DASISS Machise- kaming) b weaker San &l pra
dicted in Thim o &l (017 and Semmlera sl (3015 ) The sachine lersing emulviog is capable ofcapiar-
ing ihe enhancesl surfsoe CHAry in the marginal s koe regions in ke Sosbern Ooman (with Bmiked
rdistion bul emrichid in molremis), & indicstied by the good agreemenil in the Southern Oomn
(Figuse JL Vil doe observid surfacoe stmospharic CHEBr (and CH ) abandanos and seasonality is (ks
Sowthern Hemisphen: ocatinms semain nol Mully exgplained by models{Figuee 5 and 6 Recent skl how
reported epiadic CIAr g emisions from Che ses bae in Astarctios (Abes hamsson of al_, 2018), mach higher
than m 1 long-term monthdy mesan CHEry abservsd at the Palmer Satonor the South Pobe in the same sm-
s Tt s ot B thismm i | el e m posind by wnddemitond, and the VELS i s ions From s doe ane
e |l i ensr peoscl i) con Eignarr i . (v e sl st oy g st o s e it o oo WRLS i b
bl datd e gegiona. (mos lly du ing s usstes wis e (e Southern Ooean and ses boe emisbons of VLS may
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Thise wodi: DecemibarMay
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4 -I§ -F -5 1I-l.'|.l -] l.ﬂ-rl i35 2 2z 3
Ocsans luses of SHEe, (107 males em® 8™

Fipare & Devem ber=M oy and bune= Novem ber overages of theooeanic emisaon (s of C HBn prafioad m s work
ety e el 1 . o hewen) e ry oo Ol entall {3002 mgghi ). Warmer colors ind e spemsd fluses
e, e ooean & nel emiing). while oolder oolors ndiceie doverwand use (Le- e ocean 5 8 nel smkl

Beroe Bvronand] st o (e oo vl sy i e e (A B o veiann ol il X008 ) Putuse Br-VE LS sted s that target
e Soutbern Oocan, in particuler, during bossal sammer mombs oo ld help nsalve ths dlscrepancy. We
finad that comstal negions (300 m or shaBower) antribue 3% and 16% o the ghoba] mardne emisions of
CHEr, and CH Br, respecively. The cmsal cnlfibselon derval in this work may b subjecd (o
asbslanital uncerlintien (eg. MAPE for the wurlse savaks CHBY, and CH Ry ame 375 amd 465,
respoctively; (e umcerisingies swociybad witk (e abrsm cochange proosie e commonly quitad = &
Bctor ol 2 or s Fohmson, 20000 Our celimaies of ibe costal comiribations in ks work are consisieni
with a meoendl study foausing on the westem Pacific (Bwiler @ al. X8 bul are lower than that in
Semmler o al (2005L which say be parGally due to (e differenl model onfiguratons: The eosmn
crEmmmm in our medel (CAMchom DASISS Machine leaming) ane lally couplad with e phe ric
remmipnn snd chembiry, while Semmier o ol (305 caloubsieel (he seaco-adr fuoes of e (osing
cbjectively mapped alr concentrations (o Zelka of al, X1 5)

é. Viertical Distributions and Model Comparison

In this ssctmn, (e CAN-chien molebad venbosl disribstions of CHRry amd Cliz My sre oompansd o e
airbome mesuements uking NCAR TOGA LCT WAS, and NOAA PP during ATom-] and ATom-2
(MOAA FFP CHEf was nal available B ATom -1 Plight tracks ame given in Figene 52 (we loos on
mcarch [Bghis over the owmars only ]l Twe CAM-<chem smulations with bl QASIES/ ML and ks
Oinuddyfbee- 2012 |mvemiory sre discussod, and e se s are bisnod spaiilly (Mertherns embphere, tropi-
ml Soutbern Hemisphere, and Sowiherm Ooemn, aver bolh (he Pacilic sl the Adantlc; ss Flgare 531 In
peneral, elevabed CHIEr, wene reporiad n the marine boundary byer by all theoe wechnigees (Figene 100,
Emplving oosan i a el searoe. Hewewer, (he wrkal dutrbation of CHEg and CHaRe chews conaider-
shie spuisl snd scsonal varistioss [nicssingly, be CHRe, neposiod by those lochsigues emetines
sherws quite signifbcsni dbcrepen chs.

Mewtherm Hendspher dudng AToms-[. Bath MCAR TOG A asd UCT WAS gl <007 pat (malian) CHEE,
i the murine boundary beyer over ihe Paciflc, cossistent with CAM-chem dmulsiion with DASDS/ML
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Fipare 3. Devemiber=May and § e November sverges of the oceanic emisson fuwes of CHy By predicied n this work
ety s pa el 1 i o Ovdofies o all (200X g ) 'W armer colors indicate wpsasd fluses (Le. e oceen is med
emmiing ) while cobier oolors mdae downwand ilmes (e ihe ocesn 52 nersink )

(g Il The smalalion sill Ondofe 2-200 2 lonls 1o o nsimale CHTr , in the Momhern Bemisphene
over (e Paciiic (Figuse 108, On the Atbntc side, mosused CHRBr, rachod 1214 ppl (median) is i
e ne o s ry layer, which is well copataned by the simmlstion wming the simmalstins wiil Ondide:- 20012
(Figuse 118) The simulstion ing OASSS ML & only dighily lower than observsd in e marise
boundary biyer. @ill within the mnges of the oliervations (Figure 10b) Both simubstbons tend 1o
wnals nad e CHB s in e (oo troposphens in (he Norbers Hesvigphone over bl ibe Pacifie and ik
Mlandc (Figuss 10a and W8, which may be anrbatad o delcieacks in ropross niing the verical spli

b e el
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a

e CHiRa, e using NCAR TORLA, {geay raw duts; Bk madisafquardial), UC] WAS (hghi willon dota- faw duils, gold
boaes med un'quarslal, cnd NOAA FIT (geen: faw dda; madiom nol cllculsial due jo relafvely emall sumsple s, o el las the OO o modeled
rewults we g (ARISR Rac bane-lea s ng (ML) asad the Oeddite s 300 3 imveriay, during ATers: LA and ATam- 2 (1 F) The light wacks ond ke spatiol domaim
ase dedisad in Figase 32 The modelng rou s weee sumpled sy e Night wacla RO FIF CHIEFy moiserenens weie ol aadsle by ATom 1 a1 s
B MOAR TORIA & Hathwu] Coaler b Amogpher Rosand Toor (vgasic O Anshieer, UCT WAS o Uaherity of Caliisni, lnes Whale A Sumpler;
NOAK PFP o Mafosal (oramic and Armogherc Adminsdrsios Paogummele Mok Paclage, Call chem o Commony Atscephenc Model wilk cbembsng
CRASISS = (Mnlne A Sea enloe ke Sol ubsle Specis.

Tropicn durfmg ATo- L Oiietved CHAr dorw siron g werlical gradiont in the maring houndary byer, and
e vertical proflle shapes wese very well copiursd by Uhe simyulsiions uslng bodd jeve nborkos (Figure 10c]
On the Pacilic side, the simms bijon with the Oeddifes- 2002 nvenbory shows betie ragreemenl wity obserm-
g, wihile the simulation with OASISS ML slighthy unde restimaie CHBr, in the marine boundary b yer
(Figuse Mich On the Alkngs side, bowever, (e observsd CHEr, inthe morine bou ndany e B well cp-
merid by ke dimubitien wing DASIES/ML and s dighty evemstimatod by Oedbiiez- 2002 (Figume 10c)
Hoih simulstions capiused (e CHBn kevel i b ropéosd fee impephens over ihe Pacilc and (e
Alandec (Figuee 10c)

Southers Mankphere durlag Adkev-[. BEnhancd CHRey was oleervad in ik sarine B ndeny lever, with
i b r vertloml gradient oomparad io the ropdos. Imply ing wesker aomnlc emisiens (Fligeres e snd
M) Tioah simualations oseres Gmate CHTir in the mardne bowndary byer on the Pacilic side {(Figuee 10e)
O the Aclantic side, Rowever, CHEr, miding ratios in the mamne houndary Byer were well Gaplured by
e simubatbon sl ng DASTSS ML bt was ande retima il by the O dofez- 20012 inven oty (Figuse 107

Snmthern Ooean durdng A Tome L Blevaisd CHIr, was reporid by both BCAR TOGA and UICT WAS, which

i grmcdusally diacrea sl with inces ing allinude . implying thal 1ho Soathers Ooean B a nel woame of CHTi
dut ing borea] summes snd possibly peolnged tsgosphe ric 1iatime of CHA, (Figere Wg asd 10k)L The
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Figuse 1_ Wertical dpari e CHiRa, e using NCAR TORLA, {geay raw duts; Bk madisafquardial), UC] WAS (hghi willon dota- faw duils, gold

e madun'quanlal end NOAS FIT (geen: fw dga, med wm nel akulaied doee fo relafvely omall sumple sie), s sl las e CAM- cheam modcled
remults wabng (0,185 e b oo boming and the Ondafes 2002 nvesiedy, Jusing AToem-L (A1) and ATam-2 (1P} The madeling moiulls woee sumpled skeeg e
Night iracls. KCAR TOOA = Netind Cemer bor Atsmcap here Reisirch Trae Orgen e (s Asilyes, LCIWAS o Unvesaty of Colsirsis, Levine Wl A
Samples, HOWAA FITF = N ] and A g iy raicm Progy e Plask Package, CAM <hem w C ay A plere kicshed winh
chemay, (WSS » (ke AeSea Inodfee bor Sohubde Spocicn

ahaerond wrbeal Eanibetions of CHEr, oser the Sowthern Domn wene ressanably well camerad by bah
ol el s, el (e s udstion g OASES ML shows slighdy beder sgreement (Figans Mgand 10k)

Mo dherm Hiemis phere didng A T -2 Ofssorvial CH B, docnenaod with inoresing aldiede. Howew s, CHEr,
roportod Iy HCAR TOHGA and UCT WAS shaw 3 booral =2 Ellrencs on bod 1he Pacific and 1he Alantic
side, while NOAA FTP mamsrements show similer mege s NCAR TOGA (Flgeres 10§ ssd 10§81 Badh
shmmulstbons capduned the vergcal peofile shapes rosomsbly well, snd the Sscvepsncies between Lhese Do
sl mulations wene generally smallier Chan Chal betwoeen e Thooe mossisremendt Doechsigue.

Troplo disfng ATome-2. Elevaled C1ir, was seported in the marine boundsry beyver on the Padfic side b
mil 30 mch on e Albnlic sile Agsin the theee seis of messrement kech nigues, nepor nearly & facior of 2
i (erienc im CHEr dver Uhe sopical Pacif (Figane 10k )L bal mich bitler agneeminl wan obseerisl over e
wapical Mlantic (Fgune 1000 Dnbensd nghy. aver the tsopical Pacific, (b o mulston using DASTRE /ML was
i o] sgreement with (he NCAR TOGA and NOAA FFF mosuerementiy, bul e simoleljon osing
Onddfie- 2012 was in good sgreement with the UCT WAS messuremens (Figuee 10k} Over ibe ropdoal
Mdbandc, the simulation using OASIES ML wes in masnable ageeement with both obkervations in the
et e deounakany Bover bl showisd a soticssble e bis in Che Tese tnoqosphere. possibly duse Do the umoer -
winlic @ the vertical transporl, The Orddfes- 2007 imemiery loncds lo ovtostimate CHBr in (ke marine-
Bnandary lever (Figure 1L
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Takle 2

Fooe Mo Square Exe [ RASEpand Meos Absobay Pereoutage Ervor (MA FE ) of @ie CAM obom Modekel ChEry ead CHrBrs, Usiag Edfer (85185 Mo din e
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Armosphers: Modd weh chemisiy; OASIS « Onine A S Interfixce b Sohe Spacies: KCAR TGA = Nationd Cenecfor
;.-J,_-,ucl WS =

Umiversay of Calibmia. Irane Whole A Sampler; MOAA PFP = National Coeanic and

Atmospheric Ad m i strafon Frograsema bl Flask

Sosthers Faniphere during ATore2 The obsemved CHAN dil mol sl girong verlical gradien | over the
Snuthern Dlemphere | Figures 10mand Wn) On boCh the Pacilc and dye Albsiic side. the obsersesd vestioal
st ri butiom o CTHThe s wis rosssnab by veie I G plured by Chee s ks o wsi ng ©0AS]SS ML a na Oonddodies- 2012
ove restimeabe CHBT, i (b mar ine boandary byver by ~50°% (Figa s 10m asd 1on)

Suthem Ocann diirbeg ATwel The obkerved C1I, gradually deoesel with inoresing sliinude over the
Southiern Ohazan, and the wo nsiruments showial onoe again a Bcior of -2 discepancy in the baver
wapnaphene (Figere Mo asd 10p) The eherwd venical s ibstion of CHEr, was betier caplurad by (b
drmlation using OASISS/ML on the Pacillc akde (Figuse 100l Both sdirulstons wene comlsent on
ther Adlamiic side {Figare 10p)

CH;Fir 5. howoover, dos mod show ad frong verlical and agutial varistions s CHBr (Figume 11 dao o s
wica b p oo nk cmbsbon. and longer ropesphesic iiee, Dusing ATam -1, Uhe ve iical profl ke & lhages of
Clipflr; were nmsonably well capluead by both simubions (Fgues 11a-10h) The simulston with
O fiee- 2012 imvemtory shosved hetter agroemment with obsenations exaepl for over the Soathern Oomn
(g 1 3a-1 100 Oier 1ot S Boiet s Do, 1 o o i g Okl 20002 iy gt by ardri -
Grmiad the cheerod CH Ary, vt ihe dimulion wing OASISS/ML dhowad & alightly overesimation
(Figuses 11g and 11h] During ATem -2, the observed vertical distributons of C1 A in el regions eaoeg
o the Somat e e Croesm wese seasan ab by wel | capiured by bosth simm bt ioes a5 vl altoosgh (e si mudalion
i g OASISS ML slighaly andbensfimale the dbserwsd CH B, (Figans 115-1 In) Over the Southern Odomn,
b, Al immi btion waing OASISS ML dhowss] better agement with the ohieratioss, whils the
Ok fie- 2012 Invemiony usdenstmalad CH By, oheeratos. (Figuse 11p0 Mobe Chal the Dindivhies- 2002
v by has virtuslly me C10 e cmbsbons over D mmjority of e St he m Ooesn

Tabks 2 susmmas b the overall model perlormance comparad 1o b theee sels of observalions Jdiring
ATom-] and ATom-2 For CHBr,, CAM-chem simalstion sing OASSS ML thows beller sgeeement with
HOAR TOGA and NOAA PP, yoi CAM-chem wiing Qo ez- 300 2 compares sBghily hetier with the 1301
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7. Conclusions and Remarks
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