IMPROVING REGIONAL AND GLOBAL

AIR-SEA CO; FLUX ESTIMATES

YUANXU DONG

Ph.D.

2023






Improving regional and global air-sea CQ flux estimates

A thesis submitted to the School of Environmental Sciences of the
University of East Anglia in partial fulfilment of the requirements for the

degree of Doctor of Philosophy

By Yuanxu Dong

March 2023

© This copy of the thesis has besuapplied on condition that anyone who consults it is
understood to recognise that its copyright rests with the author and that use of any information
derived therdrom must be in accordance with current UK Copyright Law. In addition, any

quotation or extct must include full attribution.



© Copyright 2023

by

Yuanxu Dong



A Dur i nBh.Dyyowcan participate in cruises, you can learn how to interpret scientific

data, you can publish papers, but Yuanxu, think about what is ngs@arch, what is

YUANXUO6s research? Ten or twenty years | ater

wi || remember about you?0 (Peter S. Liss on



Abstract

The global oceans are a major carbon siodounting for approximately a quarter cérbon
dioxide (CQ) emissiondy human activitiesAccuratequantification ofocean CQuptake is
critical to the assessmenttbieglobal carbon budget and to thedjectionof thefuture climate.
The airsea CQ flux is often estimated by the bulk method using sea surfacef@a@city
(fCOow) measurementsombined witha wind speedlependengas transfer velocityKso).
However, there are large uncertainties in bulk @x estimatesiue touncertainties ifsso,
upper oceagradients ifCO,w and intemperatureln this thesis, Lse direct aiksea CQ flux
observations by the eddy covariance (EC) techniguemprove CQ flux estimates over the
high-latitude oceansUpper oceantemperature gradients and their impact onzGlOx
estimates are further assessed to update our understandingaifocearCO, uptale.

Herel first make a comprehensive analysis of the uncertaintishipdbbased EC aisea CQ
flux measurementto better understand the EC observations ndptimise the Echased
studiesof Keso. Second, the impact of shallow stratification due teiseanelt is investigated
usingthe EC CQ flux and fCOxw measurements the Arctic Ocean Additional analysis of
EC CO: fluxesfrom seven cruises in the Southern Ocbkalpsto improve our understanding
of Southern Ocea@O; flux estimatesFinally, | reassessvo temperature effectshiewarm
bias in the shipboard temperatulaaset and the cool skin effeat)dupdatetheirimpacton

global ocean C&xflux estimates.

My uncertainty analysis suggests that the stétine-art EC systenis well suitedfor air-sea
CO; flux measurementandthat the EC flux can be considered a reference for evaluating
indirect fluxesin strong flux signal regionslhe Arctic study shows a clear underestimatidn
thebulk CQ; flux in seaice melt regions estimated from subsurfée€,, observationgmade
on water fromtypicaly 5 m depth).The ECCQO:; flux indicates strong CQ uptakein the
summertimeSouthern Ocearwhich supporthe shipboardCO,w observatior(from SOCAT
datasetbasedflux producs after correcting forthe temperature effectlaut suggest thatthe
float observation ffom SOCCOM datasef)asedCO; sink estimates too weak The impact
of the temperature effects is even more signifidantglobal oceanCO; flux estimates
increasing the global ocean €Qptake by ~35% (0.6 Pg C ¥t The Keso- wind speed
relationshipdased on EC observatioagree well with thevidely usedKsso parametesatiors,
especially at intermediate wingesls. In summary, this thesedvances our understanding of

oceanic CQuptake anatontributedo redueng theuncertainties irair-seaCO; flux estimates
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Chapter 1: Background 2

Abstract: This thesisaims to improve airseacarbon dioxide €O) flux estimates by using
direct flux measurementgcluding considerations ofefined upper ocean temperature
structures.This chapterprovides ageneral introduction to the relevance ofhe topic.
Anthropogenic C@emissions and thglobal carbon budget afst reviewedto indicate the
importarce of the global ocean inslowing down the increase of the atmospheric; GOle
fractionandthe capacity of the oceatssaccommodatanthropogenic C®The bulk equation
for COy flux estimates is derived employing a film modéihaanillustration of the a-sea CQ
exchange processe$he sea surfac€0, fugacity and gas transfer velocity are two key
parameters forestimatingCO; flux. The way to measureCO, fugacity andprogress in
parameterising the gas transfer velo@tyescribedAt the end of the chapter, | indicate current
knowledge gapsn estimaing regional and global asea CQ fluxes and point out key
guestionghis PhD thesiswill focus on

1.1 CO:2and climate change

1.1.1 Increasing atmospheric CQ mole fraction

Jusetf or ¢ ndbsetri al Rewmol et ifofact hbe aC@osphere
relativedt2r®anssampter , millkionigpegmery milli o
there ar e2708Q moV eercaug eeasd matlo)m&Ghwl eet a,l . whi2dmR 1)
means t hat 2lugltaarkeee d fi( tB300 etHkemsg ,0.nISBYB ) f r om t he
18th centamy hoonpwageas § €ir @@@msman asuchwi asesossil
burni hgndedchawger emar kabl y(briokehi nhssebal a
Il n the | ate 1950s, Charl es DawindcaakKtehi md 4
at mosphere at t he Meealai ranad 10DksE&)r rvead wrrd/s pr

evi dem ¢ien cf roenat sneo sipnheéhrtitq@ sC@ / gml . noaa. yovi/hecgg/
curve showing 2inbéei hafaethtbd ngt @Osphere i s kno
Curvieé. at mosjhhertiemtChas risen stee&pym (iFni gur
2032 Dl ugokeéacgky, 20239 ahbhawe 50eu ptrrei al |l evel

Carbon dioxide is a strong absorber of thern
Wi th theriacbo@@gleatr at idaure ainrohmr @pigreqhi enoe mi s S
t her mal energy 1is kept in the Earthdés | ower
contatidug! oba(lL ans&Adfu pg, 1990)


https://gml.noaa.gov/ccgg/trends/mlo.html
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Figure 1.1 The mole fraction of atmospheric €(lue line) has increased along with human;
emissions (grey line) since the start of the Industrial Revolution in 1750. Atmospherida@Car
from NOAA (https://www.esrl.noaa.gov/gmd/ccgg/trends/data)hemtl ETHZ fttps://iac.ethz.ch
CO; emissions data from Our World in Datattps://ourworldindata.org/ce2ndothergreenhoust
gasemissions#hovihaveglobalco2-emissionschangeebvertime) and the Global Carbon Proj

(https://www.globalcarbonproject.o)g/ This figure is from the NOAA Climate.gov grap

(https://www.climate.gov/newkeatures/understandirgdimate/climatechangeatmospheriearbon
dioxide).

1.1.2 The global carbon budget

Al t hough t b€Qmoime sfptseergisoinng, the rate of 1inc
have been thbecatetiatghtda obld Gdains e rAsso iarssse s s e d
theVe? sion of the (ga obbuadlgeetd rfliocerd QGiQnd pe tt he at
human acdtFirviietdilesn)gst,ei amnleyt aablo ut 2h0a2l2f) of t he

emi ssionseramambspher th

An wunderstanding of avari fgfl @orbearlt ctairme ns daildegs
undercltiamat ¢ whabhee i main aim of t He CA)onbcael Ca
200tbh,e GCP haswic¢ dgelradb anla t ceadr btoon pcuobmmusnhi ttyhe gl
budg(eGCBNhNnuahky 6GB rephbirtneidn ampomwenths i ndepend
esti mMktesedl ingstein et al., 2022)
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https://www.esrl.noaa.gov/gmd/ccgg/trends/data.html
https://iac.ethz.ch/
https://ourworldindata.org/co2-and-other-greenhouse-gas-emissions#how-have-global-co2-emissions-changed-over-time
https://ourworldindata.org/co2-and-other-greenhouse-gas-emissions#how-have-global-co2-emissions-changed-over-time
https://www.globalcarbonproject.org/
https://www.climate.gov/news-features/understanding-climate/climate-change-atmospheric-carbon-dioxide
https://www.climate.gov/news-features/understanding-climate/climate-change-atmospheric-carbon-dioxide
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The global carbon cycle
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Figure 1.2 Schematic representation of the global carbon budget averaged globally for the
2012 2021 fromFriedlingstein et al. (2032

prodiuawmé arge di scrnepaficygcempttdd®er t he | ast
(Friedlingstein et al., 2022)

1.1.3 OceanCO; uptake

The oceans ssrieckar rnecakadlrgyg@@ p xi mat edryt lar qpag ¢ i
emi ssions odAndal +4®@%t hrelpegeades Codeust ri al R
(Friedlingstein et al., 2022; Gruber et al .,

Mo st ofi n hteh &€ Oaotcneoasnp hsayirsetseons e a 4@ e eHbWo | f

Gl adrowhby 206athi nw@hOio f orm diarmsddrvbeani @O aci
(@AquedQpsl HE£Q bi car pp@@tar bondtCH)aindtrysir ogen i on
(B(FigurTehsesp2)kies (2q@@ousCOO@Q”) comprise t
di ssolved inorigmns eawantr dsr@a Vi @@é&C)y 9083 0%and CO
( ~9 %) domi nat e talbbouDI|l Q,% a&rxd sotdfad ye®Qtamal f orr
undi sso€Qaheds phercoipeelr t icas bomhat bBe sy hiteeimque s ul
beharviof t he oceaapeirn urrebsdpamosteh etoindClOet @ a aic d n ¢
ofabundarntn gaiseesear tstuacdn satspdhsep breeia b iibleert ween t he
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Atmosphere
COz (9)
CQg P CQ(ag) (1.2)
CQAN H,0OP H,CQP HC® H'P CE 2H (1.3)
Ocean

Figure 1.3 A schematic of two equilibrium processes of G®the atmospherecean system
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ver , this final equilibration is based

sport (Bofoetclhke ylo3®e 3Dk msee arieQ@ h acncguer so i n t he
n. I n response to ximbdeéei hicraeasiomg i atsmo I m
mul ates in the surface ocean | ayer, whic
uptake capacity of ngheprocecekaceraseaspatre¢rs.
om the surface to the deep ocean, by whi
estration. But this vertical -t prak@oftom
at mospmer ¢ haThitd emgeanti srso pogenmiecsuC® i n a
at mosmdleg ifcr &€dt i on, Juutt atkhea tc atnlneo t o areeasmp oG
XxXpect eBir.o eféhkeered 99®@a3t ed t hat only a relat
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temperature effect Band tllhevebi omlgodgihealt earfpfea a
bi ol ogi cal uéenhasatiupha@dBEOCGOI | Bagedf oseawaf
ocean obSakwabbs(bh®xe2) atat ed -dehaef@uabalndairreve
t haatzone between 40A and 60A | atitude in bot
CQbecause of t-hecltowdtemautanent he hilgm wind
particular, the Southern Ocean (< 35ASyt cove
accafuommnt ~40% of the oceanpecmiuspgticackies 0 f DaVvint ihe |
The equatoriidldABaciifsi ¢ hdefd gl op hodroiear t@Qh he h
temperature of anrhde tshue fuapcves bskesaonmpalerrobanges
temperature and Dbi ol osge acsamm@fi rodfw efsbsfeel s xree gul a-
seasonalaisregaQbd f eusxkehaeu atmod i sad b ppo loxreawmaeant r ol | ed
bi ol ogi cawh eprtecbaasb € § @ € mp er aitdeo ngiyr aet ¢ad reimysr talh @ r e
ef f(eTcaak a ha 22WiI02&de &l o) oigdlccadt ed fre@ent hs out of
t emper ataunrde tehfef emcatgni t udei sf at demcombi oeadoéft
The gl omadre@G®¢ ¢ aixk aisnt eramcuddaadsalni ocresponse
facsoch nzsseasmospheuiect Ot he a®emhs@ndigesni ¢ (
E NS mwt hern Oscil | aicé¢ MciKn nt ey equat or,i 21017
2009)

1.2 Air-sea gas exchange

In Section 1.1.3, | explained why the oceans haveuge potential for the storage of
anthropogenic C@ In this section, | will describe how G@ exchanged across the-a@ga

interface and how the exchange figxquantified

1.2.1 Air-sea gas exchange processes

Gas transfer across the sea surface is a ¢
devel oped seedesti @bBerinhvat, 1986; WanThhienk ho
mosvmi debged model i's thel i®sSd qart eeryt, FALig)um arhd et |
mod el assunerseasbatbouhdbeyel aythadimaiandatelr f ace
respectameheg main body of the atmesphéwe had
is well mi xed byThermailrentesiranafee t o gas t
interfabecdwmseseagahly anascfreas adti gentdebfy acse ow

mol ecul arT hdkei fefotdaibcerge st ansemi sfthhe resistan,.

' i quid phases. For Ipe stsh es orl eushil see ignaosee sm-bseunciihyg t a
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I Atmosphere
I Turbulent transfer
| Interface
/
Mass boundary layer Molecular transfer
___________________________________________ Ocean

Turbulent transfer

Figure 1.4 Thestagnantilm model of the exchange of less soluble gases across thesaimterfac
The solid dashed line represents the concentration profile of the fzes dase of ocean upta
Figure developed frorhiss & Slater(1974)

sithass bdunydear ywshidlee r &isi st ance dominates for
(e,wa.t er vanga Un)yaTnloeh egxacshamg el erlsyyd | ub |l e agaed oxmn el i k
i's controlnlteedr dbayerelsot h

1.2.2 Bulk algorithm of CO: flux acrossthe sea surface

Figure 1.4 visualises the aea CQ exchange process by teagnantilm model. Thewater
sidemass boundary layer is very thin walthicknessof ~10- 100 patm. The C®transport
flux across the aisea inerface F, e.g.,in mol nt2 s) by moleculadiffusion can be described
by Fi ck 6(Bick,f1856)st | aw

'O O @ a (1.4)

whereD is the coefficient of molecular diffusiqm? s!) of the gasn the mass boundary layer;
cis the gas concentratigmol nT3), andzis the layerthicknesgm). Equation 1.4 can be further

written as:
0 ® ®Oa (1.5)

wherecy - ¢ is the CQ concentration differare between théottom of thewvatersidemass

boundary layerdy) and thanterface(ci). Equation 1.5an besimplified as
O VO ® (1.6)

whereK is called the(total) gas transfer velocitym st) and is equal t® / z; it is a measure
of the CQ flux per unit concentration gradie(gee Section 1.2 for discussion of K). K is

proportionalto D and also forced byhe interfacial turbulence To study the relationship
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betweerK andtheturbulenceand concerK for one gas to the equivalent value for anothey gas
we typically normalse the gas transfer velociby thedimensionlesS&chmidt number§q for
CQOz in seawater a20°Cto eliminate thempact ofD onK:

0 0 @ QTYD (1.7)

whereScis defined ashe ratio of the kinematic viscosity of watey ¥ s1) and thecoefficient
of the molecular diffusion

YO 'O (1.8)

Schmidt numbefor a specific gass temperaturand salinitydependent and can be estimated
by apolynomial fit of Scf or seawater (35a sal-2nitgp) 48t t
(Wanninkhof, 2014)

Yo A BY CY DY FEY (1.9

Here,Tw is the seawater temperature in degrees Celsius. The coefficients A to Efort@i®

fit are given by 2116.8136.25, 4.7353;0.092307 and 0.000755At2 0 and 35a sal in
seawater$Scis calculatecdas~660for CO, andthe gas transfer velocity iBus often normalised

to Keso (Equation 1.7)

According to thestagnant film modelhe Schmidt number exponemin Equation 1.7only
would be-1. However the wavetank experiment indicatethat thevalue ofn varies and is
higher thanl (e.g.,Jahne et al., 1987)hese experimental results suppbg surface renewal
mode| which envisions that the surface ocelayer is dynamic and migs with the bulk
frequently (Danckwerts, 1951)The renewal modepredicates that gas transfer velocity
changes from2/3 to-1/2 with the occurrence of waves on the sea surface-g/8.for calm

sea state and/2 for wavy sea sta}. In practice, we often usé/2 for the flux calculation.

Using Equation 1.6 to calculatee air-sea CQ flux requiresthe measurments ofcy andc;,
but ¢ cannot be measured directly amd oftenmake measurements tife fugacity of CO;
(fCOy, patm)in seawate(fCOpw) and atmospherfCO,,) (see Section 1.2.3 for tloescription
of fCO, measuremen}sThe CQ concentration and the fugacity can be related bgahbility

(a, mol nm3 atn?):
w0 | @/ (1.10

The solubility a is related to seawater temperature, salinity and gas propetidsgan be
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estimatedvith the equatiorfWeiss, 1974)
[ A A,pmty, Azl AYjpmm YBy By Yjp T B Y p (1.1l

The solubility calculated from Equation 1.1k expressed in mol 't atnm®. Here he
temperatur@wis in Kelvinand salinitysi s i n &,.the onstantdO Az are-58.0931,
90.5069 and 22.2940..Bo0 Bs are 0.027766;0.025888 and 0.0050578.

By combingEquatiors 1.6, 1.7, and 110, theair-seaCO; flux can bere-written as:
O 0 Yipoen¥T | @&/ | @&/ (1.12)

whereaw andai arethe CQ solubility at thebottom of thewatersidemassboundary layer

and at the aisea interfacerespectively Figure 1.4.

1.2.3 Air-sea CQ fugacity

The seawier CQ fugacity (fCOqw) is often measuredith a showerheadquilibrabr using the
shi pds unddhefCOymeasyemerd systetypically consists of an equilibrator
and an infrared Cg@analyser(Pierrot et al., 2009)T'he dryCO, mole fractionin the seawater
(6COuw, iInppmM (f r 0 m t hseawateh Sugply which is pumped from the surface layer at
~5 m depthis first measured by a nedispersive infrared detectoe.g.,LI-COR, L6262
foll owi ngh obweernhteeadd 6 e g pumpedseawatdr.The ¢COpi$ theh h e
converted into C@partial pressur¢pCOzw_eq in patm) using the water temperaturég in

K), salinityand air pressure in the equilibrat@, in atn):

ACQuw_eq-CQulq N( / (1.13)

whepHE . { atim) t he water vae@ausuapfriesistuyr ea nadt tthhee !
of the eTghue |6 puiakkfiarg.apd @tw e £&£Oen correstuetlate t
t emperTat u)rnevk(a t he empi ri calTatkeanhpaesrhait .uerte arle.l

ACQ, ACQ, exmBIT ¥ Y, (1.14

wherepCQOzy is the CQ partial presure in the seawatefhetemperature dependenag4.23

+ 0.02% °C! has beerdetermined from the North Atlantic surface waf€akahashi et al.,

1993) Recentmeasurements for 21 cruises sampling the major ocean basins from 1992 to 2020
indicate a temperature dependence 34 0.01% °C?! (Wanninkhof et al., 2022which is in

good agreement with thieakahashi et al. (199&mpirical estimatelhus, in thisstudy, weuse

the 4.23% temperature dependeificethe pCOw correction.



Chapter 1: Background 11

The dry CQ mole fraction in the atmosphef@ Oz,, in ppn) (from air samples collected from
near the sea surface -at0 20 m above mean sea levad) also measuretly the infrared
detectorThecCO, measurements alternate betwagmosphere samples and seawater samples.
The CO; partial pressure in the atmosphgp€Qzy) is converted from theCOza

NCQa -CQal N( / (1.15)

whereP, (in atm)is the atmospheric pressure andwlager pressurpH2Oa is estmatedusing
thesea surfaceemperature anseawatesalinity.

Thepartial pressurépCO,) can bdurtherconverted into fugacitffCOy) by correctingfor any
norrideal behaviour of the gas with the equatiPrerrot et al., 2009)

"CQ ACQex @ ¢p .CQ 1CQLIRY (1.16)

Here,R = 82.0578 is the ideal gas constant converted to units of athomSIK . Pamis the
atmospheric pressure (at@)d Ty is the sea surface temperature inBKis the second virial

coefficient in cnd mol? given by(Weiss, 1974)

6 PO p BT ) o XWUNTY, OPpOQUC@ATTY (1.17)

and C Q (cn® mol?):
1CQ U T PY (1.18)

In practice, the CeXugacityis quite close to the Cfpartial pressure, the difference belng s s
t han 0. 5% (Wess, &Mdp wat er

In summary for the seawater COmeasurementshe cCO,y in the pumped seawater is first
equilibratel with the air in the headspace of the equilibrator and theiraiequilibrium is
measured bgninfrared CQ detector To go fomcCO,w to fCO,w requires three conversions:
COw Y pCOu eqY PCOw Y fCOuw. For theatmospheric COmeasurements, tla€0zais
directly analysedwithout theequilibrationstep)by theinfrared CQ detectofrom thesampled
air, andto gofrom cCOza to fCOza requires two conversionsCOza Y pCOzaY fCOz. It is
worth noting that sea surface temperature is apgaameter fothe conversion processes
(Equatiors 1.13 to 1.18).

Si nf€E@®wi s essent i-ad a offOOuU xt heesntuachh fl@d8 g gone i nt
me as urseomME®Dt,dur i ng t he | asThdesaemabmotdhler tdye c &d e &
ObserviabE@ ryo dt e IGQwW at asetd gd aolbeH i cds teundaibe se
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Fi g @5 le-situsurface oceafCO, values (colour coded, patm) with an estimated accurac
5 egatm i n SOC®Bakker at al.s202@Bqualed iBdRate moorindimesrepresent sh

tracks.

ofgl odbisle a.fAQx and suJdcfyaareei bt emaen @ Ataikmen asdal e
al ., 1997 .Mo2®02Z2,ec20@m%)y, bfyunthlere o cewmalsedr bon ¢
t Hear €®sdat abawmei fwartrmm quaregypdan@hel Samd ace
CQATIl as (BOCAT;. / /| wwwl.hseosceat me and wr/ement s ar e |

researchvelksseadsy oobserving ships, with an U

mai nly i nedaudeers eagnu iari rbfrraaroed Bankd& ley s ert lanl . ,

addime a@annyt emane increasingly made by instrum
and autonomous surface vehicles. The | atest
million observations wiatthmram d40&6Ur aoy 202 1b ¢ t
oeans and coast al seas (Figure 1.5). The SOC
and regional ocean carbon cycle studikRe and
gl obal ca(frBbaokk édrudgtetal ., 2016; Friedlingstei

Thei stri COtwnoas wrfe BORTIsBiiginétyer ogenous in tin
(FigurTeo lesbt)i.mat e t heef | dilxobm s heeteebaseer @@ ttih@ns
SOCACQwWat aset needs teocdrest ma et rpf@® gltr laulicag a p
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[natm]

Figure 1.6 The climatological meafCGO,,, of the global ocean based on the SOCAT synthesis
dataset and a neural network techni¢luendschier et al., 2020)

Awi dely used approachetbabt hsbhi mgpphegrpltate
obsefCQwdnd the dpotemrmidall y avasiucahb| &s gd ed as U
t empersatlurnd,t vy, chl orophei I heapdliyinmreeagd e 5 ay en
(e.g., R°denbeakyantg uala.l, anedribadrcly . , Landschg¢t
201B)glursehows an farxeacnopn sdC uypcrtoeddu c o n babed SOCAT
dat aset ( Fingeuurreall .n5)t weorakn disecchh;2t0zigebe2 @y al .

1.2.4 Gas transfer velocity

The <current advances i n understanding gas
comprehervyi wavleyl i n aGarooek( &thdadplt.ea jpyur nal p
Wanni nkh@20.aHeale., I summari se nhlce mbagwsc pri

transfer velocity studies.

Molecular diffusion and turbulent transport are direct controlling factors of gas tréiidiee

et al., 1987) Molecula diffusion is related to the properties of the gas and chemical and
biological enhancemenwhile turbulent transport represents the environmental forcing which
includes physical (e.g. wind, waves, bubbles, rain), chemical and biological processes
(surfadants)in the atmosphere and seawater interf&&arbe et al.2014)
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Molecular diffusion: The molecular diffusion effect oK is characterized by th&chmidt
number dependen¢Equation 1.7and after being normalised k@so, thegas transfer velocity
is mainlycontrolled by the degree of the turbulemceboth sides of the agea interface

Chemical enhancementThe chemical reactia(Equation 1.3) in the mass boundary layer
also possibly contribute to the €@ux, which is known ashe chemical enhancemeatfect
Typically, the timescale of the chemical equilibriumlogsger than the molecular diffusion
across theair-sea interfacen the open ocean except for two conditioh} At the low wind
speedof the tropics (with high sea surface temperatuited mass boundary layer is thicker,
and the timescale of the chemical reactimncomparable téhat ofthe molecular diffusion
(Boutin et al., 1999; Wanninkh@& Knox, 1996) 2) At regionsrich in carbonic anhydrase,
which can catalyse chemia&actions between the carbon speciessahgtantially shorten the
equilibrium time(Matthews, 1999; Mustaffa et al., 2017)

Wi nd sApneocendgs B U btrhetlebdaect or s, wind speed plays
the gl obal ocean, because wi-ada si mpicheyigsli sccadl n f
procéWaeaesi nkhofWi n20t4éan drive surface turbul e
bubbl aes,s psemrsfeact ant s .

Ocean Waves: can &afefaegtast kexchiamge dremakfngan
waves. SHisncaeswakrercontroll ed gas, turbulence
gas exchange. Breaking waves contrabaetandig
enhance the mixinfg?3addhmet ke HdwéaeldD8l7dyert o tF
of the properties of the wmeasessrament e Whéfc
of t hea ovwav eesn h anecseenae ngta soifdxaifracgét to quantif
2012hao (e2t0@Bly.ued-sehagaai exchange depends not
al sot hehnrwdhve Kitbaegdrdddkisie wtaevakg @se p e hgdaesn

transfebaved oentgygonsi deration of dissipation
to thd sliaddds er vati onbawneheser moided sin det ai l

BubbBabbl es esnehaangcaes aixrchange via an additi o

medi ated gas exchange is more complex than ¢
sability is a conmediladt ed dxagcheoagemn @ulbdrd cem
| osvol ubi l ity gases-sobmpal g¢tNg wrMee i gher 198

Secondl| yne db wkilelde exchange i-¢driasgmmegds ifcl wx ¢ $
being higher (WMoahffol®Pé®vVveakieaot of bubbl es heé
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wi thhe tfraction of whitecap coveorf whiechwviingd of
(Mona&hSgpn | | ane, 1984)

Sur f acSurnftasct ant s -sceaan gsausp paxecslsanage by modi f vy
properties of the sea surf ac(eGaarbke 2@diMoael .t u
Surfactants can be {frFodcwced abbhw . pmadtbOPhIeale lat o
surface via b(uhsbh eer sectavBE@dmth9® 6 ear ch founc
OceansiCPR014 was reducecdthl@mRa&re idrue . ¢tBuslu.t ha2
effect of psobfadttyamoasteotmi gnoidieincda sftyreed et al
20 2blec ehusgeh wiwmdvse samcdan di sperse surfactants.

Sea Secae:ice Iis a barrier between the atmosph
sea gas Therchbahagegecte ocfo vseera ogna sah & c b & mtgheaft o u rhce

CQgas tr ansafteradveealroecaisteys i n pr opooptiiceer actoov etrh
(Butt e& Miolr,lté20 1 6 ; Prytherch et alQt,he20 1s7t;u dT &
suggest that the gas transfer veloc, twhiich hi
i nditclhdtdesappears to be dtihaan whbwdo sdpewrdrkéddert

zorfe oosle2®20043¢a ice Iis not an tnacer meduagm
CQ
Among all thededcrvibwmg ndbotpammg oir sodyraisey err ansf e

antdhe ovionlalspeed data i,analKsipussfedadi Ipyarawmeeitle:
wi t hletmet er wilhpThe@ewidnd s p eoekd sedaenp ebned ecnocnes t r a i
theoreticalt kte ngliodkn hitni vodnrstc antyr,cinceedr,aintde ¢ a |

eddy coolmsermwnatei ons

Theoretical Basstidengtisomx.c hwinmve v & hréeasmnu tasn d
Li&Merl (VaBE8entified three prhggiimad wheorce sdiefs

be controllihbeghmeekthaageergi me, t he rough
breaking waveThbybpitaperedi meksgovistélpprdg rutse eaf
tal a&kevir dnvaeemti nkhof: et al ., 1985)
0 ™ QY Y  o®ms? (1.19)
0 ¢ &Y o8 o® Y panst (1.20)

0 v TYX Y panst (1.21)
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ThbombE i nvelnt otrtye earll 3r d© bdmtfimasedfeased i n-
t he at ndousemhtenrino atbe s.tTh ey oibmVvent or-Yy€ oif h éb oabe an
provides a wgolrolheeidre & osaddivali gjeases . Théeh ams CO
exchamda wast dblIriB¥hmed klef 1 %85 ,.aWNd.® 1816 r)(k1h9o9f2 )
empl oyéi e¢hébBangeedaatiaadsatuuimc r eks@stnido nwihn ¢ |
sSspelalsedvi avda v e t a n(kWasntnu dnirkéhsoifv e n,, hd plhse

wi del KeeltwS endl Paprexemet Boi sat & atdeyr mrwisrhdg t

0 ™ PY (1.22)

A reassesbdmetfti novfe f(tNmee gl er, 2009 ; iS%wetehnee yo ceeta
suggedstl ower gl obal me ah6 .g5a ssimtBtma@ g aerre dv etl ® c
preve tuismMat9e 8m3h3Broecker.Tee! abal VEIrBasd)wsopte e d
wasl smpr dywed emot e sen.disiqgolcher wiftdiaonnesd n b o mp
dat asaitmparnadv ep e evd n pl(rGsaMiPe, t as &1}, Waard n i, ( KRHdLf4 )

revi $peadr amet eri satiiomt of Equation 1. 22
0 g OY (1.23)

The coefficient(here0.25 changes with different wind speed produ(fsy et al., 2021)
Global ocean Ceflux estimates often scaleto match a global mean transtelocity of16.5
cm h!' (Naegler, 2009) Note that the Liss& Merlivat (1986) parametisation yields a
significantly smallermean globalgas transfer velocityhan theconstraint by thdomb!‘C
inventory (Figure 1.7) andthis parameterisation ihus not recommended for global ocean
CO; flux estimatesEquation 1.23 is derived fromarge spatiad (the global ocegnandtime
(half-century scales. Its applicationto local and shortime CO; flux estimatesneedsto be

confirmedby furtherregionalstudies.

Dualraeeper iimeled caita I ascteupir es i de eg i eowimdence t o
supiphoertquadr atdependenscseeefd t hien ghgala Ridomhdr
1. ZheasgHer anbad@&f fmoleadilfdrusi onWheaftiheiyemtr
rel eased i nto tthhee oltdgaahisoodhed | dheetreattoe lgygs excha
be di.Ther gas transf er vseulcoccelldtsyi amgalo SFe ntd e ait Vv €
measur ewanssen eBasasaéed, ofitrCakkickepreemét m Nohret Ha Se a

caestalLNisght)i a 21000 parsoacher ppopmeaeKidssati on o

0 ™ & TR P (1.24)



Chapter 1: Background 17

120 ~ Liss and Merlivat (1986)
—— Wanninkhof et al. (2014)
—-= Nightingale et al. (2000)
100 1 —=- Ho et al. (2006)

—— Yang et al. (2022)
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F i g @7 ®henormalised gas transfer velocidy) versus 1emeter wind speedqo) for differen
parameterisation schemes. Térange, red, blue, purple, and green lines represent the gas

velocity parameterisation basedtbeoreticalconsiderationgEquation 1.19 to 1.21; Lis& Merlivat,
1986) the updated bonrt‘C inventory(Equation 1.23; Wanninkhof, 2014he North Sea dudiace
observationgNightingale et al., 2000)}he Southern Ocean duahcer measurementido et al., 2006
and aglobal synthesi®f eddy covariance observatiofiéang et al., 2022)respectively. Thgreer
circles are the grand (ensemble) averagedufy covariancésso measurements in different oci

regions with the error bars indicating the standard devi@flang et al., 2022)

More r dHoerettl2y@adPeé)y f or mad acxperail ment in the So
(open wictehangisugp ¢ mweadThaidKisdiq@ar ameter mshari on
t o Equla.tzadd (FRdgur Ehelr.e®)pu atli.ozahd. 24 and th
par amet rHos ae(ti2dafl Bifdel Y ous e-deafQQux esti mates

The tempawrfalt htec adtuearl o pd @iywhad ri toenlsat ha hi-b® mb
constratstmudhotnger t han t he etai geassc ael xec,haafn gteh ¢
J2hne). 20d9%9@aalgsled i om, t hece antsrdaadr opleneéyvdtio
andvad fuakssar e available at the | ow (smooth) an
respe¢Hiovelty.al ., 2011)

Eddy covari anlclhe teecchyni goeari ance (Ef€¢altechn
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(hourly) gas transTher ECeltecihing ggdles eametreans.
COQf lausdi rectammdcoOmbi ni ngf It he Wi@talCQavigraci ty di
measurem&ctas, behaderived. With advances in t
processing procedures, théyEQseedXhbhmi ghedSlea ®n
ocean whgchbnwgsedtthenst udy-sma cex&nh ésBrgsk lofe taiarl
2017; Bl omqui st et&Mill.l,er2020;16Bhb tDtdeargwoartt|ha le t

2022, Landwehr et al ., 28Yle8l ;1 amvhid ,| e2r0 2elt; avla.n,g
Zavarsky etlmalsuyppRIlOdragenitanSdl ,aslsessus t he progr
vel orceiatsyur mmmdaettesseEthgchovguet he | ast dqaangter

et (&10.22nt hesi sed eight EC datasets (from 11
par amet eKsésbatib@@® eaf on the granKekdatvtaesagse: of t

0 ™ @ p& Y T XY (1.25)

ComparEBgdatsdaoam3 1add, t-shd el bsanka&@d par ameteri sa
constant t &Ksemmadmeshiagherow wind speeds (Figu
the chemical eekahaerfetid bBatCOonship from EC
on different cruises suggesYan@petarazety o2@2 2D
bars Fi guerper els.eint stsah ke ¢bdr ainefvficartwirgrewhi ch ca
be attributed to the impact of driving facto
wind sepektiddnaitose i nsufficiencyt ahlde nmesaliaa rgimsst iac
exchange process is key toKseempdoviong etdluei p

uncertainty akgsboncigaltoebda Iwiasnach 1fGe@gx o@al | matres .

1.3 Current knowledge gaps

Al t heaogbknt i st svewadd deni fder thsar nt doe rasdoviaondceen g C O
upt,akmany knowl edagned gtahpes usntcielrlt aeixnitsite €Qi n r eg
fl ux estsiigatirdadtcasbnidy f or .ltnh et hpiosl asre setcitoang, $ | s u

chal Iwehnigdescus on in this thesis.

UncertaithppasestriaansfFresuvedoei dthhsedv ad éwaaCO ai r
fl ux estmamant eusncC etohhesi deétyleel o mc drhgeari aame/t e mi s at
ot hgeatsr ansf e(r Woueell fo ca tA ya Ir .e,v isZ220ed3l) ofnin nld 2stplreee d i s
maj omolbbutt he onl-sye adre@xQérrcbrutf@vei daelry used par ame
scheanele lKgagwei t h wi nd( BEpdedichmelch ani v dif esseiar

gas eXxkdhsaendEdnedtchgiTabé e nIlidchHphsmitng wiomd yspesed
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i nsuf ft icdcel secnKsis.pTeh e EC t echni que iins i ampmpowiemnd u
par amet e Kdegaitthiennh eadfecnetr t ai ntsiecafdQax E@easur e me
have notqgweaeretwhfwiedhd ,may confECum d u& edsd nailkselesd o f
Abetter understandi ng-batsed hElCext®&ear teamihmthices ¢
confiidernaegei ng EC mxpdmarcgdmemitsmgs ofexahédnge
validate the i ndiTrheec tmabiudh lkap tnetaxf 2tetsy ri anag leyss e

t huencert ai mtaiseesd -sEE@G BB X measur ement s.

Challsehgwed-mi xi ng asBheé@ftugaci ty nerdeypri eméhtys
made 5adt er add pdrhelndt pe@d st-s maif@ Quixierdi hleeguati on
(Equat i.omi 4. dii)d Imaid eeg laiscsiutmp tti loen s eéhaawat er i n
ocean l,AyemO0( e@m.)Jwelt he dnidxhhif@eQwt 5 m depth i s
to thlae ot t onb ooufn dttahyee rma(sFi gwe we mhmel rsteiame

melt res-sbtfaca saenaddf®@Ofhaitc abiiigdhitf f er cflroosne tthoa t
t he sede.sgur,fMaddel cant, all n ki Gwtasleen from a s
seawat erS5mi dlewitlhlatb i-saesa.t(hGh xaiChapthewi fhiph@att of

shalsltavwat idfuiec gitad esimmerl dt se aafidlQux esti mat es.

Chall ermge Sowft hter 4f | Qicxe aessAtsE Osahtoavn i n SBiug lnree nl .
Ocelamas the | owestmsas i radkaaesud ea@®BPar ed t o ot
ocean, badseiadswmmgc @ rot &ii gthgc d@ annf S@@xt hedsrGn maeé e set a
2019 phe npoHodlIs er vbayt i minegeoch&@ACEOM, f SOade &re ( n

Carbon and Cli mat e O)lpseorvv atei cams oapnpdo r Maudhd Itlyi n
Howe 8OICCGMasedf l@GXEti mabebadlilsymgr®@CMAaskd CO

flux ecGBusnatesky et al . ,l n20Clh%,;e tn@riiaoydd,e ple md e nt
novedf X meabBwredeyntsoveheaBocevhérdabOeeahet o
CQf lux estimates,omndowrnoampirdbe ei nhiegdStosmkher n

esti mat es.

Questionable temperature treatments. Sea surface temperatu(8ST) is not an explicit
variablein the bulk equation (Equation 1.1dutasindicaedby Equatios 1.13 to 1.18SST
is a key variable foair-sea CQ flux estimatesA small bias in SST (e.g., 0.1 K) mawpt be
important for local aksea CQ estimatesn regions with largélux signak, butis significant
for estimaing theglobal airseaCO flux because thabsolute valuef theair-sea CQfugacity

difference DICQOy) is on average only ~10 patgiobally from 1982 to 202(Fay et al., 2021)
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According to the Takahashi et ak1993 temperature normalisatiofiEquation 1.14)with a
mean seawater GQugacity of~400uatmfor the global ocegra0.1 K bias in SSWill result

in ~1.7 patmor ~17% change in the global meBfCO, andthusthe global aisea CQ flux.
Theship SSTin the SOCAT dataset is typically used for the conversion pradd€O,., but
the SST measured by shipsvsll knownby the SST communityp have a warm big&ennedy

et al., 2019)In addition, as shown by Equat®h.11,1.12 and Figure 1.4he CQ solubility

is temperature dependeand the temperatureery closeto the sea surfacg.g., the skin
temperatureshould be used to calculatiee interface solubility &). However, the sutkin
(e.g., at 20 cm deptior the subsurface (e.g., at ~5 m depth) temperatwieis used for the
calculation ofa;. The skin temperature is generdfiyver thanthe subskin temperature because
of the cool skin effec{Donlon et al., 2002; Fairall et al., 1996; Robert&olVatson, 1992)
By considemg these two temperature effeatsafm bias in the SOCAT SShéthe cool skin
effec), Watson et al(2020)estimatedhat the net global ocean @0ptakeincreases by ~0.9
PgC yr! (~50% on average from 1982 to 29 | revisit these two temperature effects and

provide an updated temperature correcfarglobal airsea CQ flux estimates.
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Chapter 2

2 Methods

fiResearch is not aboRIGHT or WRONG, it

is about improving the understanding

(Mingxi Yang, September 202(
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The results presented in the following chapter have been published in

Uncertainties I ns ea df@Oucxo vhaerai saunrceemeanitrs

| mpl i cations for gas transfer vel ¢

Yuanxul-BoMigng%i DYamg hee },C.VaEs.s iBaiksk ekri t i di
and Thoma’s G. Bell

Centre for Ocean and Atmospheric Sciences, ¢
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Abstract: Air-sea carbon dioxide (GPflux is often indirectly estimated by the bulk method
usingthe airsea difference in C&ugacity OfCO;) and aparameterisation of the gas transfer
velocity (K). Direct flux measurements by eddy covariance (EC) provide an independent
reference for bulk flux estimates and are often used to study processes thkt dioveever,
inherent uncertainties in EC aea ©: flux measurements from ships have not been well
guantified and may confound analysesofThis paper evaluates the uncertainties in EG CO
fluxes from four cruises. Fluxes were measured with two -stfatiee-art closegpath CQ
analysers on two ship$he mean bias in the EC G@ux is low but the random error is
relatively large over short time scales. The uncertainty (1 standard deviation) in hourly
averaged EC assea CQ fluxes (cruisemean) ranges from 1.4 to 3.2 mmoFmay?. This
correspondsat a relative uncertainty of ~20% during two Arctic cruises that observed large
CO; flux magnitude. The relative uncertainty was greater (~50%) when th#u@@nagnitude

was small during two Atlantic cruises. Random uncertainty in the EI@®Qs mostly caused

by sampling error. Instrument noise is relatively unimportant. Random uncertainty in EC CO
fluxes can be reduced by averaging for longer. However, averaging for too long will result in
the inclusion of more natural variability. Autmvariance analysis of G@luxes suggests that

the optimal timescale for averaging EC £{Dx measurements ranges frofi3lhours, which
increases the mean sigriainoise ratio of the four cruises to higher than 3. Applying an
appropriate averaging tirseale and suitabl®CQO, threshold (20 patm) to EC flux data

enables an optimal analysiskf

2.1 Introduction

Since the Industrial Revolution, atmospheric2A€évels have risen steeply due to human
activities (Broecker& Peng, 1993)The ocean plays a key role in the global carbyrie,
having taken up roughly orguarter of anthropogenic G@missions over the last decade
(Friedlingstein et al., 20200 ccurate estimates of asea CQflux are vital toforecast climate

change and to quantify the effects of ocean i@ake on the marine biosphere.

Air-sea CQ flux (F, e.g., in mmol n? day?) is typically estimated indirectly by the bulk

equation:

'O UgeoYfB 608 CQ, "TQ (2.1)

a
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WhereKseo (in cm 1Y) is the gas transfer velocity, usually parameterised as a function of wind
speede.g., Nightingale et al., 2000 c(dimensionless) is the Schmidt numipéfanninkhof,
2014)andU(mol L atni?) is the solubility(Weiss, 1974)Scis equal to 660 for Coat 2 0

and 35a salt water fCWaandiGOndiethe COfegacitygih patm) 2 00 9)
at the sea surface and in the overlying atmosphere, respectivelyC@ih- fCO.athe air

sea CQ fugacity difference PFCQO,). Uncertainties in th&eso parameterisation and limited
coverage offCOxw measurements result in considerable uncertainties in global bulk flux
estimateqTakahashi et al., 2009; Wodadt al., 2019) Note that the impact of the cool skin

effect on CQflux estimates is not considered in this chapter.

Eddy covariance (EC) is the most direct method for measuring tseaiCQ flux F:
"0 "Uame (2.2)

wherer is the mean moldensity of dry air (e.g., in mole i The dry CQ mixing ratioc (in

ppm or umol mof) is measured by a fastsponse gas analyser and the vertical wind velocity

w (in m s?) is often measured by a sonic anemometer. The prime denotes the fluctuations fr

the mean, while the overbar indicatbs time average. Equation 2.2 does not relyDi@ Q
measurements nor empirical parameters and assumptions of the gas propéfdes ni nk h o f
2 0 1 EQ flux measurements can therefore be considered useful as an independent reference
(i.e., direct real fluxmeasuremen}sfor bulk airsea CQ flux estimates. Furthermore, the
typical temporal and spatial scales of EC flux measurements are ca. hourlyldnént.

These scales are much smaller than the temporal and spatial scales of alternative techniques for
measuring gas transfer, e.g., by dual tracer methods (daily and 1G)QNightingale et al.,

2000; Ho et al., 2006 EC measurements are thus potentially bestited to capture variations

in gas exchange due to smsatlale processes at the-sea interfac€Garbe et al., 2014)

The EC CQ flux method has developed and improved over time. Before 1990, EC was
successfully used to measure-sga momentum and heat fluxes. EC-saa CQ flux
measurements made during those times were unreasonab({ydngis& Smith, 1977; Wesely

et al., 1982; Smitl& Jones, 1985; Broecker et al., 198&fter 1990, with the development of

the infrared gas analyser, EC became routinely used for terrestrial carbon cycle research
(Baldocchi et al., 2001 Development of the EC method was accompanied by improvements
in the flux uncertainty analysis, which was generally based on momentum, heat and land
atmosphere gas flux measuremghenschow& Kristensen, 1985; Businger, 1986; Lenschow

et al., 1994; Wienhold et al., 1995; Mahrt, 1998; FinkelsgiBims, 2001; Loescher et al.,
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2006; Rannik et al., 2009, 2016; Billesbach, 2011; Mauder et al., 2013; Langford et al., 2015;
Post et al.2015)

In the late 1990s, the advancement in motion correction of wind measurébesis et al.,
1998; Yelland et al., 1998acilitated shipbased EC C®flux measurements from a moving
platform (McGillis et al., 2001; 2004)After 2000, a commercial opgrath infrared gas
analyser L17500 (LUCOR Inc. USA)became widely used for asea CQ flux measurements
(Weiss et al., 2007; Kond& Tsukamoto, 2007; Prytherch et al., 281Bdson et al., 2011,
Else et al., 2011; Lauvset et al., 201The L7500 generated extremely large and highly
variable CQ fluxes in comparison to expected flux@ondo & Tsukamoto, 2007; Prytherch
et al.,, 2016; Edson et al., 2011; Else et al., 2011; Lauvset e@ll1) This problem is
generally considered to be an artefact caused by water vapousens#svity(Kohsiek, 2000;
Prytherch et al., 20HK) Edson et al., 2011; Landwehr et al., 20Mathematical corrections
proposed to address this artef@@tison et al., 2011; Prytherch et al., 28Mere later shown
to be unsatisfactorfElse et al., 2011; Ikawa et al., 2013; Blomquist et al., 2014; Tsukamoto et
al., 2014)or incorrect(Landwehr et al., 2014)

Themost reliable method for measuring EGsga CQ fluxes involveshe physical removal

of water vapour fluctuations from the sampled air. The simplest approach is to combine a
closedpath gas analyser with a physical dryer to eliminate most of the vegteunfluctuation

(Miller et al., 2010; Blomquist et al., 2014; Landwehr et al., 20hg etal., 201 Ni | s s on
et al).The tubdbledodelaserbased cavity ringlown spectrometer (CRDS) made by
Picarro Inc. (Santa Clara, California, USA) is the most precise clustbdanalyser currently
available(Blomquist et al., 2014)The close¢path infrared gas analyser-ZR0O0O L | COR

Bi oisences, L i n c 0 is anptheNpeppularaiwikea |, USA

The advancements in instrumentation and in
i mproved thsequ&l€iltC®w ofbsairvati ons but, despi
uncerthhdwd i et -qgnaan i fwieé d . The aims of t his
uncertaintieasfiQnx El@e asur ements; 2) propose p
systematic and random flux wuncertainty; and

ifnl uences our abilityKetoo esti mate and par ame
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‘Water watcher” protects system from

Inlet I acudental water intake B ‘
£ |

’l Filtéri | Filter ‘1\ Switchable

Filt
Pullly— l el
U . filter system

Drier 1emoves wep | 1y,ver
water vapour ) Valve

relgasgs —_—
periodic
‘puff’ of N,

Nitrogen

CO, measurement == | .. - rcap Pump

Figure 2.1 EC system (upper panel) and a diagram of system setup (bottom panel). EC inst
1) Sonic anemometer, 2) Motion sensor,A3) sample inlet for gas analyser, 4) Datalogge!
analyser. Arctic and Atlantic data from 2018 were collected oRR@&Janes Clark Ros§JCR, uppe
right) using a Picarro G231fL and Atlantic data from 2019 were collected using-&200 on thdrRR<
Discovery(upper left).

2.2 Experiment and methods

2.2.1 Experimental setup

The basic itmffeourmads wmhadi $sed in Table 2.1. A
four cruise tracks (Figure A2.1, A2.2). Dat ¢
are | i mii2z@®AS tion 3ANder to focus specifically
anal ysers iontwets®amewr €gux signal (tropi cal

The CQ flux and data logging systems installed on the JCR and Discovery were operated
autonomously. The EC systems were approximately 20 m above mean sea level on both ships
(at the top of the foremasts, Figurd)2o minimise flow distortion and exposure to sea spray.
Comput at i on al (CFD)dimuldtiordindinatesthat tke airflow distortion at the top

of the JCR foremast is small (~1% of the free stream wind speed when the ship is head to wind,
Moat& Yelland, 2015) The hull structure of RRBiscoveryis nearly identical to that of RRS

James CoakCFD simulation of thdames Cookndicates that the airflow at the tégremast
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is distorted by ~2% for bowsn flows (Moat et al., 2006)The deflection of the streamline from
horizontal andts effects on the vertical wind component is accounted for by the double rotation
(motion correction processes, see Section 2.2.@) fwithe EC flux calculation for both ships.

Table 2.1 Basic information for all four cruises on the RR&mes Clark Ros§JCR) and RRS
Discoverythat measured asea EC Cofluxes.

Crui se JR18006|JR18007|AMT28 AMT 29
Data pe|30 Jlune|5 Aui@9®s|9 Ocilotb|4 Nov el
August Septemb|October |[Novembe
Vi sited|Arctic Arctic Tropical|Tropi ca
(Barent{(Fram S|Atl anti |At | aOcteia
Researc|JCR JCR JCR Di scove
Gas ana|Picarr<d|Picarréo|(Picarr6|L¥7200

The EC system on the JCR consists of a tdieeensional sonic anemometer (Metek Inc.,
Sonic3 Scientifig, a motion sensor (initially Systron Donner Motionpak I, which compared
favourably with and was then replaced by a Life Perform&tesearch LPM&RS232AL2 in

April 2019), and a Picarro G234as analyser. All instruments sampled at a frequency of 10
Hz or greater and the data were logged at 10 Hz with a datalogger (CR6, Campbell Scientific,
Inc.), similartothe setupbgut t e &Wio d tl ke r. Aif iR pulled through a long tube

(30 m, 0.95 cm inner diameter, Reynolds number 5957) with a dry vame giLa flow rate of

~40 L mint (Gast 1023 series). The Picarro gas analyser subsamples from this tube through a
particle filter (Swagelok 2 pm) and a dryer (Nafion-200T-24M) at a flow of ~5 L mirt

2. 1) .

Picarro exhaust to dry the sample air. This method removes ~80% of the water vapour and

(Figure The -fdruyxebr ciosnfd gtuu @t iipressurela @ d O U e
essentially all of the humidity fluctuation¥dng et al., 2018. The Picarro internal calculation
accounts for the detected residual water vapour and yields a dmniRi@g ratio that is used
the f|

(N2) into the tip of the inlet tube for 30 s every 6 hours. This enables estimates of the time delay

i n ux calcul ati ons. A valve controlled

and highfrequency signal attenuation (Section 2.2.2).

The EC system on RR3scoveryconsists of a Gill R®0 sonic anemometem &8PMS motion
sensor package, aad_I-7200gas analyser. The {4200 gas analyser was mounted within the

enclosed staircase, directly underneath the meteorological platformoaedalhe inlet (inlet
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length 7.5 m, inner diameter 0.95 cm, Reynolds number 1042). A single pump (Gast 1023) was
sufficient to pull air through a particle filter (Swagelok 2 pum), a dryer (Nafiof2BOI-24M),

and the L17200 at a flow of ~7 L mit. Thee was no N puff system setup on Discovery but
equivalent lab tests confirmed that the delay time was less than on the JCR because of the
shorter inlet |Iine. The dryefrl wnd tccen fDii glwcroarte
JCR and uses the lower pressat the L7200 exhaust (limited by an additional 0.08 cm
diameter critical orifice) to dry the sample air. This setup removes 7980 of the water

vapour and essentially all of the humidity fluctuations. The dry @@&ing ratio, computed

by accountingdr the LF7200 temperature, pressure, and residual water vapour measurements,

is used in the flux calculations.

2.2.2 Flux processing

The ELeaiflGQux cal cul ation steps wusing the ra
(Fi @ghdyeand det ari d w dhibgehwenn c yTheeahd and @E0Oo0cCcess
yielding fluxes in 20 min averaging time int
used for quality control of tbetfblUked. 2Bumt
to hourly or |l onger time scales is then wuse
detrending was wused to idemtainfdy theotghobdut e

anal yses.

To correct the wind data hoour Isyhidoatnmao tfiiolng s we
measurements from theli menscoaakmwmetdwew peéedr.
angand sonic Teempetit & tour-asxeinss oac c(etlherreaet i ons: a
accel _z; and r ot atoitornz hmigp elseadiong xovermtglyou

the gyro compass) and ship speed over groun:

| arger than 4 standard deviati ons ( SDs) fr
compl ementary filutl eri @daegeneid o adnwessi neagd pH, i eld 9t8¢
hourly data files to remove apparent -winds
corrected winds were further decorrelated ag
sensi(tMiviilteyr et al ., .20rhQ0e;-cndoatnigocne ed awi-ndg 0wa
rotated to account for the wind streaml(ine o
required in Equation 2. 2. |l nspegaedtomalofpdaleq
ship moti on frequenC.i3FxsHZ)apphadxfidmnesstagptpleea 0 ;nd t
corr gdtiigaur e S2. 1,ThSusp pil nednecnatt eSS2 )t hat t he maj
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been removed from tThlee measurstdewi hd Bphpeewi n
the calculation of 20 min average friction \
used forntdgatcanqual (Table S2.1, Suppl ement S

The Ot a wveepriekedle (by removing values > 24 SDs
mi xing ratio was further decorrelated agains
CQvariatitorsehdgureot od2.00JMCR inlg rati o was furt
against720®B@ Hhilxing ratio and temperature t
fluctuati ons, f ol l owi ndga tLaa nwdemeeh r a lesto #adheec o(r2r0Oe
shi pds dhaeaxwel &@am ati ons becausevahieagklMildidteyr p red
al ., 2010, Bl omqui st et al ., 2014)

A lag betdtweana€Qui sition and the wind data i

sample air to travel through the inlet tube.
time is the bemweedipluf@denblt art (when the on/c
the time when the diluted signal is sensed

estimated by the maxi mum covariance met hod,
signand finding the shift t hat achieves maj»
velowi tygi dnal andsithgrealshi Thedl £ ti mes esti
covariance method agree well with the esti
Suppl ement S2). These esiBi maseorntdtheaBAechti t
s for cruise AMT28 on the JCR. The maxi mum

Di scovery (AMT29) was 2.6 s, condihset ermrtuiwiet. h

The inlet tube, partiacleg ufeirdldtyuexrC Gaingdn ad r yaetrt ecns
No6puffd was also used to assedoltdhegr éspensd
CQsignal ( cihminlger approaches have been used b
al ., 2014, DBeThe eresaponse&O0tlismpe i s 0.35 s for
for the EC system on Discoveéernoa iesd)i .maTheas @ nr
ti mes were combined widitehpetmident gl athiewe etwi od
cospact{ Kai mal et al ., 1972) to estimate the
(Yang et. aThe mMBé@dmB)attenuati on percentage | S
speed dcepdrdgrure S2.3, Supplement S2). The a
to the computed ffofrbeg fbuxompsesisratigeuenhoy t g
attenuati on. Fifrnalxleys, ahnodr iozt chretradsntda® igsdadi dCO s U
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' Y
Wind data |« Raw high frequency data | CO,data
L A
Hourlvy *  Generate hourly data files of wind, ship . *  De-spike CO, data
data motion, ship speed and heading 1?1'0'cessmg of *  Decorrelate CO, against cavity temperature,
generation *  De-spike variables raw CO, data pressure (JCR), H,O (Discovery) and ship
motion
> 5
*  Motion correctwinds *  Hourly lag correlation analysis (w, CO;) to
. * Decorrelate wind against ship motion Time lag and estimate lag time 1
}F‘.]“g“ . Dpuble rotation on mclnhon-cormc‘redl high- +  “Puff test to estimate lag time 2 and
correction winds before subtracting the mean ship frequency response time (every 6 hours on JCR)
speed ) attenuation * Compare lag time 1 and lag time 2 and fit
*  Calculate the true wind speed and estimation these lag time points to obtain the optimal
direction lag time
U +  Estimate attenuation percentage
*  Compute frictionvelocity and sensible v
Flux?s =_llld heat flux in 20 min segments Flux and +  Apply fitted lag time to compute CO; flux
Stla“:tl_cs »  Compute mean wind speed, direction, and Statistics and correct for flux attenuation
calculation other statistics needed for quality control calculation = Compute statistics needed for quality control
A v
[ Data quality control ]
A4

Average 20-min fluxes for hourly
or longer time scale fluxes

Figure 2.2 Flow chart of EC data processing. The raw high frequency (10 Hz) wind andatOwer
initially processed separately and then combined to calculate fluxedluk€s were filtered by aeries ¢
data quality control criteria. The 2Qin flux intervals were averaged to longer time scales (hourly or r

The data processing is detailed in the text.

were computed for quality control pur poses (
Theomputnmidn 2f0l uxes wed @efail |l séi @d mMammemaoames o
homogeneity/ stationary requirement of EC (se
2.2.3 Uncertainty analysis methods

Uncertainty Uocmp o@aé nttwwo cooommppd mesnt s s yasndc mat
random] ®r.r oAc c(otrhger opagati on of (UGGHErtadbey t
tot al uncerifdiuxteys i(f rb@G C@ndom and systemat.

10 10 10 (2.3)
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Systematic errors wil/| cause bias in the f11
appropriate system setup and, Thendetheerr oef
results in I mprecision (but not bias) and ca
Errors due to insufficient samplintghreesd i ns
i mportant i n EC(Ldrmus& Kmwevasstuernesneenn t sOBEB& y d 8 s i n
et al., 2013;. Ranni k et al., 2016)

Sampling error is an inherent i1issue for EC f

of 2€0ux un(cMaatrcaientt yal The 29d4d®Bpl i ng error i s c.
bet ween the ensemble average and the time av
requires the separation bet ween the me an 3
represuemtyednofix i @@as ati o

wdd oo e (2.4)

The mean dfoanprosmsaintt s ense mh)l ea nadvgsrpadgoed so(vneort t
contribut®@€héotitme &Vexage of a stationary tu
homogenous turbulent signal theoretically c
averaging time appYrbo(@wyrega airndf, il md @gyQa cit.i e.e,,

averaging over a much shourt)eri st itmepiicnalelryw ads
measurements from a fmoxvead gp opilmatt f@wm mfTrhdirs ha & s
because the atmospheri c-sthaotuinadmaryy |fagrer ai ey
stationarity (e.g., idi wromali tvamisa biilsi tayn ai nndh
at mospher i c (bWyunngdaaarryd ,E @yOlOwxa tolmwns t hus i nev
some random error t megg ttd mien s wafnfdi cti heinst esrarnopr

averaging ti mes.

Random error due to instruhmetng moiise «fomelse n
as the noise from the sonic(Bhemgomestret sal
Fairall et al ., 20B0omidaReléEHdeéwtamilnkod 2r0di3ge
spectral sl ope for t hfe)i,r ICRDShaysgama-f §rs ed CR
and Discob2®0)y ddrmonstrate white mioglsef rwadilhem
(Figure B2.2, Appendix B2).
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SystematiTableeradar2 details the measures take

processipngeltihnaitn ahnteel most sour cefsl uxfessystemat |

Table 2.2 Potential sources of bias in our EC-sia CQ flux measurements and the methods used to

minimise them.

Potential
of bias

source

Methods used to minimise the bias

Flux
uncertainty

14h
Water vapour

crosssensitivity

Closedpath gas analyser with a dryer remo
essentially all of the water vapour fluctuati@omaquist
et al., 2014; Yang et al., 204)6 The residual kD signal
is measured by the gas analyser and used in
calculation of dry C®@ mixing ratio, which remove
water crossensitivity.

Negligible

14k
Ship motion

Flux uncertainty from an earlier version of the mot
correction procedure (less rigorous than the one use
ourselves) is estimated to be P0%(Edson et all998)

The more recenthadopted decorrelation of vertic
winds and CQ against platform motioriMiller et al.,
2010; Yang et al., 2013gduces this uncertaintiyligge
et al. (2016) compare EC momentum fluxes measu
from a moving platform (buoy) with fluxes measur
from a nearby fixed tower. Flux estimates from these
platforms agree well (relative flux bias due to the mo
correction¢ 6%).

¢ 6%

T4
Airflow

distortion

The EC flux system is deployed as far forward ang
high as possible on thehip (top of the foremast), whig
minimises the impacts of flow distortion. Subsequ
distortion correction using the CFD simulatidvidat et
al., 2006; Moat Yelland, 201% along with a relative
wind direction restriction further reduces the impaci
flow distortion on the fluxes. Measured EC fricti
velocities and friction velocities from the COARESJ
model (Edson et al.2013)agree well (e.g., R= 0.95,
slope = 0.97) for data collected during cruise JR18
A good comparison between observed and COARI
friction velocity estimates indicates that we have fi
accounted for flow distortion effects.

Negligible

14h

High-frequency flux signal attenuation (in the inlet tu

particle filter and dryer) is evaluated by the £&Zynal

< 2% for
thevast
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Inlet effects response to a puff of Ngas. Flux attenuation | majority of
(high-frequency |cal cul ated from the 6i n| thecruises
flux attenuation | correction (< 10%, see Section 2.2.2). The uncertain
and CO2 the attenuation correction is about 1%
sampling delay) | unstable/neutral atmospheric conditions, which

generally the casever the ocean (e.g., 93% of the tir
for Atlantic cruises, 80% of the time for Arctic cruise
During stable conditions, the attenuation correctio
larger (Landwehr et al., 2018) and the uncertainty is
greater (~20%).

The lag time adjustment prido the flux calculatior
aligns the C@and wind signals. Two methods are ug
to estimate the optimal lag time: puff injection a
maximum covariance. The two lag estimates are in ¢
agreementSection2.2.2). Random adjustment of £ (
s (1 0 ffadst rasuitleto tpeuoptimal lag tim
impacts the Cflux by < 1%.

ol The CQinletis ~70 cm directly below the centre volun Negligible
Spatial of the ®nic anemometer. This distance is small rela
separation to the size of the dominant flecarrying eddies
between the encountered by the EC measurement system h
sonic above sea level. The excellent agreement between tt
anemometer and| time determined by the puff system and by the opiti
the gas inlet covariance method further confirms that the distg

between the C@inlet and anemometer is sufficient
small.

all; The potential flux bias resulting from instrumg ¢ 4%
Imperfect calibration  (gas analyser, = anemometer
calibration of the | meteorological sensors required to calculate air den
sensors air temperature, relative humidity and pressure) is U

4% for the JCR setup. The largest instrumeribcaion
uncertainty derives from the wind sensor accuracy

0.15 m & at 4 m 8 winds according to the Metek uSor|
instrument specification). This bias is even lower (< 7

for the Discovery setup because the Gill R3 s¢
anemometer is more accurate.

Propagated bias Estimated from the individual bias estimates ab < 7.5%

(1"0:M"Ohe t) asingy™0 B 1 'Y
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In addition to bias sources related to the instrument setup (Table 2.2), insufficient sampling
time (aninherent issue of EC fluxes) may also generate a systematic error. We use a theoretical
method to estimate this systematic error in EG @& (Lenschow et al., 1994)

90s ¢ » — (2.5)

where, (ms?) and, (ppm) are the standard deviations of tieetical wind velocity and

the CQ mixing ratio due to atmospheric processes, respectiVély.the averaging time
interval (s), and andt are integral time scales (s) for vertical wind velocity and §ighal,
respectively. The definition and estimation of the integral time scale are shown in Appendix
B2. The sign of "O could be positive or negative (i.e., under or eestimation) becae of

the poor statistics in capturing leinequency eddies within the flux averaging period
(Lenschow et al., 1993The mean hourly relative systematic error due to insufficient sampling
time for four cruises estimated yquation 2.5 is < 5%. According the propagation of

uncertainty theory (JCGM, 2008), the total systematic error is less than 9§@&{P v b).

Random kRirverapproaches used to-€stamattehe hrear

errcomponent due toE)nshrnnE@feaC®snarseed{ €cusse

random error assessments are empirical (A an
AAn empirical approach to esti matdattaotrall arn al
tobhedx®@ a (or vice versa) by a | arge, unr eal
fluxesd f-demyndler gannmizd dneC BRan reisk et Tale. ,s hd (F 1
removes any real coamadckcdationveet weah €E€©Ochan

deviation of the resultant O6nunlt(y&i ehbhréed eéep
1995)We applied a senmipas (oif. ¢.i , meusihndg ttsi md s h
-:300-1060 and 1Ra@nnhiok 360. s8N hi,s 2e0mMpsi ri c al esti ma

flux uncertainty wii{®, hereafter be referred

BLens &Kaow st(eln9s8edn) i ved a ri gorous theoretical
estimati on, w hti lceh -caowvtradr a iams € batalli ammwes sf unct i
theoretical equation hasFberkae& Sium@bi)cal ly ap

x
1Ok “B i Qi A B i Ai oA (2.6)
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wheren is the number of data points within an averaging time intepved,the number of
shifting points. The maximum shifting poimtcan be chosen subjectivékyn). We found that
the random error fom between 1000 and 2000 data points was similar, so for this, stedy
used p L T(IBO s shift time). The first term in the brackets represents thecauémiance
component and the second term is the ecossrance component. andi are the auto
covariance functions for vertical wind velocity)(and CQ mixing ratio €), respectivelyi
andi are the crossovariance functions fow andc. Herei represents shiftingv data

relative to CQdata, whila  represents shifting CQlata relative tov data.

CBl omqui(s20é8t) railbut ed thar s,oanoeasmosplCOr i c p
(L) and whixeThei seufces of variance are con
ot her and the sonic anemometferreei.s Axztderde ch gt

propagation of( JuGQGM,r t2a0lndt )yt ottlad orryadd ® mnedu a s ¢

1 “QBI omgu ﬁt ” t ” T J (2-7)

wherethe constara varies froml/¢ to 2, depending on the relationship between the covariance
of the two variablesw and CQ) and the product of their autmrrelations(Lenschow&
Kristensen, 1985)Here, T is equal to the shorter df andt , which is typicallyt
(Blomquist et al., 2010), and is the integral time scale of white noise in the-Gignal The

CQ;, variance due t@atmospheric processes () includes twocomponents: variance due to
vertical flux (i.e., airsea CQflux) , , and variance due to other atmospheric procgsses
(Fairall et al., 2000)The variance in C&due to vertical flux,{ ) depends on atmospheric
stability.,,  can be estimated with Monri@bukhov similaritytheory(Blomquist et al., 2010;
Blomquist et al., 2014; Fairall et al., 2000)

, o—"Q4 0 (2.8)

z

whered; is the friction velocity (m$) and the similarity functioi'@) depends on the stability
parametenj 0, whered is the observational height (m) afds the Obukhov length (m). The

expression ofQcan be found iBlomquist et al. (2010).

Equation 2.7 can be used to assess the random error due to instrument noise by settirg
referred to hereafter a80 5| o mq YV&sUse the Cvariance spectra to directly estimate the

white noise terny 1 in Equation 2.7. The variance is fairly constant at high freqasnc
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(1- 5 Hz; Figure B2.2, Appendix B2), which is often referred to as fiamted white noise.
The relationship between 1t and the bandimited noise spectral value , is eXpressed in

Blomquist et al. (201)0as:
. T — (2.9)

D. Billesbach(2011) developed an empirical method éstimate the random error due to
instrument noie alone (referred to 80 s | | J< Fhis involves random shuffling of the
CO, time series within an averaging interval and then calculating the covarian@ndfCQ.
The correlation betweew and CQ is minimised by the shuffling, and any remang
correlation betweerw and CQ is due to the unintentional correlations contributed by

instrument noise.

EMauder et alan¢bhéB)tHesecetbeal approach to

due to instrument nNoi se:
]“O Ma u d erm_— (2-10)
White noise correlates with itself but i's u

whitei ndusedrC@ncen(ly contributes to,the tot
can be estimated f rnont htebhlz ddtcobfiar ennee betaiva e

vari,ancaend fmheenwiase ance extr ap(olensadhaw et t
2000)

Y L (2.11)

whero°mnmrepresents the -eavtarmnipahaei bo af zawvbdbo
considered equal to variance) .duFei gtuos eat2m@s ps
nor mal i-cewWaraiudmce f waodha&Y measversedfby- t he P
f and-720B6. LThere is a oxsahuacropy add carnecaes ewhiem tshhe
s shift to 0.1 s shifftand0lOObgas &ahael Psemarrd

decrease i s not seen wi naatahvea rvi earntciec.a lT hvei nrde | vae
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Figure 2.3 Mean normalised auwtoovariance functions of G@nd vertical wind velocityw() by foul
different instruments. The magenta line represatiit to the noisefree autecovariance function «
CO: (measured by Picarro) extrapolated back to a zero time Ahitixample of the white noise ¢
natural variability contributions to the total @@neasured by Picarr@ariance is indicated by tv
blue arrowsThe sharp decrease of the £ADdtecovariance between the zero shift and the initie
s shift corresponds to the large contribution of white noise from the gas analysers.7208 lid th

noisier instrument. The noise contributions from the anemometer are relatively small (< 109

in the change -davanroiramaclei shdo wasu t toh a't white n

rel ative con:vabuanoaea tlomahn heo Ct he vertical W

2.3 Results

Measurements from AMT28 and AMT29 set the sc
Atl antic cruises transited across the same
October 2018 and September 20 WwiStelct diohf &r.

AMT28 and AMT29 show broadly similar l at it
qguestion of interest I s whether the measured
this question, the measutiément TheetbDaéaiahtras
i n €009 ( ) are comparable for the two crui

component due t10O fuan,9d,rilsmarmtounoi3sd i(mes hi gher
L7200 than &uusinmgg ARTRQArFi @ u@23 21 4b,; Figure I
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Figure 2.4 (a) Air-sea CQfluxes (hourly and 4 averages), (b) random uncertainty in flux (total
due to instrument noise only), and (c) variance in @Xing ratio (total and due to instrument n

only) for two Atlantic cruises.

The similar total random uncertainty in the
analysers are egeal gl 60i mabser émentasr The v
t haet meesphemiCO ng ratio (used to estimate rand«
are shown in Figure:mdx4n.g Tattdlo var ideomad en aitre c
on both gmiwiisnegs.raGQ o variance (btsottaanlt iaanldl yi nhs
during AMTZ29.

2.3.1 Random uncertainty

Theoreticafl fdleuwux vaiOdgernhei Bigyat(i on 2.7) requi
the contrizimuiXi eamgs rtad i GOwvaarriiaannccee. iTsotmd d eCQu p
noi,se &nd atmospheri At mospbesks frradcdduexs (i n
and other atmg,sspheeicapraceewmiksdggt sabifoCDor

cruises are |isted in Tabl e 2. 3a2vaAtinmaonscpeh eirn c
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Arctic (where fl ux aomamgmarnead etso atrlee gAtelaaretri c.

~10% of the maxiagceat nhoCOn t hevArdtainc eamna

Atl anti c. Previous results demonstr,aterthat
| oh g vgeedeenhou(sBl ogrgsuesst . eSmall , cBé&igésgi natCio
transported horizontally can yield variance

Table 2.3 Variance in the C®mixing ratio estimated using Equation 2.8 and 2.11 for the Arctic
(JR18006/7, Picarro G234} and Atlantic cruises (AMT28, Picarro G23£JAMT29, LI-7200). Total

CO; variance ( ) consists of white sise (( ) and atmospheric processes . The latter can be

further broken down to the G@ariance due to vertical flux, ( ) and due to other processes ()

(i.e.,, ” w )

CO2 variance (x 10°ppm?) JR18006 JR18007 AMT28 AMT29
Total, Q. 9.9 8.6 3.6 13.9
Due to instrument white noise (i, 5.8 5.4 2.0 12.6
Due to atmospheric processes]y, 4.1 3.3 1.6 1.3

- Due to vertical flux, Qu, _ 1.3 0.8 0.03 0.08
- Due to other atmospheric processes 2.8 2.5 1.6 1.2
Au

I -

Threei gdapendent met hods were used-steoaeGGQ i ma
fluxes caused RQ,i nvett rhibdes® e mhioose2 (2. 3) . Goo
found between all three estillmasessédigsrehe€?
in Equadi ofMh@: 7 .&s5dch mates have more scatter ;
the theoreobssabl yebekcthsise the random shuffli
contribution from( Ramoiskh hetr Falrtuhdul@&maiender
we USI®O ghhguet hod tpYpO esti mat e

We used three methods tcere¢ qaDinmmigée & hGo, ¢h €S eAcd ti aoln
2.2.3) inavehagkdadueEddOpxes. There i s good agre
estimates (r > 0. 88; Figure C2.1, Appesdseat C
t oig, as i nfor meedntb ynotihsee iunnscterrunai MIO¥: \ahial & 1 ¢

(Equation 2.6) to estimate the tot al random



Chapter 2: Methods 40

—%— OFR Total
o -~ OFR noise
10 - 5FR,VerticaI flux

-- 5FR,Other processes

|6F / F|

4 l l

e o

TH» ARE JTI 1 3

%"EI'{“‘E‘*H+-E~~;-__;

0 10 20 30 40 50
[F] (mmol m~=2d~1)

Figure 2.5 Relaive random uncertainty in hourly G®ux and its contribution from noise, verti
flux, and other processes during two Arctic cruises. Relative random uncertainty data are bi

3 mmol n* day? flux magnitude bins (error bars represent 1 standawéhtion).

10 nkeNOttinr €quiring the 1IOgten@di@indt i@ svd e@lae t
t h@Ohwi enhol d

Figure 2.5 shows the different relative con
Arctic cruises (hourly average). Here the un
then averaged bntne.f Whenmadhrei tfudilx magni tude
mmo I?2dmy, the total relative random uncertair
driven by wvariance associated with both ver
esti nsaitnei liasr t o usneartflauxe $reesd o lov dade r( Hv.ed .|, h i
noise rat{bBbai vall aBteal | pw@0OO0Ounwcxer mag mit tyu dde.
at mospheric processes ot her than wvertical

Uncertainty due to the whigas nanasleyderom $ hem

2.3.2 Summary of systematic and random uncertainties

The total uncertainty"Oin the hourly average EC GQlux (estimated using Equation 2.3)
ranges from 1.4 to 3.2 mmolhday? in the mean for the four cruises (Table 2.4). Our EC flux

system setup was optimal and subsequent corrections have minimised any bias to < 9%
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(Section 2.2.3)The gstematic error is on average much lower ttie@random error (Table
2.4). This means theccuracy of the EC COlux measurements is very high, but the precision
of hourly averaged EC GQair-sea flux measurements is relatively low. In Section 2.4.1, we
discuss how the precision can be improved by averaging the observed fluxes for longer.

T alb2.4 Summary of hourly average EC efluxes and associated uncertainties in the mean for the

four cruises (mmol rAday?). Shown are the mean G8ux magnitude §G& mmol m? day?), upper
limitation of the total uncertainty (Q Equation 2.3), upper limitation of the absolute systematic error
(h "9, propagated from Table 2.2 daduation 2.5), and random errgf@, Equation 2.6). The random

error components are white noi3éd , Equation 2.10), vertical fluy {O , Equation 2.7 and 2.8) and

other atmospheric processgdJ 170 70 170 ). The total uncertainty is also expressed as

a % of the mean flux magnitudg'@@s@ p mtmp

Cruises JR18006 JR18007 AMT28 AMT29
SAEHI &eps 10.1 16.3 2.5 3.5
Total uncertainty, 3 2.3 3.2 1.4 1.7
(3738 P) (23%) (20%) (58%) (49%)
Systematic error, | 54| 0.8 1.2 0.3 0.3
Total random error, 9.4 2.2 2.9 1.4 1.7
Random error due to white noise, 54 1 0.5 0.6 0.3 1.0
Random error due to vertical flux, 4 1.1 1.4 0.2 0.4
Random error due to other atmospheric 15 2.4 1.4 1.5

processes, 34 L

The theoretical uncertampaye@swi mht as pabove
cruise -a8As8, (*2BAW, Figure 2.4), when the

fugacity close to equi DC®RrOpumFwguhetA2. 2t mAp
The data from t haisss ersesginogn tihse usaenfduolm faonrd sy s
The standard dewfilautxi odnu roifn gt hceDWES 6C A BT 42 8 6 w Imenl
m?daly which compares well with the theoretic:
mmo |?dalyThe meanf | ECx COrom t his r?dglyomwhwash a.s!
indi stinguishable from zero considering the

mi ni mal bias in our fl ux observations.
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Figure 2.6 Comparison of relative random uncertainty in hourly,GlOx and relative standa
deviation (RSTDO O AT A A O & KBIEID & Aof the EC COflux from two Arctic cruises. The

results are binned in 1 it svind speed bins.

Figure 2.6 shows a comparison between the relativertaioty and the relative standard
deviation 2 3 4 # the hourly CQflux for the two Arctic cruises. Results have been binned

into 1 m s' wind speed bins. Wind speed was converted tm&€er neutral wind speeti{on)

using the COARE3.5 mod€Edson et al., 2@). The relative random error decreases with
increasing wind speed. This is partly because the fluxes tend to be larger at higher wind speeds
and so the signdb-noise ratio in the flux is greater. In addition, at higher wind speeds, a greater
number & high-frequency turbulent eddies are sampled by the EC system, providing better

statistics of turbulent eddies, and lower sampling error.

The RSTD of the flux is greater in magnitude than the estimated flux uncetaicause it

also contains environmental variability. The £Dx auto-covariance analysis (Section 2.4.1)
shows that random error in hourly flux explains ~20% of the flux variance on average for the
two Arctic cruises. This implies that the remainingiability in the EC flux (~80%) is due to
natural phenomena (e.g., changeBf@O;,, wind speed, etc). Similarly, substantial variability

is typical in ECderived CQ gas transfer velocity at a given wind spded., Edson et al

2011; Butterworth& Miller, 2016). Keeo is derived from(EC CO2 flux) /DICO;,, and thus an
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understanding of EC flux uncertainty can help understand and explain the variability in EC

derived gas transfer velocity estimates (Section 2.4.2).

2.4 Discussion

2.4.1 Impact of averaging time scale on flux uncertainty

The random error in flux decredeesttwet humber
sampling( ppusaitis&o,n 2. 7 and 2.10). This is be
inteswalt sren better statistics of the turbul
al so not ideal since the atmosphere is | ess
time interval i's thus typi csaefdl wxbekewseneiinendi
min intervals were used in this study). The
can be further averaged over a |l onger ti me s
the 20 min f1l ux I nfédmuwalisnt @3 ¥warme sd attdach tar teh e

measurements within a chosen averaging ti me

one can ask: What 1is the opti nmsaela abvlelrGagye sn?g t

We usataonwariance method to determine the opt
vari anczef [ux €Onsi sts of random wuncertainty
variability. The random noi se xdmxomanmdinanicaeu
the dat-ahiateedenfterdaha &€0e shifted, the n
autovariance functi on.coFiagruiraen c2. 7f usdratiw@t hoe
flux with different averagiRM@ 007 mai A ¢ fallt dyee 2
(Figure 2-:cbal)aritame eceauvdtecr eases rapidly bet wee

shift, which indicateminhfaltux Warigaende aicd i dwn

The random nxdilwue eisn dtelte e@®es with a | onger
greatest effect observed from 20 -mirae-tautlo h
covariance function extrapol ated baecrkoitsoe a z
variilabt y i n #fhleuxnatSiubatlr aGcG i ng t he extrapol a:
the total aMdruixanpcreoviimdeGO an estimate of the
averaging timescale (Figure 2. ad). 4Alneafrour
reduction in the noise contribution to the
increases (Figure 2.8). The random noise 1in

variance in flux repr etseemits en grrdatmieooininin.eei .s,ee 0 fr
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Figure 2.7 (a) Auto-covariance of the original 2@in fluxes (cruise JR18007) and a fitttee noise
free autecovariance function extrapolated back to a zero time ghiftCQ flux auto-covarianc
functions with different averaging time scales. Hiack line represents the autovariance of tr
original 20min fluxes. The 2anin fluxes are further averaged at different time scales (1, 2, 3
hour) and the corresponding awtovariance functions are shown with different colours (dark

orange, green and light blue).

/ natural [flhr eafrtiaarbideftegrred to as noi se: s
comparison of al | four crui scesns(iBitenrte ed . f &
increasing the averaging timescale has on ni
cruises show much | ower noise:signal becaus:c¢
detection llyitmictad ismcianae are often defined
noi se: signal i s achieved withcrauils ehs.a vlehrea gA't
cruises encountsgaeddmxels lamdWwemnaiaver agi ng ti

is required to achieve the same 1:3 noise: si

The flux measurement uncertainty at-a @veraging timescale for the AMT cruises-(x6

mmol m? day. The analysis presented above permits awant the question posed at the
beginning of the Results section. The mean difference betweerhtlawdéiaged EC CQOlux
observations on AMT29 and AMT28 (1.3 mmoPrday?, Figure 2.4a) is much greater than

the measurement uncertainty. This signifiadifference was likely because of the interannual
variability in AMT CO; flux due to changes in the natural environment (Bf§.0O», sea surface
temperature, and physical drivers of interfacial turbulence such as wind speed) during the two

cruises.



Chapter 2: Methods 45

1.6
—e— |R18006
-m- |R18007
1.4 AMT28
-%= AMT29
% 1.2 i
=)
E 1.0 .
QO
un
&)
< 0.8
gel
[}
0
@ 0.6
£
(o]
< 0.4 -
x._____x___“
S
0.2 1 — ~x
il T o S B
= - -"-.‘
0 0 T T T T — ey |‘
0 1 2 3 4 5 6

Averaging time scale (hour)

Figure 2.8 Effect of the averaging timescale on the noise:sigaadom noise in flux / natural fl

variability) for EC airsea CQflux measurements during four cruises.

At atypical research ship speed of ~10 knots, the AMT cruises edd€r km in 6 h, which is
equivalent to-1° latitude. Averaging for longer than 6 h is likely to caasebstantial loss of

real information about the natural variations in-s@a CQ flux and the drivers of flux
variability. For example, the mean flux betwe&R2@S during cruise AMT28 is 0.9 mmol m

2 day®. However, the 6 h average EC measurements show that the flux varied between +5 mmol
m?2 day? (~2i 6°S) and-5 mmol m? day?* (~11i 13°S, Figure 2.4a).

2.4.2 Effect of CO: flux uncertainty on the gas transfer velocityK

The uncertainties in the EC G@ir-sea flux measurement will influence the uncertainty that
translates to EDased estimates of the gas transfer veloKityor illustrationK is computed

for Arctic cruise JR18007, which had a high flux signal:noise ratio of ~5 (Figure 2.8). Any data
potentially influenced by ice and sea ice melt were excluded using a sea surface salinity filter
(data excluded when salinity 323 ). Equation 2.1 is rearranged and used with concurrent
measurements of GAlux (F), DfCO,, and sea surface temperature (SST) to oltaidjusted

for the effect of temperatur&so).
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Figure 2.9 Gas transfer velocityKgs)) measured on Arctic cruise JR18007 (hourly ave
signal:noise ~5) versus 40 neutral wind speedJgon). Red squares represent 1 tisn average
with error bars representing one standard deviation (SD). The red curve represents a quadral
the bin averagesso = 0.22J108* + 2.46 (R = 0.76). The grey shaded area represents the st
deviation calculated for each wind speed g+ 1SD). The cyan region represents the uppe
lower bounds irKeso uncertainty computed from the EQiX uncertainty Keso = dKeeso, S€€ text fc

detail).

The determinatd omf ctoled f quadinad i( R e da nfale tEVCe e 1
der iKyeefdFi gure 2. 9) demonstrates tKhesaytarwiama es p
during Arctic cruise JR18007. How much of

uncertaint:flegaxesa? EC CO

Var i abKeéwiittyniinn dwicimd 1smesd bin can be consi de
speed influence. It is thus useful tKogbhcompar
1SD) with the upper and | ower uncertainty b
UncertaCnt-t/eniKvedfikeso i s cal cul ated from the u
fl wWk) (by rearranging Equation 2FW&i tHbulTkhef | u:
resudkgsdast t hen averaged in wind speedKebins. T

NdKeelo i S consistently narr Kwér 1tSlDan tOme agree
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Figure 2.10 Relative uncertainty in E@€stimated hourlyeso (dKsso/ Kesg) versus the magnitude
the airsea CQfugacity difference QFCO;|) during Arctic cruise JR18007 and Atlantic cruises AV
and AMT29 (noDfCQ, data were collected on JR18006). The data points are emded by win

speed. Blue points are mediansdBkso/ Kesoin 5 patm bins. Here we use the parameteriégd (=
0.22U107° + 2.46) to normalise the uncertaintyKeso. The dashed line represents the 3:1 signal:
ratio ((dKeeo/ Kego = 1/3).

fl-derived uHKezeam aomlty aaomcounKesesd arri aan qqeu awittehri 1
wi mpeed bin and the remaini ng-wiardi asmpceee di sf am

that influen®ee ggas beaxalka mge waves, surfactant

The analysis above can bedeexitveendd eudn ctear t &as d g
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are initialised wusing a quadratic wWesded spee
0.@3%+ 2.46). Random Gaussi an nkséecsaet a,shwihtemn
rel aatoiivse | evel corresponding to the relativ:

(mear06&f Table 2.4). ThHKeedueltad i F@ fuldlexhbr umc enrt
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generated Gaussian noise incorporates this w
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S2). 2dmhetRe quadratic fit t diotilse 0s OOt K d thiec rce
variance i s dWKegptoSiumcep av@ad ne yp lhaed misa o6& iorf
obsekKeyp,edit can be-wimfdersmpeddt Hatctmos can acco
76)-%100) %) of the Késdtradlm v drnisamMcetic Kesh UT S €.
data is atsisvegnfelduxa urdeartainty of 50% (refl e
AMT28/ 2%pf the Rind speed dependence in the

The relative uncertainty in EC fleoterivedKsso (dKsso / Keso) is large whenfCOy| is snall
(Figure 2.10). Previous EC studies have filtered EC flux data to remove fluxes wHaiCtDg |

falls below a specified threshold (e.g., 20 patm, Blomquist et al. (2017); 40 patm, Miller et al.
(2010), Landwehr et al. (2014), Butterwo&HMiller (2016), Prytherch et al. (2017); 50 patm,
Landwehr et al. (2018)). Analysis of the data presented here suggestDitad-h threshold

of at least 20 patm is reasonable for holféyo measurements, leadingd&sso of ~10 cm ht
(dKeso/ Keso~1/3) orless on average. At very lardg#CO;| of over 100 patngKseois reduced

to only a few cm 1 (dKeso/ Keso~1/5). At longer flux averaging time scales, it may be possible

to relax the minimalfCO;| threshold.

2.5 Conclusions
This study wuses data fr omsédauf€lOucxr umagrsi twidte

comprehensively assess t#easfd@rx eme aoduruemmesrr tt

from two ships aonttdhadr wpa@dailfyfseerr€&p B(LBSnt dadt Peb O ,

both fitted with a dryer) ar e anRaanydsoend eursrionr
accounts for thanmnajraraitnyyopf whheefthbr syste
(Table 2. 4). Random flux uncerteni Rt pwgi saprionmn
to atmospheric processes. The r and@2m3-fielsr or d
t hr eeflolledr stnidaa2r0 Of o rTalbll e 2.4 and Figure D2. 1,
contribution of the instrument noise to the

contribution of atmospheric processesmseauch t

CQf | ux measur ement s.

The mean uncertainty in hoG3rRy mB@&ly mauki ¢k e
equataesl abi ve uncertaibhltyx of egi2®@®s i awfidugHho B C
regi ons. Lengthening the averaging timescal e
flux through the reduciioomrofanrcaenxidimkymsecasuted

to quantify the opti mal averadi oy Rimedgal &
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flux uncertainty, wind speed, and other proc
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Chapter 3

3 Arctic Ocean CO: flux estimates

APhD is a kind of trainingrocessDoing a PhD
is a big job and getting a PhD gives you a lot

confidence to develop your own ideas

(Peter S. Liss, January 202
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Abstract: Air-sea carbon dioxide (GDflux is generally estimated by the bulk methaing
upper ocean COfugacity measurements. In the summertime Arctic;iseanelt results in
stratification within the upper ocean (top ~10 m), which can bias bupl@estimates when
the seawater C&f ugacity is taken fr-<6mdepthfChivpds seav
Direct flux measurements by eddy covariance are unaffected bygudace stratification. We
use eddy covariance G@ux measurements to infer sea surface @@acity fCOxw_surfacd in
the Arctic Ocean. In seae melt regionsfCOuw surface Values are consistently lower than
fCOuw buk by an average of 39 patm. LowELO,w surtaceCan be partially accounted for by
fresher £ 27%) and colder (17%) melt waters. A barfkthe-envelope calculation shows that
neglecting the summame seaice melt could lead to ai 7% underestimate of the annual
Arctic Ocean CQuptake.

Plain language summary:The Arctic Ocean is considered to be a strong sink for atmospheric
CO,. The airsea CQ flux is almost always estimated indirectly usinglkseawater C©®
fugacity measured from the shipbs se-mevater
melt results in neasurface stratification and can cause a bias i3ear CQ flux estimates if

the bulk water C@fugacity is used. The micrometeorological eddy covariance flux technique

is not affected by stratification. Here for the first time, we employ eddy covariance
measurements to assess the impact ofcgemelt on Arctic Ocean CQuptake estimates. The

resuts show that the summertime neanface stratification due to sez melt could lead to

an ~10% (with high uncertainty) underestimation of the annual Arctic Oceaniiéke.

3.1 Introduction

The Arctic Ocean is a strong sink of atmospherie @@k to the active biological production

and high CQ solubility in cold watergAnderson et al., 1998; Takahashi et al., 20U@hile

only accounting for 4% of the wolddscean by area and seasonally covered by sea ice, the
Arctic Ocean ontributes 514% (66i 199 Tg C yt!, Bates & Mathis, 2009; Yasunaka et al.,
2018)of mean global atmospheric g&moval every year1400 Tg C yrt, Takahashét al.,

2009; Landschitzer et al., 201#owever, this Arctic carbon sink is rapidly changing due to
climate change. The Arctic warming rate has been more than twice as fast as the global average
over the past 5 decad@Romanovsky et al., 20L7The sedce extent in the Arctic Ocean in
September decreased at a rate of 13.1% déahting 19792020 relative to the 1982010
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average (Perovich et al., 2020). Sea loss reinforces upper ocean warming due to reduced
surface albedo and increased shortwave penetration, which in turn inhibide g&@mation in
winter and allows fothe acceleration of summertime sie& loss(Perovich et al., 2007)he
reduction in sedce coverage in polar regions is expected to increaseup@ke due to larger
seaice free area, longer séz free period, more freshwater at the surface and greater
biological primary productioBates & Mathis, 2009Arrigo & van Dijken, 2015; McPhee et

al., 2009; Perovich et al., 20RMHowever, seace melt also causes nesurface stratification

and suppresses water mixing between the surface ansludalce, which likely generates
upperocean gradients in temperature, salinity, dissolved inorganic carbon (DIC), total
alkalinity (TA) and thus seawater GQugacity (Rysgaard et al., 20071i et al., 2009;
YamamoteKawai et al., 2009; Fransson et al., 2009, 2013; Cai et al., 2010; Else et al., 2013;
Calleja et al., 2013; Miller et al., 2019; Ahmed et al., 2020)

The-saian fClOUQg ( mmrdlalymi s generally estimated

equation as the product oded hgagascsoncamtsif &tri
Account i magurffoarcendgeaermp eMoadtl dr( € 0gded @ imenetinsl ed:

Qo UsesoYi® 608 | "®Q | '®Q, (3.1)

wheKsegpcm) his the gas transf erSrv elf(o\Wk6tdyi mk h af
et al .KesbB30@Qually parameteri tedgas &ighncmhigae
20Q0andar e tyboel udO | itaytn mweli sis ,i nl 9t7de subskin
seawater, (Weepeceif@@lani@Qarles),heg&O®ity (Oat m)
the sea surface and in the overl ywiemgqunsatbmesp
heat flux can be estimated by the bul k meth
vel ocity-aanmdtteimpesadupp!| 8 BTeehxetr eSn3c. el ) (.

Ai-ea exchange of sparpnglsy |sioriu besdp omgobsstd syt kbie
the waterside mol eculizad0 dOrh 0 ddpmtebkj; ubst 9 8bje n(eMD |
the wat éLisgr Ra&eé altf@Bsy, ep? 4R @t 5sgad hiety at t he
MDLfCQw_sukrtacd N f@Oanteta scuer,ements are generally
from the ship666 mnde@iwwyk« iIFODlretco(nveni ence, t
met ers ofardeheumedk atho be homogeneoudsCQGwa bul k
fCQOQw_surf@&Qw_ bt
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However, incidences of neaurface stratification call into question the vertical homogeneity
assimption. In the Arctic, three seee-related mechanisms likely drive nearrface vertical
gradients in C@ 1) Brine drainage. When sea ice forms, carbonate species and salt are ejected
into the water under the sea ice as part of brine draifeage Fransson et al., 2013yhich
depletes the CQwithin the sea ice. The salty, dense water sinks and is eventually sequestered
in the deep cean(Rudels et a).2005) 2) Surface photosynthesis. Phytoplankswften found

in the bottom ice or beneath the Arctic sea ice and their photosynthetic activity further reduces
the CQ concentration within the sea i¢dssmy et al., 2017; Fransson et al., 2013, 203y)

Ikaite dissolution. Dissolution of seee-derived ikaite will consume CQn Arctic surface
waters(Fransson et al., 2017; Chierici et al., 201Bhe latest measurements in the Arctic
coastal waters show significant vertié@0O, gradients in the upper ocean (Ahmed et al., 2020;
Miller et al., 2019). Miller et al. (2019) show both positive and negd®@. gradients
without separating the contributions of sea melt and river runoff. Ahmed et al. (2020) show
consistently negave gradients (i.e.fCOzw_surface < fCOzw buik) in the sedce melt regions.

Vertical gradients, if left unaccounted for, will result in a bias in bullsed&r CQflux estimates.

The micrometeorological eddy tburestallge aQBC
represents an alternative-sa&@apaC@ahcda@ does.not under
rely ons e a wradairementsS@, Text S3.2) and thus EC fluxes are not affected by near

surface vertical variation in seawater properties Ho weovlearr, opceans ar e

environment andxfil elxi artelaes ud iemeat (SECWtyt eEvoat &
Mil |l er, 2016 ; Prytherch et al ., 2017; . Buttert
This paper pardeseasERI €0heat flux data fro
Programme <crui ses. Directly measured fluxes
fCQwand water fC@mMReETwadairtaceCOMpari sons of i mpl i
with bawsluk etments enable us to assess -stehae |1 mp
CQf l ux esti mates. We furt herursfpaecceulsatreatanf itche

arsreafQux esti mates for the entire Arctic Oc

3.2 Methods

3.2.1 Description of cruises

Cruise tracks of JR1BaOM&Es a®ldaCRR ARADSF SR04 9RRS
Kronprin)s araea koomown (Soppl gmedRE8S8BQ6 visited
Sea between 28 June and 1 Augustgidml Wi thRh8(
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Greenl and Sea between 4 and 30 August 2019.

and JR18007. Measurements taken DA tawma®)rl 02 an
on cruise FS2019 were used tsysdaemst rMeitrh otdlse |
and TA measur e meOnhtise rciéchi0.be8l) H @l uEh@J €,fsd reac ®Ns i n
and quality control of fluxes, underway meas
detail ed( 2dmse waht®daald. ar20dr i efly desmatbed in
(S3Text fE@uwBe)aasur ements were domleye agveaiiloadbsl eo fd L

3.2.2 Implied surface variables from eddy covariance fluxes

We use Bruritvaisala frequencyN?) threshold to identify stratified watens? at ~6 m depth

is calculated from the CTD (conductivity, temperature, depth) profiles ( "Q”

" Tgz” with gravitational acceleratio®and seawater density. Fischer et al. (2019)
usedN?2 10“s?in upwelling waters, but we expect the threshold for4seaiace stratification

to be more evident in regions with sea melt, so use a more robust thresholtiof 10° s

2. Measurements in waters without a CTD cast and salinity belowi 34t marked as having

an ounknownd stratification status.

The derivations of EC asea CQ flux (FCO._gc) and sensible heat flukié_ec) are detailed
in the supporting informatiorS@, Text S3.2). The gas transfer velocity (hourly) is computed

by replacimg the bulk flux with the hourly EC flux in a rearrangement of Equation 3.1:

. CG_EC
U , 3.2
16608 CQW_bquCQa ( )

Il n regi omsurwiatchre mé&ratvinkycabt obe representat
(i . f@Qw buIl HCQw _suktacelher efor e, to Wewr i depeandann
parametrKez@t omnt bflkgeo)py opelcy dataafir bmedowat
consi Heegammdd t hef ECx CObservations are then us

fCQw_sackror al l wadterrattiyfpieesd (anroch strati fied):

” CQ_EC ”
Q:QW_surfac‘e j6608 _Q:Qa (3'3)

A similar approach is used to derive sensible heat transfer veléGi)yahd compute the

implied surface seawater temperature {urfacy:

Ony S_EE (3.4)

apaw_bul k a
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"Y‘ S_EC wy (3.5)

apaHu

whereKy (cm ht) is parametrized withJion (Kn_u) Using data from nostratified waters$3,
Figure S3.2). Herg, (kg n®) is the mean density of dry aixa (J kg* KY) is the heat capacity

of air andTa (K) is the air temperature. The temperature offset due to the cool skin effect, d
(K), is estimated using the COARE 3.5 moftadison et al., 2013; Fairall et al., 1996)

3.3 Results and discussion

3.3.1 CO2 flux time series

The time series of hourly averaged EC and bulk fluxes for &@ heat are shown for cruise
JR18007 (Figure 3.1). The bulk @@ux is calculated fromfCOuw_pui, FCO2a and Tw_buik
measurements using the gas transfer velocity parantemiseom Nightingale et al(2000).

The bulk sensible heat flux is computed using the COARE 3.5 niedson et al., 2013Yhe

sea ice concentration (Figure 3.1d) is derived from the Advanced Microwave Scanning
RadiometeiEarth Observing System (AMSR, daily and 3.125 km resolutioBpreen et al.,
2008.

Stratified areas were located at the edge of or within the se&&d-igure S3.1), with
relatively low neaisurface salinity and temperature (Figure 3.1) suggesting thateseeelt is

the principal reason for neawurface stratification. Terrestrial runoff as a source of freshwater
is unlikely because the ship was far from land (> 50 km) in the stratified sta@8Sigure
S3.1). Furthermore, there were no significant precipitation s\aeming the cruise, ruling out

surface freshening due to precipitation.

The relatively good agreement between EC fluxes and bufleaiCQfluxes in nonstratified
regions (Figure 3.1a and S3.3) suggests that the data (EC fluxes and urf@Dwayu) are
reliable and that theNightingale et al.(2000) gas transfer velocityparameterisations
reasonable for this study region. In areas with sediace stratification (stations 6 and 16),
bulk CG: fluxes are consistently less negative (lower in magnitude) than EG@UREs (Figue

3.1a). Meanwhile, bulk sensible heat fluxes are slightly higher than EC fluxes in stratified

regions.

Another intriguing feature is that EC sensible heat fluxes were close to zero during sea ice
stations 8 and 9, but EC G@uxes were still significantThe sea ice concentration data (Figure

3.1d) show that the sea surface was not fullycmeered in this region. One possible reason
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Figure 3.1 Time series of hourly fluxes amghvironmental variables on JR18007. Negative (pos
fluxes represent ocean sinks (sources): a) EC and btile@i€Q fluxes, and salinity at 6 m deg
Light blue shading shows nesurface stratification (identified from CTD profiles). Grey sha
indicates icecovered waters where the underway seawater system was shut off. Dashes on tt
correspond to CTD stations. Stations with raarface stratification are in red. Dash length repre
the duration on station; b) EC and bulk sensitdat flux, seawater temperatufig ) at 6 m depth ar
air temperaturelfy); ¢) 10m neutral wind speed and-@ea CQfugacity differencefCO, = fCOuw_punt
- fCOyy); d) Sea ice concentratigBpreen eal., 2008)and Brunit Vaisala frequencyN?) at 6 m dept!

for nearzero sensible heat flux but detectable-@0Xx is that the surface (seawater or sea ice)

temperature was close to the air temperature, whiféGa gradient existed across the sea
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surface. Also, aisea CQexchange is mainly controlled by waterside procedsss & Slater,
1974) whereas aisea heat exchange is controlled by airside procé¥sag et al., 2016. It
is possible that the impact of sea ice on watersogrolled gases (e.g., GQs different to
the impact on airsideontrolled gases and heat.

3.3.2 Gas transfer velocity

Dong (e2®X3how that t hkeahbtlnkye ECattertainty is
average duri DEQJRIABN PAGQ)T hreangd8 li7Ttlomat m (

130 Oatm on average, Figure 3. 1c) during JR
| aDif®v al ues enabl e usndfoeresKesknawiet i hiei ggha sa ctc
Figure Bs@eshowd fcroonm rqoul aldfeildtupEdDEC Qddibd er vat i on s
pl otted-magnaeiuntsrtal 1lDmwhndt bpekbdt{er i s deter minge
wi nd speeduauwdsiusg etdh e oOCOARES 8n S5emodleer e 2818)
houréyabadal ues. K3Walhwas |-fyr oat nfoined waters

wind speed ifraedvahe bfnlawmemsages (red squal
square quadrketd=c Of.R2tA® T2h e 1f3i)t a(gr eweist hf-aa rwiyd e
us&gdspar amet basedt oandudINitgrhdaa enrg ald @®sdeltda sanho. r, e
receartameteeln sadtEdComeapIGQ x meaGSButtmemwsr t h &
2016)

Thkksdat a i n strati Ksig)e darwea tceornss i(s2tle nhtoluyr Ihyi gher
Keseocw r ve. | nfcrlaund isntgr adtaitfai ed waters and waters
(38 hkedor ldecreases the strengt hKeed nlh dfler ognu ad r &
R= 0. 8%1 Ot.&3MAb(e S3.1). This is mosfEQli kel y
whefCOw bsikSt emat i d@®JW yu(esxeeee eSdesct i on 3. 3. 3)

3.3.3 Implied sea surface CQ fugacity and temperature

Thisspar ametiemi BiagummeknyBarramatdeStBReguirenS3. 2) ar
for esfCOQmatfiBguati o s3.Exruamndon 3.5). Data a
(Uio€ 4Ym asre excluded from these tabtaskatiabns
of EC fluxes and | arger rel ati ve cuonncdeirttiaa mst
(Dong etaal ., 2021
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Figure 3.2 Relationship between the GQ@as transfer velocityKeso, derived from hourly EC aiset
CO; flux measurements) and wind speédlof) during JR18007. Grey dots repres&gto in non
stratified waters, bkl dots correspond tseo in stratified waters, and magenta dots indicate date
unknown stratification status. Red squares are 1' irsaverages of the nestratified values, wil
error bars representing 1 standard deviation. The red curve is a quadratic parametefigatict
0.220U100% + 2.213; R = 0.801). TheKeso parameterizations dlightingale et al(2000)(black dashet
andButterworth & Miller 2016)(green dot dashed) are also shown.

Figure 3.3 shows the comparison between hour
fCQw vamnkd, in mMpheraasie eof atd¢ uFut-eld famrd tthe ¢ e
surfacdC@ulupmPe {u)racel-1t matni fi ed waters (grey
t he means fC®fyw alhiee st woompare reasonf@®l wurwek |l ,
vales have a |fadgedike angev ahiabiflliutxy oibrs etriveat
and t he uncKegptaaiamtey .eirhi stadgroamt i fi ed waters (Db
the if@@visediadcues are condGGut gntilnydilcawdrmgt ha
measurements are not represent at duvveacloufe st haer es

consi swemttlyam ot he bul k water ¢Bd@nfpieguartaur3e. I n
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These data corroborate $3Ra g@wTr® pSr3a f4i)l easn df rsaun

sur face water i s col der and ficeshhmed tt. han bul

Wit hin the stratif ifGQw aesesnd rEr 20 DORIYO0T .S ¢
39 Oatm KCoQuwey(indtehaann = 2 4 7TuOsatirng)e, 0 NnWhaivieer age 0. 7
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to Tdalkahashi eetmpalri cd11998@mpeS8Equaeat iroen a8 o}
suggesting that the temper at uf€@,geafafdacetnta omd a u

the stratified area.

Al 't hough the top 4 m depth CTD data have bee
sea state, CTD profeteat sdimldepdhldasmefwtadt selre
at the stra3Fiifgiugdk sSSt3atdi)anssi(é acteapad i ;mfi trye pmr ¢
mirror those of temperature profiles (i.e.,
t empaet ur e gr adi $8Fi giur emaSg3n.i4t)udeHer e we crudel
di fference between the sea surface and 6 m d
di fference of 0.-Jur ) ac¥asiahithed bcgh eanhi tseterayc aarnbdo
fCQw We wuse bul k water (~6 mS@®eghlhe II.C2)andadol
a month | ater from 9 statGBkBinguriet h3h.esle ae arck
concentration had dedrugdsnegd af rporne v+ 0% ttwe e k0
estimate the influence fO®@wWs aldii einty dhen@e eo r
and salinity wete 21904 NN22a O@o@Q E@especti vel

Bul k water DIrCe atnedd TtAo asea cour face salinity
mul tiplying by surfaC.a) Bhe i oatgullast ddl kursfadda
bul k water DIC and TA ar efC@stea gl iersitteymacslean
& Wall ace,eldl9®®; eVaeWeH,es20Imla)t e t hat the vert
explf€Qmgraadi ent of on averageel@te dNf@BgT e@ater
accounts for -s2T%aacefC® kgertandd aelnt . Consrflacéeng
seawater is expected to be rapidly warmed by
by surface warming, the temperature effect w

the estimated salinityeeffagateaiterl itkhalny 2dd9m s

Seaice-related plankton metabolism might be another reason for [@@#, in the surface

stratified layer. The CTD oxygen profiles show that the oxygen concentration increases close
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Figure 3.3 Measurements at 6 m depth of seawater @@acity fCO.,w bu) and temperatu
(corrected for the cool skin effect, i.d.y puk - dT) versus eddy covariance implied sea surface
fugacity fCOuw suracd @and temperaturel§ suracd: @) fCO, values from cruise JR18007. Grey dots
values in norstratified waters, blue dots are imasified waters and magenta dots are in watel
which the stratification status could not be determined; b) Seawater temperature for JR1i
JR18007 with the dots cologoded by salinity at 6 m depth.

to the surface in the stratifiestations £3, Figure S3.4).Chierici et al.(2019) observed
meltwaterinduced phytoplankton production in the marginal ice zone near Fram Strait in May
2019, which continued until the end of August. Photosynthesis in the upper few meters of the

water colunm could reducéCO,y.

Air-sea gas exchange cannot be the cause of the lower si@fageobserved in stratified
waters because the influx of @@ould have not help to explain the observations, increasing
fCOqw at the surface. The results presented demeonstrate that neaurface stratification due

to seaice melt generates a strong nearfacefCOxw gradient {COxw surface < FCOow_bulk),
which causes a bias in bulk @ea CQ flux estimates whefCOuw _puk from ~6 m depth is
used. In the next sectipwe estimate the impact of such a bias would have orug@ke by

the entire Arctic Ocean.

3.3.4 Potential impact on Arctic Ocean CQ uptake estimates

Here we speculate on the potential impact of seigiace stratification due to summertime-sea

ice melt onestimates of C@uptake for the entire Arctic Ocean.
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We make the following crude assumptions: 1) bi@.w measurements overestimate the
surfacefCQOuy in all regions with se&ce melt; 2) thefCOxw overestimation €CO,y Offset,

patm) decreases with wirspeed foldion>3m st (@ / 1 £A£O AOn Wy ¢ X S3,

Figure S3.5)]Fischer et al., 2019; Miller et al., 2019; Ahmed et al., 2@2@)is assumed to be

constant (109 patm) &hon¢3msl;, 3) surface seawater temper a
31a within the stratified areas, respectively (average of the EC implieditaceand surface

salinity in the stratified waters during 18007).

The 6hour CrossCalibrated MultiPlatform (CCMP) Wind Vector Analysig\{las et al., 2011

at a height of 10 m above mean sea level is used to cal&katand to estimate thEC O,y

offset. The flux offset is calculated with Equation 3.1 (repla€ife0O, with fCO, offset), and

the result from each grid cell is linearly scaled using the sea ice concentration. TheAMSR
(Spreen et al., 2008laily sea ice concentratio8IC) data (3.125 km grid resolution) are used

to determine the extent of stratified areas. There are two scenarios when a grid cell is deemed
to contain neasurface stratified water: 1) the #@e proportion of the grid cell is considered

to be stratifed when SIC is between 0% and 100%; 2) SIC of a grid cell has declined to 0%
during the last 10 days (assuming that reeaface stratification lasts for 10 days, within the
indicated duration time indicated #B\hmed et al., 2020 the whole cell is cons@ted to be

stratified.

We focus on the summertime (June to August inclusive) Arctic Ocean in 2019. The result
shows that the largest area with nsarface stratification and the greatest underestimation of
COz uptake occur in JulyS3, Figure S3.6)Keeo increases with the wind speed, while the
magnitude offCO.w offset decreases with wind speed, so the wind speed effect on the
variability of the flux offset is almost cancelled out and the estimated bulk flux variability is
mainly related to the size dig stratified area. The integrated summertime underestimation of
Arctic Ocean CQuptake due to seiae melt is estimated to be 11 Tg C, which is comparable
with the backof-the-envelope calculation (9.3 Tg CHrof Ahmed et al. (2020)

The above estimatis based on assumptions thatftb@,,, offset is wind speed dependent and

the shallow stratification lasts for 10 days. High wind speed enhances trmirfeae seawater
mixing and weakens the shallow stratification. We do not have a robust relatibesigen

fCOyw Offset and wind speed because our measurements in stratified waters only span a small
range of wind speeds (6 = 1 M)sand the data are quite scatterg8,Figure S3.5). If we do

not consider the influence of wind speed onftb@,, gradient and assume a constid,,
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offset of-39 patm in the sea ice melt region, then the underestimation of Arctic Ocean CO
uptake is reduced to 6 Tg C. Another major unaastas inherent in our assumption that near
surface stratification lasts for 10 days. If we assume that thesndace stratification lasts 7
days or 14 days, the underestimation of Arctic Ocean @ake is 10 Tg C and 13 Tg C,
respectively (using theind speeedependentCO,y offset).

The underestimation of 11 Tg C in 2019 correspond$ 1@% of annual Arctic Ocean carbon
uptake(66i 199 Tg C yt!, Bates & Mathis, 2009Note that the C&sink estimate byates &
Mathis (2009) was decade ago, so the percentage of this underestimate may have slightly
changed.

3.4 Conclusions

This study reports direct and indirect estimates ebe#r CQ and sensible heat fluxes from
shipboard campaigns in the summertime Arctic Ocean. Direct fluxeddyya®variance are
used to compute the implied sea surfi@®,w andTw. Comparisons of implied surface values
with bulk water measurements at 6 m depth help to identify possible vé@i@al gradients

in the upper ocean. Implied surfai@O,w is on aveage 39 patm lower than bufiCOsy in
regions with neasurface stratification due to sea ice melt-@€ived gas transfer velocities
(Kesg) using bulk seawater measurements in-sioatified regions agree well with previous
parameterisatid1 However, irstratified regions, E@erivedKseo is higher at a given wind

speed because of the nsarfacefCO,,, gradient.

Cooling and freshening due to sea melt in the Arctic summer accounts for 18% and at least
27% of the neasurfacefCO.y gradient during crge JR18007, respectively. Enhanced
photosynthesis in the stratified layer may also have contributed to theursrefCO.w

gradient.

The Arctic Ocean is an important €@®ink, but this ocean carbon uptake may have been
underestimated previously due to nearfacefCO,w gradients induced by séze melt. A
simple calculation for the summertime Arctic Ocean suggests thasadace stratification

due to sedace melt coull lead to an ~10 Tg C underestimation of G@take but there is
considerable uncertainty in the validity of such an extrapolation. Continuing loss of Arctic sea
ice is expected to increase ¢dptake in summer, and may further increase the uncertainty in

Arctic air-sea CQ flux estimates if neasurface stratification is not considered.
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This is the first time to our knowledge that direct measurements by EC have been used to
guantify the potential bias in bulk flux estimates due to-sadiace stratificabn in the Arctic

Ocean. A similar underestimation in €@ux related to se&e melt may also occur in the
Southern Ocean. Detailed studies of upper oceabO(dn) gradients ifiCO.w, temperature,
salinity, DIC, TA and biological rates along with EC flimeasurements, are required to
improve understanding of s&@ melt impacts and neaurface stratification on asea

exchange.
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Chapter 4

4 Southern Ocean CQ flux estimates
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Yuanxu !'BobDgrothee ¥. TERom®&8s%kJaediBedl3l HaPuectke r
Landsch¢tPerearey @ndLiMi$®gxi Yang

Centre for Ocean and Atmospheric Sciences,
of East Anglia, Norwich, UK

Pl ymouth Marine Laboratory, Prospect Pl ace,
Al f-Wegehestitut-Zemhet mmedrgdz Modrmesf or schung,
Ger many

4Flamish Marine Research Institute, Ostend, Belgium

The work and analysis presented in this chapseled by Y. Dong. Gauthors on this
publication collected the data, provided guidance and suggestions regarding the analysis and
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Abstract: The Southern Ocean is a major sink of anthropogeaibon dioxide (Cg and
regulates variations of the global ocea@®. uptake. Howevergparse observations and the
complex physical environments lead to @86, sink of the Southern Ocean being poorly
understood at different temporal and spatial scales. In this study, we provide independent
validations of current C&flux estimates by employing direct @ea CQ flux measurements

by the eddy covariance (EC) technique from seven cruises in the summaegtither8 Ocean.

We subsampled the GQlux from shipbased, floabased, and ship plus fleeased flux
products at the times and locations of each EC observéiéefind thateC flux measurements
support the shipased CQfluxes after considering the t@@rature corrections, but indicate
much stronger C@uptake than the flodiased CQfluxes during the Austral summer. The EC
observations also provide a good constraint for the gas transfer velocity from low to high wind
speeds in the Southern Ocean environment, which agree fairly well with the widely used

parameterisation schemes.

4.1 Intr oduction

The global ocean is a major carbon dioxide £IC€nk, accounting for ~25% (2.8 + 0.4 Pg C
yr!) of CQ, emissions by human activities for the last decade and playing a key role in
mitigating climate changéFriedlingstein et al., 2022A substantial fraction (~40%) of the
oceanic uptake of anthropogenic £ggcurs in the Southern Oce@n35°S) according to the
estimate fromocean carbon inventoryeg., Devries, @14) However, carbonrelated
observations in the Southern Ocean do not match its importance unp@Re Measurements

of sea surface C{ugacity fCOxw) combining a wind speedependent gas transfer velocity
(Kssg) are often used for agea CQ flux estimatesThe Southern Ocean is one of the most
undersampled regions with regard f6€0., from the Surface Ocean G@tlas (SOCAT,
Bakker et al., 2016dataset. Thigesults in high uncertainties in SOCABsed CQ flux
estimatesn the Southern Oced®Gloege et al., 2021; Landschitzer et al., 2015; Lenton et al.,
2013; Monteiro et al., 2015)he latesrelease othe Global Carbon Budget highlights the
large divergence between the model and observhtised CQflux estimates in the Southern

Ocean in both annual mean and flux trends in the last d¢€addlingstein et al., 2022)

The SOCAT data are stlbpardmeasurements, indicating the scarcity of winter observations
because the extrene@vironments in the winter Southern Ocean prohibit-blaged sampling.

Novel autonomous pH observations from biogeochemical floats (SOCCOM, Southern Ocean
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Carbon and Climate Observations and Modeling) have been starting to fill this data gap since
2014. tbwever, floats do not measu@O,y directly but estimatéC O, from pHobservations
and empirically estimated total alkalinifyVilliams et al., 2017) The uncertainty in these
estimated floatCO,y (£ 11.4 patm at 400 patmVilliams et al., 2017)s much higher than in
the shipboardCO, observations (x 2 patnBakker et al., 20106 Additionally, there is likely
an on average +4 patm bias in these ff@id, data The floatdata (i.e., SOCCOMbased
flux estimate shows a much weaker C@ptakeof the Southern Ocean0(35 Pg C yt,
negative values signify ocean e@ptake in this study) comparéal the ship(i.e., SOCAT)
based flux estimate1.14 Pg C yt) (Bushinsky et al., 20)9The discrepancy in tse two
flux estimatais largest in austral winter (define as May to October in this ytuayoriginates
from all months. The wintertime disagreement may be attributed to the lack diCsDip
observations. But SOCAT contaimsany highly accuratefCO,y observations in summer
(define as November to April in this study, FigutdtA), which should provide a good
constraint of the summertime G@ux of the Southern OceaA SOCAT-based flux product
(Landschtzer et al., 20R&stimates a significantly stiger (on average by a factor ¢f.6
from 2015 to 2020) COuptake thama SOCCOMbased flux estimate, especially in the
Antarctic Circumpolar Current (ACC) zone (Figs#elC and4.1D). Therefore, whether the
novel float measurements advanced our undetstgrof the Southern Ocean flux remains

in debate.

Recent independefl€O,w measurements in the Southern Ocean from an autonomous platform
(Saildrone Inc. Uncrewed Surface Vehicles) yield a more similar ft® to the SOCAT-
based flux product thathe SOCCOMbased flux estimate in both winter and summer
observation period¢Sutton et al., 2021)Mackay et al.(2022) produced an estimated
wintertime surfacéCO,w using subsurface summertime caretated observations in the
Southern Ocean, and including these estimiiéd,, in the flux estimatiomesults in arx 8%
reduction in the SOCADased CQ@sink estimates.

Furthermore, the Southerrc€an airborne campaigns provide a new @@ constraint from

the airside observations and indicate consistent fl® with the shipbased flux products in
winter(Long et al., 2021)_arge outgassingignaturesluring winter and less uptake in summer
swggested by the float data are not evident in any of the nine Southern Ocean aircraft campaigns.
On the other hand, the aircraft observations indicate more significant (~50% higher)
summertime C@uptake in the south of 45°S than thex estimate based omme SOCAT
datasef{Long et al., 2021)
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These disagreements between the different observadieed fluxes illustrate the large
uncertainties in the current Southern Ocean X estimates. In addition to the uncertainty
from the surface observation$ieparameterisationf Kesois another major uncertainty source
for the airsea CQflux estimategWoolf et al., 2019)A quadratic wind speedependenKsso
(Wanninkhof, 2014)constrained by the global borifC inventory (Naegler, 2009)is
indistinctively applied to the global ocean £idix estimates without considering the regional
variation of the wind speed dependence. A recent study shows notable regional variability of
the Keso- wind speedelationshipgYang et al., 202), which highlights the reessity of using
specificKeso parameterisatiagifor regional ocean C&Xlux quantifications. Furthermoréhe
upper ocean temperature gradients likely introduce another unceimaimeyCQ flux estimate

in particular, increasing the Southern Ocean Qfdake by 1530% (Dong et al., 2022; Watson
et al., 2020)

Novel direct airsea CQ flux measurements by the eddy covariance (EQhaote.g., Doy

et al., 2024) reported in this study provide an independent validation for the current Southern
Ocean CQflux estimates. The EC C@luxes are measured directly in the atmosphere and do
not rely onKeeo as well as unaffected by the upper ocean teatpee effects, which provide
unigue reference material for the Southern Oceapnflt® estimates. The E@Geasurements

also enablgan investigation of th&sso-wind speed relationship in the Southern Ocean. From
2019 to 2020, we collectdugh-quality shipbased EC aisea CQ flux measurements from
seven cruises in the summertime Southern Ocean (FHLEe 4.1F and supplemer$4,
hereafter 8). In this study, we employ these EC fluxes to compare with thebstspd and
float-based C@ flux estimates and to derive a new wind speddpendentKsso

parameterisation tailored for the Southern Ocean.

4.2 Results

4.2.1 Flux time series

To compare the current G@ux estimates with the EC flux observations in the Southern Ocean,
we subsample a neural netwdrised(Landschitzer et al., 2013OCAT, SOCCOM, and
SOCAT plus SOCCOM Cg&Xflux product at the location and month of each hourly EG CO
flux measurement (see Materials and Methods, hereafter MM) and avezdg@ fluxes over
1-day periods. We also subsample the variables used for theribaikictestimates (ERAS
wind speed product, the three neural netwmaikefCO,y products, and the OISST v2) in the
same wayasthe flux subsampling. The EC measurementsish typical negative C{rHux
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Figure 4.1 Maps of the surface ocean efgacity fCO.,) observations, COflux estimates, ar
direct airsea CQ flux measurements in theummertimeSouthern Ocean(A and B) shipboal
(SOCAT) and float(SOCCOM sampling distributions. Colours represent i€, values. (C and [
CO: flux estimates based on the SOCAT dataset and SOCCOM dataset, respectively with-
network interpolation technigugandschitzer et al., 2013)E and F) Cruises with eddy covaria
air-sea CQflux observations (seeds The cruise tracks in Figure 1F are coloaded by observati
months Frontsconstructed from the satellite altimetry d@®ark et al., 201%9hown as theed, browr
and black curves are as follows: the Subantarctic Front (SAF), the Polar Front (PF), and the

Antarctic Circumpolar Current (SACCF) .

with shortlived outgassing events. The subsampled fluxes largely follow the variation of the
EC fluxes (exept for cruise JR19001), but with a smaller amplitude and a less negative flux
on average. The smaller variability in the subsampled fluxes is partially due to the less variation
in the 1° x 1°, monthly wind speed product (Figdit2B). The subsampled Higresolution

(0.25° x 0.25°, hourly) wind speed product sk@afairly good agreement to tlresitu wind
observations duringll the cruisegFigure 4.2B)
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Several notable divergences between EC fluxes and subsampled flux prodbetsaasghe
products underestimathe magnitude of th& O, such as a strong outgassing event during
the early period of cruise JR18005 and strong uptake events duringdhd katf of the cruise
JR19001 (Figurd.2A and4.2C). Although thefCOyy is sensitive to sea surface temperature
(SST), thesediscrepancy ifCOuw between observations and subsampled products cannot be
attributed to the temperature effects sinceitlagitu SST nearly identical to the subsampled
OISSTv2 (Figure 4.2D) In addition, all the subsamples including the-@l0Ox, wind speed,
andSSTdisagreewith thein-situ observation during the first half of cruise JR19001 when the
research vessel was on stations which are kh®@ar away from the coastline of the South
Georgia and the South Sandwich Islands. Both SOCAT and SOQ@Gdwictsdemonstrate
that the regions neay these Islands are strong £€nks (Figure4.1C and4.1D), but our EC

measurements suggest neutrad &ightCO;, outgassing.

The subsampled SOCCOM flux product shows a strong outgassing period during the cruise
JR18005, which is not seen in teabsampledSOCAT and SOCAT plus SOCCOM flux
products. The EC flux measurements only suggest-tied outgassing events during this
period and the average over this period does not lead to outggdskiomgn uptake by EC
measurementsips strong as the SOCCOM flux product. This sheedd outgassing
phenomenon is also indicated by a previous study using high resablotsemvations The
short-lived outgassing event over hours to days occurs ubiquitously during all of oses
(Figure4.2A), but does not dominate ti@&O, flux direction (i.e., sink or source) over a longer
period anda larger spital scale. This phenomenon can be-gagtured by such as the
continuous and mobile shipboard observati(Bakker et al., 2016) but may be biasedly
sampled by the local SOCCOM float at addy sampling frequency. Based on the high
resolution Saildrondased fCO,w measurements, research suggests a 23% positivél O
bias (more outgassing) when sampling therlyodataset at all possible -Hay sampling
frequency (Sutton et al., 2021)Another research employing hourly glidemsedfCO.w
measurements, indicates a + 5% uncertainthedlaily resolution, but = 50% uncertainty at
the 108day sampling period of the mean-a@ga CQ flux (Monteiro et al., 2015)Therefore,
the current SOCCOM observatioase likely a poor representative of thentire Southern
Oceanlinterpolation of the not fully representative flé@0,, dataset may overemphasize the

shortlived, local effects.
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Figure 4.2 Time series of aisea CQ fluxes, 10meter wind speedsJqo), f{CO.w, and sea surfa

temperatureST) measured during cruises and subsampled from products iatgtie observatio

locations and timegA) EC airsea CQ flux measurements (blue) and fluxes subsampled from
neural networkbased products (red, SOCAT product; purple, SOCAT plus SOCCOM product;
SOCCOM product). (B) Shipboard wind speed observations (blue) during the cruises and su

wind speed from a high resolution (red, 0.25° x 0.25°, hourly) and a low resolution (purple,

the square of the high resolution wind speed to 1° x 1°, monthly resolution) ERA5

respectively. €) ShipboardCO,, flux measurements (blue) afdO, subsampled from three neu
networkbased products (red, SOCAT product; purple, SOCAT plus SOCCOM product;
SOCCOM product). @) ShipboardSST observations (blue) an8ST subsampled from a prodi

named OISST v2. See Materials and Methods for detail
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4.2.2 Monthly and regionalvariations of the CO; flux

The summertime accounts for ~@D% of the annualCO, uptakein the Southern Ocean.
Although the CQflux divergence between the SOCAT product and the SOCOOM product is
more evident in the wintertime, the summertime disagreement is also significant. The neural
networkbased SOCAT product yields a consistently stronges @fake than the neural
networkbased SOCAT plus SOCCOM and SOCCOM product by a factor of 1.2 and 1.6,
respectively in the summertime Southern Ocean on average from 2015 t¢SA2841).

The subsampled SOCAT, SOCAT plus SOCCCOd SOCCOM flux products with a
monthly average show a tgjal decreasing trend of the @@ux from January to April forced
primarily by the biological processés.g., Merlivat et al., 2015; Takahashi et al., 208it,

$4), in line with the monthly variation of the EC flux observations (Figu8&) during this
period. But EC observations suggest a more negative monthly flux from December to March
than all three subsampled flux products. The weaker EC flux in Novembeiniy ohze to the

outgassing evenia November 2019uring cruise JR19001.

The disagreement between the SOCAT flux product taedSOCCOM flux product is
inhomogeneous and prominent in the Antarctic Circumpolar Current (ACC) sdugtiveen
~65°S to B°S (S4.1). Fortunately, most of our EC observations weithin this latitude band.
Figure4.3B shows that the EC fluxeg°¢latitude average) are consistentiprenegative than

all three subsampled products, but agree best with the subsampled SOCAT praxhgtham
three productsespecially at latitudes ~60°® addition, in the ACC regions between 10°E and
30°E, the SOCCOM flux product shewutgassing fluxes, while the SOCAT flux product
suggest CO, uptake in this region (Figur£1C, 4.1D and 4.1). The EC flux measurements
indicate even stronger GQptake than the resampled SOCAT flux product in this regien (
10- 30°E, Figure 4.3C). Similarly, in the region of cruise DY111 (~ 90°W), the SOCCOM
product suggests slight GOutgassing, but the SOCAT product and EC measurements show

asink andastrong sink of CQ respectively.

4.3 Discussion
The rsults above shows that the subsampled SOCCOM product flux considerably
underestimates the GQptake measured by EC. The subsampled SOCAT flux product agrees

best with the EC flux among these three flux products, but still yields significantly less negative
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Figure 4.3 Monthly, latitudinal, and longitudinal variations of the-séra CQ flux. The four line
with different colourin each figure represent the direct EC flux measurements (blue), subd
SOCAT flux product (red), subsampled SOCAT plus SOCCOM flux product (purple), and sub:
SOCCOM flux product (yellow). (A) Monthly mean of the €fuxes. (B) 2° latitude mean of the G
fluxes. (C) 10° latitude mean of the fluxes.

fluxes (~30% on average) compared to the EC observatiWhat is the reason of this

disageemen?

4.3.1 Gastransfer velocity

One possible reason for the disagreement betweesutbampled SOCAT flux product and
the EC flux is the uncertainty in th&eo used for SOCAT fluyproductestimates. The widely
used Keso parameterisatich are either based on the global beif® inventory (e.g.,
Wanninkhof, 2013 or based on the duttiacer observations (e.dHp et al., 2006; Nightingale
et al., 2000, However, the global borfC inventory only provide a mean gas transfer
velocity (18.2 + 3.6 cm ht, Naegler, 2009Jor the global oceanvera long timescalghalf-

century) while the duatracer method can investigate the local gas exchange but the observed
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gas transfer rate still has a relatively lelegm timescale (~*@ay). The shorterm (e.g.,
hourly) gas exchange at relatively high and low wind speeds will be adetadmve an
intermediate wind speed over a letggm timescalde.g., 18day). Therefore, both the bomb
14C inventorybased and the dutihcerbasedKsso parameterisatisat low(< 5 m st) and
high wind speesi(> 13 m &') are interpolated from the gaansfer at intermediate wind speed
conditions by assuming a quadrdigowind speed relationship. For the neural netwloaked
flux products studied in this resear&sois scaled to match the global mean transfer velocity
of 18.2 cm htt (Naegler, 200) using the ERA5 wind speed prod(ktersbach et al., 2020)
However, recent E®ased studie®.g., Yang et al., 2028)uggestdregional variations of the
Keso-wind speed relationship, which is understandgblenwind speed is not the only driver
for air-sea CQ exchange, others such as ocean waves, surfaciatghemical enhancement
can also affecKeso.

The smalscale(severalkm?, hourly) EC airsea CQ flux observations combining the GO
fugacity observations provide a good opportunity to constraiKgkgrom low to high wind
speeddor the Southern Ocean environment (see bt Figure 4.3 Unsurprisingly, the EC
derivedKeso agrees well with the!“C-based andhe duattracerbased parameterisations at the
well-constrained intermediate wind speed, but disagetne poorly constrained low and high
wind speeds (Figure4). The ECderivedKesois on averagslightly higher at low wind speesd
(< 7 ms?), but lower at high wind spes@> 12 m ') thanKseo estimates fromtwo widely
used parameterisatia (Wanninkhof, 2014 Ho et al., 200% Intriguingly, the newKseo
parameterisation based on these Southern Questvationss nearly identical taKeso-wind
speedformulationbased oran Arctic cruiseat low to intermediate wind speefi3ong et al.,
2021b) TheArctic Keso Were derived fronhigh-quality EC observation§relative uncertainty
was small at a very high flux signalafr-sea CQ fugacity difference betweei81 and-71
patm) environmen{see Chapter 3 and Dong et al., 2021 nonzeroKesesoat low wind speed
is most likely due to the chemical enhancement (siggificant at low wind speed) of the air
sea CQexchange, which is not included in tH€-based parameterisati¢e.g.,Wanninkhof,
2014 and cannot be sensed by the eluater observationge.g.,Ho et al., 200% But the
chemical enhancemenan be captured by EC observations sntbntained in the E®ased
Keeo parameterisatiofe.g.,Dong et al., 2021landthis study) The chemical enhancement is
SSTdependent, and the simil&ST at these twdigh-latitude ocean environments leads to a
nearly identicaKeeo at low wind speesl In addition, oceamvaves and bubbles may play an

important role in the aisea CQexchange at high wind spegdg., Bellet al., 2017; Blomquist
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Figure 4.4 Gas transfevelocities Keso) derived from EC aisea CQflux observations on Southe
Ocean cruises vs. 1 neutral wind speedJio). Gray dots are hourly E@erivedKeso and blur
squares represent 1m lsin averages, with error bars indicating 1 standard deviation. The blu
represents a quadratic fit using the bin averaggs= 0.23J:¢ + 2.23 (R = 0.63). The red and pur]
and yellow lines correspond to th&so parameterisations constraineg the global bomi3“C
inventory (Wanninkhof, 2014) based on the dutacer observations in an open oc¢do et al.
2006)and determined by the EC observations from an Arctic cruise in a very high flux signa

(Dong et al., 2021bhYespectively.

et al., 2017) Therefore different sea statis likely responsible for thdivergence oKeeo in

different regionsat high wind speed

Although there are discrepanciestween the E@erivedKesso and the*C and duatracer

based parameterisations at low and high wind speeds, the disagreement is insignificant. In
addition, the intermediate wind spe€d 12 m s') conditions dominate our observations
(Figure 4.2B). Using the newKesso- wind speed relationshiproposed in Figuret4 to
recalculate the C&lux based on theubsampleOCAT fCOuw product and the hourly ERA5S

wind product only increasghe CQ uptake by ~2.5% compareudth using thet*C or duat
tracerbasecparameterisatioWanninkhof, 2014Ho et &., 2009 for the flux calculation. The
enhanced flux at low wind speed is offset by the damped flux at high wind speed. Therefore,
the divergence between the subsampled SOCAT flux product and the EC flux observations

cannot be explained by thcertainty in thg@arameterisationf Keso. These comparisons give
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us confidence in using these previously propdsedwind speed relationships for the €0

flux estimate in the summertime Southern Ocean, but we should keep in mind that the
wintertime @s transfer might be enhanced by the bubideliated transfer at a rougher ocean
environment (e.gBlomquist et al., 201)7

In addition to théKeeo parametrization scheme, téferencebetween the wind speed fram

situ observations and subsampled frdre ERAS product can also lead to fldisagreements
However, the mean square of thesituwind speed observations duringskeSouthern Ocean
cruises (90.9 ms?) agreeswith the mean square of the subsampled monthly ERA5 wind

product (91.4 rhs?). Therefore, the flux difference is unlikely result from the wind speed.

4.3.2 Warm bias andcool skin effect

The second possibility to account for the flux difference between the BGubsampled
SOCAT flux product is the warm bigship warming)and the cool skin effect.he SOCAT
flux product aresurface ocean observatibasedlux estimatesand are thus influenced by the
warm bias and the cool skin effehile theEC flux observationgremade in the atmosphere
and are thus unaffected by seetwo temperature effectwo recent research suggested a
~1530% (0.220.35 PgC yr?) increase inthe SOCATbased CQ uptake estimatef the
Southern OceafWatson et al., 2020; Dong et al., 202@hich is in the same ordasthe
meanflux differencebetween th&C andhesulsampled SOCAT produat this stuly (~30%).

We collected 1580 hours with EC @@ux and concurrenfCO, observations during the
Southern Ocean cruises. The EC@I0x was on average ~15% more negative thari@ia-
basedlux (using theWanninkhof (2013 Keso parameterisationwithout considering the cool
skin effect Applying the cool skin effect estimated by an empirical formulafZirang et al.,
2020) to the fCOz-basedflux calculation could increase the fliestimateby ~10% (more
uptake) and reduce the EC flux af@O»-basedflux difference to ~5%. Similarly, a

recalculation of the subsampled SOGhased flux indicates a 12% EQ@ink estimate
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Without temperature corrections With temperature corrections

Figure 4.5 Mean airsea CQ flux for a Southern Ocean region without (left) and with (right
temperature correction$he blue bar represents the EGsaa CQflux observations with error be
indicating a typical 1 mmol fhday* uncertainty for the daily (at least 4 hours) averaged E€flO&
(Dong et al., 2021a)Red, purple, and yellow bars represent subsampled SOCAT, SOCA
SOCCOM, and SOCCOM flux products, respectively. Error bars represent + 0.38 rmiayhti.e.,
+0.15 PgC yr* for the whole Southern Ocean) uncertainties associated with the neural Rease
CO: flux estimateqBushinsky et al., 2019)Two temperature corrections (warm bias and cool
effect) are applied to the subsampB@CAT flux product while only the cool skin correctiotis
appliedto the subsampledOCCOMflux product The entire cool skin correction and half of the w
bias correction is applied to tkabsample@OCAT plus SOCCOMux product

enhancement by coidering the cool skin effect. The potential warm bias in the shipl&®@id
datasetwas less likely to impact ourSouthern Oceawobservations because our data were
collected on research vessahd theSSTobservations were frequently calibrated. However,
the shipboard&STin the SOCAT dataset likely contains a small warm bias (on the order of
0.1K; Dong et al., 202R Correcting forthis warm biasncreases the SOCAbBased C@flux

at a similar order to the cool skin flux correctiddofg et al., 202Rin the Southern Ocean.
Therefore, considering the warm $®iand the cool skin effect will increase the resampled
SOCAT product flux by ~25%, which fithe mean flux gap between the EC observations and
resampled SOCAT product within the uncertainty range (Figute The SOCCOMbased

flux estimate is affectedylthe cool skin effect, buindisturbedy thewarm bias issue because
the data were collected by float (e.g., withboub e war mi ng process )by suc
Applying the cool skincorrection cannot bridge the flux gap between the EC flux and the
sulbsampledSOCCOM flux products. The mean EC flux i$0% more negative than the
subsampled temperatucerrected SOCCOM produ¢Eigure 4.5). Considering th6SOCAT
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plus SOCCOM product is based on both the shipboard and float datasets, wethpplide

cool skin correction and a half warm bias correction to the resampled SOCAT plus SOCCOM
product. But the temperatureorrected SOCAT plus SOCCOM flustill indicates a on
average-20% underestimatioof theEC CQ flux observations.

4.4 Conclusions

This study reports direct asea CQ flux measurements by the EC technique in the Southern
Ocean from seven cruises. The neural netvbasedSOCAT (shipboard dataset), SOCCOM
(float dataset)and SOCAT plus SOCCOM flux products are subsampled at the location and
month of the EC observations. By comparing the EC flux observations to the subsampled flux

products, we conclude:

All three subsampt flux products can largely reproduce the variation of the EC flux
measurements but with a smaller amplitude. The EC flux show ubiquitoudigadr(hour

to-day) outgassing events, but the average of the EC flux over ddongi.e., 18day) does

not yield a strong outgassing flux suggested by the SOCCOM product. The EC observations
suggest generallystrongerCO; uptake than the resampled flux product at the monthly and
regional (latitudinal and longitudinal) scales with the order:dbServations> subsampled
SOCAT product > subsampled SOCAT plus SOCCOM product > subsampled SOCCOM
product. The EC flux observations are on average 30% more negative (manpt@ke) than

the subsampled SOCAT flux product.

A new Keso- wind speed relationshig proposed aBsed on the EC GAlux observationgrom

very low (0.5 m 3) to high wind speeds (18 mi)sin the summertime Southern Ocean. This
Keeo tailored for the Southern Ocean shows good agreement with the widelyKaged
parameterisations, which means the flux difference between the EC observation and the
subsampled SOCAT product is not due to uheertainty in thgparameterisation scheme of

Ksso. The 30% mean flux difference can be bridged by considering the impact of the warm bias
and the cool skin effect on tBhipboardCOxw-basedlux estimates. Although the temperature
correction help to improve the agreement between the EC flux andsthesampled flux
products, but the corrected SOCCOM flux product stijhificantlyunderestimates the ocean

CO, uptake by 60%in the observed Southern Ocean regions
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4.5 Materials and methods

4.5.1 Direct flux measurements byeddy covariance

The airsea CQflux F can be measured directly by the EC technique:
"0 "0ame (4.1)

where” is the mean mole density of dry air (e.g., in mot&.nThe dry CQ mixing ratioc (in

ppm or umol mof) is measured by a fastsponse gas analyser and the vertical wind velocity

w (in m s') is often measured by a sonic anemometer. The prime denotes the fluctuations from
the mean, while the overbar indicatiestime average with a typical time intervdll® minutes

to 1 hour (20 minutes in this study).

Seven research cruises (FigdrgE and4.1F) were conducted in the Southern Ocean on two
UK ships inthe summertimeof 2019 and 2020. The cruises DY111 and DY113 were on the
RRS Discoveryand theremaining five cruises (JR18004, JR18005, JR19001, JR19002, and
JR30001) were on the RRIames Clark Ros®\ir-sea CQ fluxes were measured using the
stateof-the-art closeepath EC system with a dryer to eliminate the impact of water vapour
fluctuations @ the CQ flux measurements during all of these cruigesng et al., 202d). The

EC data are processed and filtered to meet the stationary requirement of the EC(sgethod
Dong et al., 2024). EC flux measurements in regions with-geacoverage and coastal oceans
(distance from land 80km ) are further removed to avoid the impact of sea ice eseailCQ
exchange. In total, we present 2567 hours (minimum of 40 minutes required per hour)
corresponding to 175 days (at least 4 hours required per day) of euaaiitplled EC aiksea

CO; flux measurements in the Southern Ocd2etaileddescriptiors of these cruises and the

EC systeraregiven in Sl

4.5.2 Ship-based andfloat-basedproduct flux subsampling

Air-sea CQflux can be indirectly estimated by the bulk equation:
'O UgeoYB 608 | Q| '®Q, (4.2)

whereKgso (cm hY) is the normalised gas transfer velocity at a Schmidt nun@seiof 660
(Wanninkhof et al., 2009}, andU are the C@solubility (mol L* atni?, Weiss, 197}in the
subskin and skin layers in seawater while considering the cool skin effect, respd€tigelf
et al., 2016)fCOzais the atmospheric CQugacity (uatm).The current global aisea CQ flux

estimatege.g., the three neuraktworkbased CQflux products used in this studgenerally
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neglect thecool skin correctiorby assuming thatl, is equal toJ and use the same seawater

temperature to calculatd, andU (see Chapter 5 for details).

To estimate the global ocean £flux by Equation4.2, a windspeeddependenKeseo and a
global wind speed product, a global sea surface temperature and salinity product &ed for
andsolubility calculations, a global distribution 80,2 and a global ocean map @O, are
required.Mapping offCOu is a key step of the flux estimate and requires a sophisticated
interpolation method. A novel neural network techniquandschitzer et al.,, 2013yas
successfully applied to reconstruct the map of global ocean surfacei@@ity based on the
observations. Three neural netwdrtised global oced@O,w products are produced, namely,
SOCAT product, SOCCOM product, and SOCAT plus SOCCOM product by using
correspondingfCO,w dataset as inputs to the mapping proc@asshinsky et al.,, 2019;
Landschutzer et al., 2016)ccordingly, three flux products are yielded at a 1° x 1°, monthly
resolution. Except for the difference of tHEO,w product, identicalKsso- wind speed
relatiorship, wind speed produ¢ERAS5, Hersbach et al., 20203ea surface temperature
(OISST v2, Reynolds et al., 200ahd salinity prducts, and globdlCO,a product are used in

the generation dhesethree flux product¢see Landschitzer et al., 2018Je subsample CO
fluxes from the three flux products to theonth and location of the hourly EC flux

measurements.

4.5.3 Gastransfer velocity derived from eddy covariancefluxes

Gas transfer velocities can be derived from the EG f{@® observations combing the a&ea

CO; fugacity measurements:
"OWf | '®qQ, | 'CQ, Yi6 608 (4.3)

We measuredCO;y andfCOawi t h a shower head equilibrator
system during the seven cruises in the Southern Ocean. In total, we collected 2468 hours of
fCO, with 1580 hours containing both quattpntrolled EC CQflux andfCO;, observations.

To reduce the relative uncertainty in the ECsgia CQ flux and enable an optimal analysis,

we filter the deriveeso by @ minimum 20 patm threshold of tHEQ,w - fCO»4. 784 hours

of high-quality Keeo are finally used for analysia this study
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Chapter 5

5 Globhal ocean CQ flux estimates

fiEveryone is different. You should find your own styl

what is suitable for yau 0

(Dorothee C. E. Bakker, May 2021
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Abstract: The oceans are a major carbon sink. Sea surface temperature (SST) is a crucial
variable in the calculation of the a&ea carbon dioxide (GPflux from surface observations.

Any bias in the SST or any upper ocean vertical temperature gréelig., the cool skin effect)
potentially generates a bias in the {x estimates. A recent study suggested a substantial
increase (~50% or ~0.9 Pg CYin the global ocean Cptake due to this temperature effect.
Here, we use a gold standard buoy SST dataset as the reference to assess the agcuracy of
situ SST used for flux calculation. A physical model is then used to estimate the cool skin effect,
which varies with latitde. The biasorrected SST (assessed by buoy SST) coupled with the
physicsbased cool skin correction increases the average oceanpidke by ~35% (0.6 Pg

C yr?) for 1982 to 2020, which is substantially smaller than the previous correction. After these
temperature considerations, we estimate an average net oceaptéke of 2.2 £ 0.4 Pg Cyr

! for 1994 to 2007 based on an ensemble of surface obserbatsed flux estimates, in line

with the independent interior ocean carbon storage estimate corfectie@ riverinduced

natural outgassing flux (2.1 + 0.4 Pg C'yr

Plain Language Summary:The global oceans play a major role in taking up carbon dioxide
(COy) released by human activity from the atmosph&ceurate sea surface temperature (SST)
measwvements and quantification of any upper ocean temperature gradients (e.g., cool skin
effect) are critical for ocean G@Qptake estimates. We determine a slight warm bias in the SST
dataset used for GQlux calculation by utilsing a gold standarceference buoy SST dataset.

We then derive a physidsased temperature correction for the ubiquitous cool skin effect on
the ocean surface. The temperatte@sed CQ flux bridges the gap between estimates from

the surface observatidmased aksea CQ fluxes and from the independent ocean carbon

inventory.

5.1 Introduction

Since the I ndustrial Revolution, humafds have
itho the atmosphere, which is the main reason
majO®sink accounting fdfor26Me (+Fa23sb Bgcade)r
ant hropogmnsgiFE®De dI| i ngsta@midn ~d0 %alorfg p@@&rdinc C

rel eased sinc(eGrinmdeursteati adli.z,at2 0In9 ; Sabine et
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Figure 5.1 A schematic of the upper oceari {0 m depth) using an example whésenperature

influenced by a positive (ocean heat loss) sensible heat flux apts ®€ing taken up by the oce
The grey shaded area represents the thermal boundary layer (TBL), and the red line repr
temperature gradient in the TBL. The méissthis case, C& boundary layer (MBL) is embedc
within the TBL. The blue line corresponds to the€@ncentration gradient within the MBL. The T
is characteristically ten times thicker than the MBL because heat is transferred about an
magitude quicker than CO(Jahne, 2009)Sea surface temperature (SST) is a general term

temperatures mentioned in the figuTewerrace the temperature at the @ea interfaceTswin: the skit
temperature at ~10 um depth measured by an infrared radiofheigrthe temperature at the bas
the MBL (20 200 um depth)Trhermai the temperature at the base of the TBL{Q.m depth)Tsubskin
the temperature of seawater below the TBL at a depth of +@nlsuch as measured by drifting bu
Teuk: the temperature at1 0 m dept h as measured at the

Tintertace TMass and Trhermarare conceplal (black text), whereabskin, Tsubskin @andTeuk are from actui

measurements (practical, blue text). Figure developed fronton et al(2007)

The gl-ebatbtfdauix i s often estimated-sbiC®Owhe bul
(fugacixty éa@®dt er) measurement Afleag, ,SOCAM
Bakker et wilt.h, azdoelpped deméeé¢ e d a s( &€ .ra.n,s f Warn nvienl kohco
see Met hlohdasnks t chtttipe / E@QEWT s@manuninfyop/ a Kkey
fCQwhas been a2@aiPéabkié etnae., 20TBe Sabiense &
version, SOCAT v2021, -ccoomttrfiQnbsle sBeOr. v6a tmid d 9 ofnr c
to 2020 with an actcBalkgr bettar. th2adals, 020 mil
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Sea surface temperataugaef@I3ITepSngabagbipetbal
reported a 13% phnpgtrelkeseby nc @rcreaat iGga sf oirn aS S
CQi s a-swadkeercon({bLobbed Ghsasard  ;ssdbBsEoAFEihange i s
mainly 1imited byi2tor0oandsnf ema svei tbhoiunn dtatrey ~ 2a0y e r
J2hne). 20O tMemperature shoafllduxbecadsad aft omon
i mpracticalsit®8Tmewistulrien t he veriysitsheianwaWVBlL .
temperTad)urneea(sured cddhQ@wityenchy ! wi ah ~5 m de
SOCAT is often -seeagddfuoxr ctahlec ublualtki eani xbeyd auspspueni
ocean (top ~10 m) without any vertical tempe
mi ght gener atfel bx aesstiinmathees ClOy using the SOC
shipbébs intake depthej~&8nth t hseteanldeofi mi theme:
(within the warm hull of the ship instead of

Firstly, TheepPpOEAENSS the bul k seawater temp
the temperature at the MBL because many pr
gradients in the upper ocean. There is a te
t helrmhoundary | ayer (TBL, geay hehadedkcahmnegkr
radi ometer measurements indicate Tsddati st hoen s
aver-age{?DKKnl on eltovadr. ,t ROM 2t)he Busk sikaitl ~tOe nip e

m depth) because the ocean surface generally
and sensible -celalted | uxetsDHWihensfeteatt ., ,e 2007,
et al ., 2011; Robertson )& Wanostomer 1pOr9o2c; e sZsh atnt
an upper ocean temperature gr aWateent dlsog é et a
(e.g., at 0.5 m depth) is sometimes war mer t
solar insolati on, especially undeGendomiintni o&
Mi nnett, 2008; PrytherchTdt avlar mihte®asdteiladesr d o
of the surface [T ayvyaernaad|l agesedeluppemaocean
|l ayer effect is not as( Raiirqaillilt,oeusn éalst ht enle® &l
is complex to characterize. I n the absence

t emperTa)wri s (aplpyr oexqlgnmakt efdendr falitee mper at ur e at
of the TBL) because t hmei »wad elry bted robw It enrec er.BL

The second issue is the potenti al warm bi as
identified a warSSThimeasium embhpboamd t he | C
Compr ehensAitvneo s(pcheeaniiuaga ebetda] ., 2021, Kenne
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Reynolds & XheThosa, mR§ALO be because ship SS
engine room war mi ng sb eocfatuesne |tohcea tSST isne ntshoer e n
in t e nd irkbpemmmedy et Thle. ,SST819)n SOCAT wer e
measured by shipboard systems (98%), meanin
SOCAT SST dataseg.that i shevopée¢hc erottage of t h
research vessels in SOCAT is I|likely higher t
SST measured by research ships (typically e:
hi gher acc8facmeadbanedhley commercial ships (
the engine room), so the warm bias in SOCAT
in I COADS ship SST.

Satellite observation of S8Dskemr ¢ ®enptes ad ua e
the diurnal warm | ayer effect and any potent

proposed as an al ter maetaideu & cod-Muajl pchuyl aette alh.e,

Shutler et al ., 2Mb9;f Wat saBmr s at2t0all6.)pbag86d0pn
dat aset suigmersda sae ~(2i5% ., warm bias correctdi
anot her ~25% incuptakp compaxreac CCO t he f 1l ux
SOCAT (YTt son et Homwevead20) ite SST is not me
t fi@eQw -Cocat ildg ,mohretchrliydded satell i tfeQ@HTs wi
SOCAT might introduce extra uncertainties. I
cloud me&iskp amagt, of aerosol, diurnal variabild]
have not been fully resolved, especially at
regi(@oLarroll. eAt calmp,ar2Gbd)fofe eeisgahttel dliabedlbl

protdsicshowed that their glCohal EZf@edT rtahreg epder
200230 18an(g et) alTheréRdreur ahye acfursenel laict e S

probably does not all ow amneapd@umal esti mat e

SST observations from drifting buoys are ul
expected t o -gpualviitdye rtenfee theersees seempédi asuli @ t h
satellite (SHuTanrgeteti easladl,s 2021; Kennedy et al
Mer chant et al ., 2019; TRegnawb dd&kr Rt Chegtobumnoy 2
reference tempreatheeatoudatgrof the SOCAT S
in the SOCAT SST dataset.
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Subskin temperature with a cool skin correct
used to ecaxlacfldONd tes an( 2e0tl Oxhplo.r t ed a ~25% i ncr ea
uptake by considering0.al DoHnlsom@ane)trctahod8 2s Rt0od 2 ¢
2020. I n this study, the cooll Fakirmal é¢fammé&dctal es
by an empi(rDocnallo nmoedeerlal compgaonegyd at a gl obal
temperature corrections are thensesaefdlQix. est
The revi sascdagfiCOhbxal based on 2dn uen P halluecdzf alC!
202ilgkhen compared with (g ubeegamrtcarlbhgn 2i0Mwe

5.2 Methods

5.2.1 Global air-sea CQ flux estimates

The bwslekhfliQrx equation is
'O UggoYf6 608 "®Q | '®Q, (5.1)

wheF(emmo#tdaly i s -stetaefCai xKe@pncdt) hi s t he gas tran.
(e.g., Wanmiomksinad iS¢ @M i) dt numiBeirs) doeff i6n6e0d. aTs
ratio of the kinemsliandi sbesmoyeof(ldi@pterf{un
The €0l ubil fay'n(mobl the base of-stelhe i MBler aade
represekhdared byspectiveelayndaFiegwrad cul At.ed fro
temperatur eWamndi skhhohi ¢ty a.lS.d,s 2e000u9;l Weot s6s6 0 1f
20 d@nsde adwsa hepfCDgacity (Oatm) at the base of
atsrea i nterf acefCQreenf®@ @ap rreessemet cetdi voeyl vy .

To cal cul atsxe daiédd@wumbastuned at the equilibra
corr ectiesd btwdektpeer at ur e EE8O@®ATeSSE)Y. ~5 m deptl
1i10 m depth depending on the ship or samplin

water intake and is pumped t hepmalgdh fama etqiuon i
airhef h¢eadE®jaces ( measuareal pCs@ewias gasen conver
equil i brafC®rn Jfw(gTaecxitt yS5. 1 IfCQwSdypp If eame hter SE)or

by the chemimcarl maldingmedtradaansrhet e tof@®aiionn 1 @3 pbul |}

seawater :

,\@QW n@qw_e'%i w_bulekqu (52)
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wheTwerdii® t he seawater temper afQwrme mébasusvsheédosc
intake at typerawilQagmdea srurdemparht.s are then int
gl obaflri@&@wr odulclt .1 antoneB by utLiaonnd,s ceh.¢gt.z, ¢t et a
A gl obfarleegaspST dathgedtnésofgenlee i ndefCeOnwdent i
interpol ation process. Ot her wvariablfesee n E
SST product and rel ated dat asdtog (teh.eg.c,almall &
fCQ). Finally, f@g@wpiG@iScyl, Unapapnedd gas t Kaspsf er
estimated usfimge awign o bsapg e ggda pd aitfd suext )c ad rcau | lag @
Equation 5. 1.

Table 5.1 Variables and relevant sea surface temperature (SST) types for glebeh &@Q flux
estimates and their relative importance for the flux estirfadter Woolf et al., 2018 The backof-the
envelope calculation in the last column is iG60,w of ~380 patmfCO,, of ~390 patm, an®fCO, of
-10 patm, values typical for the last decdldendschutzer et al., 2020)

Variable (x) Conceptual Practical SST product o1l m *
SST 2 2

Sc’ Tauk Global gapfree Tsupskin 2.5% K* 2.5% K*

u Tlnterface TSkin (G|0ba| gapfree TSubskin '25% Kl 100% Kl
with a cool skin correction)

fCOZa Tlnterface TSkin (G|0ba| gapfree TSubskin '02% Kl 10% Kl
with a cool skin correction)

UN TThermal G|Oba| gapfreeTSubskin '25% Kl ‘100% Kl

Individual Tthermal Individual Tsupskin (IN-Situ Teuk 4.2 K* 160% K*

fCO2w with any bias correction)

Mapped fCOzw  Trhermal Global gapfree Tsubskin <4.23% K* <1606 K™

*The interpolation method (e.dVPI-SOMFFN neural network techniguieandschuitzer et al2013
can largely dampen the effect of SST on magdfoh,..

Table 5.1 summarizes the SST types that shou
Sshould be cal cul at e de df rtoomKedk ¢heci Tgtat, mp &Kdatsdnteu r e

derived ftomcehemdélobhed, a¢.g. 2006; ) Ni ghei aga
sea interf algg eragpoeuriadt ubree usedCAmmld t wéri ¢ &1 ¢
t emper atturbeasa&t off tmatjh es hMBIU d( be empgC@wWed at o



Chapter 5: Global ocean CO2 flux estimates 90

Equati onl.5.Rowwaveetrf, (@048 ges e miight be a be
temperature fG@wandial Theasenawater carbonate s
situat isoena €@ hange, which does not exist for
canges cause chemical reparti i oaoangonoifc tah
bi carbonat e, Zeerbhdk dridfoldman,e ; WOO0flind that the |
repartitioni#fg@leadguigl itb mat i>o n 0] ash nfsoorn ,t ylmi8c2a |
& Wedlfadr ow,s 2@0Ocdh | onger than the timescale
MBL but within the TBL, where vi s(cJi®unsn ed i s2s0i0p

J2hne et al ., 198The Woxplfaeatanbn,olOtllbe ti me:
in Supplement S&. tAmMplkekoaghrehgradisent 1in th
effect, the carbonate species are not expect

t hBrterimsss t he opti mal tef@@eanddh. ure for calcul at

Trher,dass dimdeasraee CcONCceptual temperatures, whict
temperatures (Figure 5.1). Satellite SST, wkt
approxi meteirpaBhdtolrer et al., 2019; Watsd@&n et

sat eThupiptreoduct can bedhaunsSed atna f@ @\f cwalpatthee gl ot
oceBlbsWint h a cool skin oodrtectdaInf€c@laatla dgelno b
| 31 Tsuwbskhnoul d i deal | yCCwkr ameth & oteegnoprer reabttuart eo rt «
Subskin seawater tempéreaperat uHeweeasyur etecc
t f@Qw n SOTGAT«k iassd Tiswhsmenrasur ements are unavail a
t he SOCAT s psacaempa ndUistbin@e. e., SOCATICIBIT$ t o
reasonable in the absence of a warm | ayer ef
warm bias in the SOCAT SST.

Table 5.1 also summarizes the influence of
vai abl es usedaifdQmakee taWoadtl é s e (f).a alblmenf@ ®Q 1 6

variations due to the bias in the 8&h2ErOoduc
flux. However, any bias in W€le $58d d&@wmcuakd
can result in a consi der aibnfel ubei nd&& whoanp pthhaeg f | U
should be significantly dampened by the inte
on t hfel O due to temperat ufC&® W b-ilabst % dKads ef 50
An average bias mfa OdGQasficeul @8 Oasm]twhich
~16% of -sbha>f@@itx afiorr t(hLea nldasscth (dezceaadeet al . , 2
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The skin temperature shoulanf®h@. uBkeahahomet he
obtai n@dbsfwindbm a cool  STkuib §ikiSC oursreedc tTdactnb.ie ritflh @ a n
calcul @t idon@, of heCQucpetaank e is in theory under es
| ast decade with a0.nefah&nclooon estkianl .e,f f20®2)of

5.2.2 Bias assessment

Thiesibhwl k SG@TATnNni s generally fC®ad stea vcaotri roencst f
the equilibrator temperature to the seawat
Suppl ement S5) . Howevem, thewSOBADI 8STmdghbt t e
engi amWatoson (202@)ocated the DOI SST v2.0 (NC
|l nterpol ati Bay B&ITd 9 a¢ tarseepr; s e2n0t0i7ng t he subsk
indi visd@&T measur ementfsoumd StOCAIT.t TeFOCAT S¢S
0.13 N 0.78 K-licaherd tDHOd s StFhueazcgd( . OHRAW envt eerd,

out t hat t here might be a cold bias in the
di fference between DOI SST v2.0 and )v2.1 can

This study uses accurate SST observed by dri
DOI SST v2.1 and the warm bias in SOCAT SST.

1020 cm rdeprtehsenting theé¢ sabalsiet mfr ot FiaX ur e
Quality MoXu t&rl gvi2h 8ledv;t h hi gh accuracy (qual
the assessment. The Budym&sSThig) fandttlgendde
resampl ed DOITISST 4d2i 1y (déatda larle nroenstahrhpyl e de stod
and tHdedrB8ST mdnt hl y) in SOCAT v2021.

5.2.3 Cool skin effect estimate

The cool skin effectDorsl awrmi egunidh losuhso IOMD 2bHhhee cooc
when estismatbiGOOgxasr WazGbhbhedta ad anG.tlamtK)v atl ai
account for the i mpactseahfOiOhxe c.00HO W&V enr ,eftfl

effect is affected by many ¢RrOVOPRPdPpomesrtdala

spekapendent cool skin ef freadturbea sreeda saurr esnkeinnt se
hereafter). A physical model Sdondam&n) ool
devel opaidr dlyll 986 hali der s wind speed, | ongwav

sol ar rFaadiiraatl H@6E@f t A 96een included in the
(Edson etanal r.,ec2®Al33sptpuadtiteus et al . , 2017, Emb
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al ., s2u0g2g0e)s Faitrhaaltl & c bent €r f or t he cool s k

parametdepseadeonn upon wa nsdi isgpleeedvyar i abl e

We e mpl|EORYAWHE mel s pEelar diad ah teets tail m® o e2l 02no@) 2

skin effect. The COARE 3 .Foaimadelb 6iski ms eed f tea
following modeCCl M8 tEsulr ofpeeams &Sgp:ace Agency C
|l nitiati veMeSScthagt ocdct,; 2019, Me,r chh@mBR ske aE nlb
pres(skialenay eERAbDL. moaw@ElBkyed r e a(nthd ryssh asc hd ad ta s
202f0omi nd speed, 2 m above meanreeéeatl @eelhumA
(calcul at A&dMMSfan omt 2 mmeareampwrient and mp Arugtutsrt e u s
Roc-Magnus approxi mati on), downward shortwa

radiation, and boundary | ayer height.

5.2.4 Global air-sea CQ flux estimates with the temperature correction

We use two different methodsSTofaccohseetagf oba
CQf l ux estimates. For the first method, we u
assess the bias in SOCAT SST (bijlamoficChyy her
in SOCAT v2021 vV fCQuwEquaCeh °B5P Ky .ehe tempe
di f f eDSSAQge bet ween SOCAT PDSFTTawdr besywiSSAH. | &anh
10A |l atitude running mean, see the orange |
vari aD3IdM oveer. tThe number of matched data p
buoy SST is smaDdST ni smoasvte ryaegaerds ,ovseor 1982 t 0O
fCQwdat a wiSt hidh @00e corrected because of the

in theamael aFfooceé he s¢tocmad eme DIDO S STt Q. dor epl
i n Equat ianm If§G@ bticasr el Wahepoaea®e} e malahnea & 20

fCQuwi s used for t heGofddMxjrnpeath caill .a,t i 2015 s@med Hc

20X¥Dr the reanalysis process).

We empl BIFISOMEFINUT al net wok &ndsachnt maiteo et al
inter ptlQat &raddhtenehaldiC®et o the gl obal ocean fr
2020, using a set of iIinputLamds albdtesefroMet ualk
the neur al network inputs, exbdepthéanot eheab:
represents the subskin tiesmp$esTatnueraes uanedneingd si,
utselthe 1A T 1A, monthly CCl SST v2.1 for t
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S$ v2.1 is al sSaanuds edvhti é ecalheulC&i e SST v2.1 wi
is employetdanf@Qgal cul at e

We use two models (Fairall 96 and Donlon02) t
and Donlon02 <cool skin effect estimdaed are
fCQa respectively. Tdheep eqnudaedirta Kdeeramaifl oot iesdpne a&(d. |,
2006; Wann)nkbobse@0Ottd cal cul ate gas transfe
winddspdaéea from 1882 ttoo s20a20 itshat ttirlmentsdrert a«
gl obalkegmdamnm 8 '2eqmah tof &ks. 6r dfd hhegentory me
(Naegler dt2v@09h0h noting that the cool skin e
i mpact the Kglkadalul me adC firnovment he y -de’dfause t
concentrat iD®@) diid f e(eNeayecge aelrg,e 2009 ; ,Swaenedn etyh ee
upper ocean temperature gradiDefht sl mnilye remsad
substitute all variabl es haeb ogvleesheanlifOGOUERg u aTthii osr
study typically adopts 1 standard deviati on

unl ess specified otherwise.

5.3 Results

5.3.1 Warm bias in the in-situ SOCAT SST

The temperature assessmeqndl dishbinags tihre thhue yD GIS
K on average, stkKndamnd @rgmal 4. wardmil®i as (0.
error 4K)1l iln 1tOhe SOCAT SST, which indicates
SOCAT SST, t vicrag e} hedDvWDE®l d overesti mate this
(Figure 5. 2a).

Figure 5.2b shows the | atitudinal wvariation
with both SOCAT and buoy data (green bars 1in
t hanptee at ure di fference (gteyi shadedi aggans. | Al
only consi derS danith 7lehteweSeOhC A7TO SSTDSn®iTn u 0 rkaunnagye
l' ine in Figure 5.2b) shoDssSTapgpparoantavwearaigaet ipa
slightly nNgand@v®0 matt B& norDSISEr n sh erMi. Dpth eKr en,
equator and i ncr easesbhNayHd#edh. Idek -Otecd See Hh.axdi n3usSm
DSST al so i nc\r gas eas nfatko dmbudnBNoa&tn d5 hen decr eas
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Figure 5.2 Latitudinal variation in SST differences, number of matched cgits, the gas trans
velocity Kes and the fraction of the gl olditad® sverac
temperature difference between DOISST v2.1 and buoy SST (red line) + 1 standard error (grey
The input data are from 1980 2020 and have a 1° x 1°, monthly resolution. Blue bars show the |
of cells (5 latitude bin) containing both DOISST and buoy SST data; (b)atibude running mean
the temperature difference between SOCAT SST (from SOCATVv2021) and buoyr&&je(tine, i.e
DSST in the main text) £ 1 standard error (grey shading). Green bars correspond to the numk
(5 latitude bin) containing both gridded SOCAT and buoy SST; (datitude averagéeso (purple
line) calculated with a wind speetkpendent parameterizatigido et al., 2006)sing theERA5 winc
speed datéHersbach et al., 202@)r the global ocean. The blue shaded area corresponds to the

of ocean area in different latitudes (atitude average).

nort hDSSTheatt ern heaeamitshpeh esceutrhoewrgnhl y mirror s

hemi sphermromwti hvimarad 5shi ft .

|t i's worth -snaompInign g haftf eucntdsert hese bi as asse
consider all paired cell s with botbhi asuoiys aonmn

average +0.02 K. I f we only consider cell s
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measurement s, the warm bias is on average +
l atitudinal wvariation of thge bhowsmary vmeg s (sl
are within a cell (Figure S5.2b in Suppl emen
It i s I mportant to consider | atitudinal vari

instance, SOCAT SST has a rel ati ¥Gdyyn iltahrege v
Sout hern Ocean (Fsguwtrlre &f 2d9 , WKds@Imdcauplae d e
surface ocean area (Figure 5. 2¢c) regsdlutxs i n
estimat es. Thi ssvatyidygusemparcdtadraangledied 5 n(ei .ie
5.2b) to csenrnpfddx tthef waeh @&Hee Section 5.2. 4

5.3.2 The cool skin effect

Figure 5.3 shows the ©®ooal os@2nadihfE@atraebbé
estimate of the gemnl|ltlB&mn ntelsd fi Bt led s Wwiroad s
(U< 9 YHm bsut weaker for xiUgh W6éNn(dF isgoueyeed Eh.€39a m
mont hly wind speed distribution (green bars
9m 'account for 80% of the wind conditions.

Fairall 96 is typically strDmhegestdmdaar d hdhd v ies

Fairall 96 cool skin effect i1 s much higher at
refl ects thaotngtwlaee edmriavderad i 6 n, h)eatdanf | pmixo d uac
substantial wvar ifafte cotn sundnert hree lcaotoilv eslkyi nc ael m
The Donlon02 cool skin effect only has a sl

di fferent f-0om7aKfFowatr)etbWiBibch was used by &
for-seaa sfClOu x td prifae s on etl nalc.onh2®ZF0@)] rall 96 ¢
estimate ¢$owdevwa iicaadiaoon wi th two relatively ¢
around 50AS and e&ddsANarweh elrieghw.i nTdh es prai r al | 96
the tropical zone and decreases toward both

|l ati tudes.

|l n most oceafaimeaedil ®r6s ,c otoHe skin effect foll
| ntun ing IFya,i rtahlel 96 cool skin effect is nearly

zones, evdr twheouwghpeed is much | ower near t
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Figure 5.3 (a) Relationship between the cool skin effect and the 10 m wind spe@dGreen bai
represent the frequency distribution of tBRA5 monthly averaged reanalysis wind spedds<(1)
over the global ocean for 1982020. (b) Latitudinal variation iblio (red line) and the cool skin effi
(1° latitude bins). Both subplots sholetaverage cool skin effect estimated by the Fairgllg&ica
model (Fairall et al., 1996solid blue ling, the Donlon02 wind speedependent empirical mot
(Donlon et al., 2002, dashed blue lirg)d aconstant value-0.17 K, greyline; Donlon et al., 200g
The light blue shaded area in both subplots indicates tamelazd deviation of the bin average
Fairall96 cool skin estimates. Global ocean1l , monthly datasets are used to estimate the coc
effect (see Section 5.2.3).

Drivers other than wind speedl phgewayel atadnt

mi ght counteract the | ow wind speed effect I

5.4 Discussion

5.4.1 Variation in the CO> flux correction

|l n this diescctusosn,t wee i mpact of the warstreai as
CQf l ux estimates. The corrections are applie
b) and by Il atitude (Figure 5.4c¢c, d).

The bias correctiacmsessimeqtt {dilasopud$) | ead
in oceapt £0e P@f &, ywhil e the bs ag € boecrag cetdi or
DOI SST (bias_Ol) suggests anFiagwerreag®. 4 an)c.r efads
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cool skin ocnorFaeicrtailond 6f and Di2n0l200n 0a2v eirnaggree apscees
upt albe Py Cagd 0. 43 PRgs@exrtively (Figure 5. 4
correcG.ioh KWfincreases the flux by an namount
Zhang et al . (2020) show that the mean di ff e
the observed <cool skin effect (7239 observa
uncertainty of the Fairall 96atciowé wvkecear teasitnt
Fairall 96 flux correctd)i.onl n st ot2a0l% (tihe .f | Wx (
bi as_buoy and Fairall®B6owesr otnhaanv eirfa gteh e~ Ob.i3a sF
are used for 198rRalt ov &r0i2a0t. i & &p il Qitdeaw intelt  daii frf

temperature correcti oSwsppilse msehnotwnS5 n Fi gur e S

Figure 5.4a and 5. 4 e esahfdvabi Ihex )c hgaenmgeer a tne & hlkey
for the warm bias onalSO&Ad 6B¢&. | ahetudmpal \
corrections (bias_buoy and bias_Ol) follow
Using bias DBluxrehaesia twofold | arger (in
bias_buoy.FiThwer eda%.a2a nsuggest that using bia
SOCAT SST, which woul dloveselst i maiseeanfOD26t Rg

correction. Therefore, we favour the bias_ bu

Whi |l eewehassawmar yiang ttuemper ature difference
bias i n SOCAT SST for everac!| gaaaninnttade viaruixat
(green |l ine in Figure 5.4a). A poissibdaehreas
of SOCAT is di Biffuppt &HFntgand Sbheir spatial
bet ween yeatrdse.pelhhdee nltatbiitassdecorrecti ont-owhen
year spati al di stributian t-vemeyiheg SODCATald ame
correcti od §up plu8 e nSts .

Fi gabrretb and 5. 4d sdew.fd@ex cwhenrgead mouwntri ng f
effect using the Fairall 96 and Donlon02 mode
both flux corrections (absolutf@Q& akaefEguwhi o
5.1 and Tabpeaectt.df) .tHAbdecoomseakiOurxfiglct hoaud
fCQa Theaiesverg at moemphemt cat®@@@n m@siultthuisn t he

cool skin flux correction.

The flux correction absy nFgaiDroanlDIBN@BGhiy@xwibes dd ut

ter ms) . The | argest di fference in flux betw



Chapter 5: Global ocean CO2 flux estimates 98
Bias correction I | Skin correction - 80
c) d)
- - 60
- - 40
§ 0.6 ~f
= —0.61 ’ = bias_buoy —
< ,’r — = bias_0l i r20 =
T T T T %
- -0
-0.3 2
—_ b) —— TFairall96 ©
HL == Donlon02 r =20
>
v " - - -40
£ —04- Say ¢
E’ ‘\\a"\ I —60
L ——
< TN - -80
_0-5 T T T T T T T T
1980 1990 2000 2010 2020 -0.005 0.000 —-0.005 0.000
Year AFlux (Pg C yr™1) AFlux (Pg C yr™')

Figure 5.4 SST corrections to the asea CQflux (DFIux) versus time (a, b) and versus latitude (
SST corrections account for the bias in the SOCAT SST (a, ¢) and the cool skin effect (b, d).

DFlux values represent increased ocean @iiake. Green and red lines repreg#itix due to the lais

correction assessed by drifting buoy SST (bias_buoy) and Hgcated DOISST (bias_Q

respectively Blue and purple lines represeddiElux due to the Fairall96 and the Donlon@&bl skir

corrections, respectivelfdFlux in a) and b) is the global araiunean, whilddFlux in (c) and (d) is tf

long-term average (1982020) in 1° latitude bins. Results are based onMR&-SOMFFN fCO,y,

mapping method Landschitzer et al., 201@eeSection 5.2 The interannual variation of the glot

air-sea CQ flux with different temperature corrections can be seen in Figure S5.4 (Supplem

Our preferred corrections are bias_buoy for warm bias in SOCAT SST and Fairall96 for the «

effect (see Section 5.4.1).

Southern Ocean (FOQurceob. 48)n EhéebDonhas min
so the flux correction is largest at ~50AS
ocean area is relatively Il arge (Figure 5. 2c
|l atitwdianalonvand a mini mum (absolute) wvalue
skin effect offsets the maxi mum wind speed ¢
correction (in absolute ter ms) at ~50AS fo
(Al appattu et al , 2017 ; Hnrmbsursy gegte satle.d, tzhGalt2
cool skin model i's better than dnlao gd 2 batl c
t his, coupled with our estimates indicates t
correcti oeraefdih,e e@aspecially in the Southern
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5.4.2 Implications for air -sea CQ flux estimates

This studye deatl esn twii €I1Qvlitahsiesd @ amif@uex esti mat es
upper ocean temperature eff ecf€C@®wbaks eldarfgleu xa nac
comes from the @Wsoltfr aeis f hree\veeB@Icd t ¢st i mat ed
the ocean cdrGbhaumeirnweadmndas rriyot20rleOgui re t he gas
unaffected by upper ocean temperature effect
CQumtke. To cfo@ybarse dt-dneeatofGCux wit h t heseaat hro
CQf lux of the ocean car bon HMWarctean yGG svei me €
The riverine carbon flux?thlascrheien ,etdt adia Pgd )
yt(Jacobson, e0. &5%L(PRe2gn0iye)r eaend. a7l8. PGRE2 yrandy
et al. ,Hemwd8ye adopt t(he Hnekakh B.f21% hRg eC vyarl ue

The nedadd@x derived from the ocean2car Non

0.Mg C(iyse .6, Pgand hyropogeni kg f Gruixv erl usarOb &8 f |
the footnote of Table 5(QGr dlmer tdtewhlr opald@i s
in Table 5.2 alengnewint Qe gt & &mlyx et . al .

Fluxesif@@gmoducts and three wind speed prod
for fe@Qpmoductsedate genkrate the ensfE®hl| e meec
has been filled with a scal do chl asmabteoel no gcya |aint
a global averager of hda&i Qe e df-khdmals efdl WX Feasyt i ma |
et apki1)AlZCQgpirxoducts (which include the MPI

devel oped from the SOCAT v2021 dataset. So t
the temperature effects should be sMRiIIl ar t
SOMFARWMNQwmappi ng Lmentdrsacdh ¢(t @ B3 rtdite ramo.r,e,2 an ens:e
di fferent data interpolation methods and dif
estimate than a single interpolation methoi

corrections estimatedcensembise meadyf aueae. appl

The ensembdeaM@@nu ait hout any bialk. aAand GC.oblIP
C Yr is OThowgr Ctgan the net flux estimate f
ensembl exfrheuaxn wGQ@ h biras | ®6oyx omnd 2k&nPgdCrect
yt, similar to the ocean caumptomkeé.nvEme oaor rdeda
the bias _OI and the DonlofWat seaggept 2itl. plye @ .
ensembl es emaaf@Oudxi M( (P.g4 & ytrowards the | ower |
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carbon inventory flux estimate (Table 5. 2).

of the riverine. chhdomi fémuixneofflrextiioonsti |l |

esti mates spantbdbrom78(RPHc ®yyen yet al ., 2007;
Regnier et al ., 202 2; Resplandy et al : 201
estatms i s most accurate, an average is simpl
the river flux is required to increase our ¢

Table 5.2 Global mean nedir-sea CQ fluxes for 1994 to 2007 (numbers in the tartgenerally the

mean for 1982 to 2020 unless specified otherwise). Here bias_buoy and bias_OI represent the bias
correction (to SOCAT SST) using the assessment from buoy SST-dwchted DOISSTrespectively

Fairall96 (Fairall et al., 1996and Donlon0O2Donlon et al., 2002¢orrespond to the cool skin effect
estimated by the physical and empirical mededspectively. We favour the bias_buoy and Fairall96

corrections (se8ection 5.4.1)

Net air-sea CQ flux Fluxwithouta Flux with warm bias Flux with warm bias
estimates (Pg C y1) temperature  correction and cool skin correction
correction

bias_buoy bias_OlI bias_buoy bias_OI +
+ Fairall96 Donlon02

Ensemble mean of -1.7+0.4 -1.8+04 -20+x04 -22+04 -24+04
fCOuw-based fluxes*

Ocean carbon inventory* -2.1 + 0.4

*The ensemble mean of the fluxes from DO, products and three wind speed prod{Eay et al.,
2021)

** From Gruber et al(2019)(-2.6+ 0.3Pg C yi*) with a riverinederived carbon flux adjustment (0.53
+ 0.21Pg C yr'). The uncertainty (i.e; 0.4Pg C yr') is calculated agm& 1 1& p Pg C yr.

Anot her question is whether the warm bias a
under st ansdeagfClOod x eassi.r One mi ght argue that t
at mosphere would have been i n aastaecadyl steatue
nat ursaela8dQ xes woul d hHawec kb eetnf ale.rdoe t2a3iz2l@s ) |,
temperature corrections would create a prei.l
bias in SOCAT SST is not a natur al phenomenc
estimat e. Furthermore, while comndesctkioniduaea

cool skin effect includes both natur al and a
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the cool skin flux correction!(de®rm8ad.d4b3 al mc
Pg € ydue to the i n@Q(eaklk dmm adymof@rmane rindcl t o
ppm) from DI 2agtokeh@k@¥. &PTansduydhEd Bwla £Ot mo s
~262080 @PWmgl ey, who988B)is ~70 ppm jionwelr9 8 2h.a nT haut
the preindustrapfdlxadarrradctailan due t @& .t2be co
Pg C, ywith t heorrreencdii®inPgi~C 2020) due to the
at mosphdyi an€C@r opogeni c emi ssions.

A flux correction for the fCOwWbsekibasetdheédtuxi
estimate, which is avaiFlrabelde ifnrgoesm etiThhee 9 8ates

ndCQwneasurements in preindustrisalafdOngs (the
sum of-ssaemalyat uux and river flux) is based
transpor t( Haouncskt reati nalst ho@@QB0) he cool s-kin ef
0.25 Pfgl Cxyrwe can still assume that ocean ar

in preindustrial t i mefsf.ecSpeltcad ilcaéh yj mpilhiecict
preindustrial natwural equilibrium assumpti on
by suggesting an increasingeanfChQrpoghnl e th
no contr aditchtei aone nipeetrvaeteur e correction and th

assumption.

The cool skin effeesteaxh@ukt bavmpadeenodi shas:
Whil e the cool skin effect itself hassebaeen w
CQf l ux i s mainly based on theoretical ar gume
to confirmctihuedendende tcamoiln ski nsed ffECitanon es
i mportant topic we urge the community to der
met Hed g. , Domgpreotviale.s, d2a02Xt fl ux measur eme
referentexCOo0 asseshse tbhuelf dae@Qtrearony geodfd yt covar
measurement sD€Q a~@lwacwel wilié ifjnsi ghtf ul beca
skin on &tfhleuxouilsk iICO t heory mor BIfC@|r.o nANpnpernotp rfioa

| aboratory experiments may yield further ins

Il n summary, this work upddd@sb at b-de aef@puex at u
esti mates. 't shwwsmthaast her 80C&TaarSySiTni gg maio a
skin effect, resaddii tnigon ab p-DB G P YTt y r2020 .
corr eesteamadrfCuUXx for an ehskhmbdaed@@® xs ipx ogagt s
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wel | wi tnh ctalreb omadeeanvea@ad ongt f | ux. Theseaxtrem
CQflux to the accuracy of SST means that v
temperature to assess any bias in the SOCAT
at mbspi gupG@ ke, and the strong windsceaeaelnecoun
assessments need a suitable medaifdfuoxr. t he co
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Chapter 6

6 Conclusions and future research

iDon6t think too muc
it. No matter whether you can make it, you w

learn something and benefit from the proceg

(Thomas G. Bell, April 2022
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Abst rTahcits: concluding chapter draws together
provides a gener al di scussion of the topic
scientific community shofudtdumea.ke efforts to

6.1 General discussions and conclusions

The global occeamki ana meédjuser pC@ys a critical
the gl obal dred fCOgk ormalt i mates include | ar ge
objective of this Phdeai@®@ixs eissi matiesipi oveif

Firmd ,uncertainty in Kedoe dgans natasstéare walec:t
obserbasedngd @b d0Quxi recWwinfatests, ali.ndi Z2@19)Nng a
mechani sti c umnRsdeear sgtaasn de xncgheaanfgeea is rTehxec hmamge cor
empl oyed the eddy covarsimamee s(BQ) fteahthi pua
par amet rKesfaet.Ygomg odR2) ain,t R | ast decade. How
i n t hbea ssehdi -pEeGa 8 QW X measurements are not well
EC £Q ux measurementse fhomotighlycaonabgse t he

made concl usi ons:

T The inherent random uncertainty accounts f
EC saeafux, while the bias (systematic err
t hahef EGXx meas weesnieigitss aameference to valid

estimates and pdwe rEfCo & esctaune yqg ucef i s

T The mean relative umeantCOuxtysi eshomat gdEC
high fl axdrediOdns n | ow flux areas. The tot
oft heert gas anal ysferasn7dg BLOlx ar s osGBBILar and b

arsreafdQux mMeasurement s.

T The random unceegftlaux tcyo ntny it het €ea ti@ereicv end t h
Kee.o Applying an appropd3i atosuurdsgemagi ag !l yi me
random uncertaizxht wxi @mndett iKesds EALCCOI DIC@u m |
threshold of 20 Oatm enalde@®er amedp tsresaml E&n
CQf lux measurements because the relative f
observations. SPen@h(aa2xra)2 and al so
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Second, the polar oceand onfayt hbee grleosbpaolnso b e :

anthropogéetihougG® these regions only cover ~

(Gruber et al.,2@08P;n Masdunakoan,ett hael .p,ol ar o0c¢c
the variation iasitntke agildolmale ceadnGrCWbe rt etc la
2019; &Mamshal.l ,Th2u0sl,1)t he accuratel guanhi pot
oceans is important. 2fHouwe veesrt,i maitcees tcdinndt a tehs
the Sout heleanr gGecreacnompared to {Ba&Mastfloirs ot2h@09
Gl oege et 8hall @@24)ratification generated b
Ocean is a maj or-sebhadQuexn gees tfiomma theusl ki naitrhi s a
fugafCiQt)yy mMeasurement epmaderababbyf@®d nnotther ep
mi cr ol ayer -swhae rgea st leex ¢dhia&sSylea toecrc,url1ls974; . Mi | | er
Therefor e, et hdecas vumedeaircteidm shal |l ow strasedédicat]
CQf l ux esti matftG@Gwumbasedemant seat ~5-semad€Pt h.

flux measurements by EC are free of this st
Arctic cruises (JR18006 andcédRmm8DO70ntAr asse

fl ux esti mates.

T The results indicaté&€Quati ng heée semiEl@ICack rsur
measurements) is substafm@wat+6by5l mweeptthlani i
with-soeédanance strat-i¢cecmeéeli on Goel it ong sieamae fr e
melt account for hehf sof fabe f&OH usruénsge etfhaee
Arctic cruise JR18007.

T A badkieenvel ope cal cul asuohaseaggéesths-i €Ebantn
melt coulDdO!| & g’d@tdera&sti mati on obtipthakeAr 8ee
Chaptaerd [Rdnsgo et )al . (2021b

Further mor e, in comparison to the Arctic Oc:c¢
more attention tof |[Suoxutdetrinmalceesa h e Tl aglhiptay s i
shi pbhCow dser vati ons is a major chhlbkeagti fmat
The SoutherppiOalkane<€£iOi mat es ©HCGaGwend asnanr @ rmen tssl
( SOCAT) and novel fl oat pH obseswagtie@eme n t(:
(Bushinsky. efndkependddR)t @ etm EC meias heement
Sout herns Oemphoyed to codmpaed w@ahndhbhSOEE OBWIOCA

esti mat es.
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1T The comparison sugge&t@GDIltuhxa td atthaes-si enadseGpaepnodr et

flux estimates based onatheppbodedi ogséewwoat &
corrections, but (bydt bat eCsQuipd calkces$ tt thoafhy & rh e
based on the float data (SOCCOM).

T A new gas t rvainnsdf esrp eveed orceltayt i ons hi-dpe riisv epdr o p

Kes0bservations in the Southern Ocean, whicl
Keepar ameiensséde.g., Wanninkhof, 2014).

Al t hough the shallow stratification issue ar
for regional ocean flux estimates, they migtl
atsre@Qf | gkobyalAn oliwees but i mportant question |

the warm bias iimfltdé&o teSd aai@®uaxs e Wo onlat est al
2016)A recent st udyl siungcDfe€sddp@dr QeC Pou bisnm amh & agl o

oceapupldCake by considering a warm bias in th
a satell i tbOISST pr2Zodycta,nd a e0o nlst\@Ntts ocno odt sk
2020)

T The-asgessment of these two temperature eff
that there is a small warm bias (assessed b
and that -btatse dp keiyomil € Bif &tcit t incisn a l variati on.
updated temperature ef f egutpst aiknec rbeya sce33p 6 h(el .:
', substantially | owéWatbhan theaprevi26ad)c

T The warm bias flux correction and the cool
cl earaninrutadr and | atitudinat ewa rsidabuiQIOi kriiedsge
the gap bstiwvmat es fr om-btahsee-sisew@arifdadc ee @ bared v fai
the independent o(c@ramb ecrardtoma l H"¥4€20 09 200 7.
Chapter DBormgmdet2l)aslo. (202

Il n summary, this PhD &i 4@y icdctetdenmpiCe €8t i mpt e
empl oying t he tBoC itnepcrhonviegq ugef babngd e e t mmBtceE® | Iny
the two temperature effects. A begddaexM@xder s
measurements builds our confidence iIin using
A webhstKsgignekdey to reducing unce-staifluixes i

esti mat es.
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6.2 Future research

Sever al conclusions from this thesis deserve

f Make use of the Di@Q@ s ureesnse nthishreviztGhc@atym.anal y
i n Chapter 2 s WKge@eadtas dreuliiviregl dutomt héhe meas
signkCQ@ (<] 20 Oat m) because of the high re
thes¢ |l ucwrdaatgdnl v valuable. First, the cool
gl obalkaafdx esti mates ( saleaCk apft et r5gn g bault
evidence. The EC techni-gqea@®f@@mx else i ns gk gti @ n
low flux signdICQsi+@ptbaonh with. a |strong co
speed) . The compa+#ieson atvetrwgemrd t(ECe fll arxg me e
bul k flux estimates with and withowutctonsi
evidence on whether the esoecal.fGGmkniaffeaoae o
prediction of t hemetdh eadreyd. tSeacnosnfde,r -busd bekxep e ¢
rol e-siem el hégmwvgel f., B@i®dyd)ieat ed transfer is
favour s t he i nvasi on process mor e. Thi s
par amet er i s akKsdboon esscth eseetzefG@®nxe iamrout gassing
i optake areas. This asymmetry ehbhfflewx 9Sisgmalr
(Wool f, TBOm¢fore, Ktsbeet dviefefne rtennacte dienr i ved
posiDICiQoleser vati ons and DIC@meamal embuot snegat
to quantify the asymmetry effect. However,
measurements is the high relateve ohservat
(toramaye and reduce the uncertainty) or new

effect of the high relative uncertainty on

T Systematic observations oT het hie mpuapcpter ofoc e
stratification ®an 4f@l@u xe nhtaisr eb eAernc t9icmpdcy e s
assumptions DienmaChadtenmea8urements f@0y upper
temperatur e, salinity, DI C, and biology Vve
i mpact-i oé -imnedatc ¢ d wshsalr ati-feaatgiaen fomxabr in

oceans.

f Producing SOCCOM products withThe f$@CEOM I
product wused for theseaaomm@anxi sneraswirtemenhes £k
I's only basedkomneahneSqQQuVEFIFINVIRYH svoh ¢t zgr. et a
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However, NSOMB RlNg oMl ot her i nterpolation 1
MLSR°  denbeck amnhdalMi|§RZrOelgdgr eatr eala.l,s 02 Calv9a)i | a
have been used for recohbBurubbbeprd Dhet gkols

Different i nterpol ation methods contlain di
di fferent products for the comparison in
Therefore, it I's meaningf ul to empl oy ot he

SOCCevased flux products from 2015 to 2022.

T I mpact of t heef fveart m clraaytef@OU mi rChapter 5, I d
I mpact of the escakhfdCkx nestfifmates®sn Butr there
temper at-urhee emafrenctl ayer effect, that | did

| ayect eif $§ enot as preval ent aasttrhoen geeaoli nmspkaic

thesaasfQQux than the cool skin effect in re€
and | ow wind speed. Quanti ficationi-soefa t he
CQf  ux can i mpsgfolvuex reesgtiiomaatle sCO whi ch i s the
Car bon Cycl e Assessment and P

(https:// www. gl obalyar danpa@diethte. ogagsd r ecaap

(derived f pfolmuxfc@m&&s €COements) in tropical
flux signals may be substantially affected
warming on gas exchanmge wan(diinsusmneeil gabued 1
needs f urvtaidronmdsevi dence in the open ocea

upper ocean temperatur eKegarnaadliyesnitss. ar e nece:

These additional topics also deserve urgent

T The rol e of -sbeuabb&xecsh athsy eshown i n Figure 1.
deviati odeofKysldea seEC ements from different e
wind speed, which is very possi blmedduwd etdo
transf erkestvinndt hepeedcdi pel athieonexi sti ng evid

environments sbétwse a mpiodeé¢ anaesgeafh,eCDulbbdh @gs i

(e. g., Bel I et al ., 2017; Bl omqui st ,et al
whi ch i ndifcamechanil satcikc ounmdedisdtaemdl i thrgarmd f dr
under st andi ampe dafattehde tbruabnbsifeer pr ocesses i s

i n the par akmgatnar it oa ti impmr oo eaf@@uex @lsda b anlat &is


https://www.globalcarbonproject.org/reccap/
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1T The rneefTHheasaiapfQUx esti mates based on surf
the contempofbuyxy, oceahu@€Ong the anthropoge
nat ur al >2folcuexaan TChGe nat ur ssleaffGQAXx i NN e apgr ¢ h
period (without ant hr eipnodguesntirci aple racuenabra ta nd
argued to have been i n nestemrn8Q eqgl bbbl Il ym
priendustri al period is chadaect éd ®i-d-@adadry t h
riverine cdmHaoar kt eran puamitt RORO6at i ofnl uoxf atnhde
its distribution are essenti al to separat
cont empor asfyl uoxc eeasnt iGtat e s, and compase thel
uptake estimatesedbtismat on ohdelpende@an carl
current estimates of the i Vy(elraicnoeb sfolnu xets paalr
Lacroix et al., 2020; Regniwart hetl aalg.e, unh(tz2
Il n a@h er 5, to compastkl uxee gtliomaatl e so ckeaasne dC
observations and based on the ocean carbor
riverdfnrauxC@sti mat est hceo nuds edde.n cTeo oifn ctrheea sceo my

qguanti fied riverine carbon flux is required

T The | arge disagreement betbweseendftihOx mecd e Imadr
Amorgeener al but i mportant and urgent scien
bet ween thheggbobalasadd mogdteilmat es ok t he
uptake and the-basefda¢éuaxbestvatates has beer
Since 2002, the incr eastbmag erdatogs eocmflk tChSe hsiugrt
than déldeasmad occupamk€@Oby a(Facedliofgsthairmeet
The ocean uptake ofstbastamébeadapgpagefileawhk&Omo
ensembl e mean anduxtoldal cab sersweanbil @n mean fr om
Gl obal Car bonFrBwgddgteeti n2 e2tZ lmér ef @02 2)t he di v
two independent flux estimates reduces our
CQsink. 1t is to be expected that in the f
model si6l ictaypyasdanmtighendeeasty of observations,

Oce.an
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Appendix

A2 Cruise tracks of JR18006 and JR18007
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Figure A2.1 Cruise tracks of JR18006 (magenta) and JR18007 (green). The bottom colour bar indicates
the CQ fugacity difference PfCO,) of August 2019 (Bakker et al., 2016andschitzer et al2020)
while the right colour bar shows the Arctic sea ice concentration§ Afigust 2019 measured by

Advanced Microwave Scanning Radiomet&arth Observingystem SensqAMSR-E, Spreen et al.,
2008)
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Figure A2.2 Cruise tracks of AMT28 (magenta) and AMT29 (green). The ocean is coloured with the
DfCO.for October 2018 (Bakker et al., 201&ndschiitzer et al2020)
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B2 Integral time scale and variance spectra of C&and vertical wind velocity
Anintegral time scale is used in the flux uncertainty calculation (Eqsiérand 2.7). The

definition of integral time scalé of variablex is:
T — 1 00Qo (B2.1)

where, is the variance of andi is the autecovariance fun@bn of x. t is the shifting time
of autecovariance (which is different from the lag time betwaeand CQ in the EC flux
calculation). We can use Equation B2.1 to estimate the integral time seed@@iCQ directly.
However, integration up to infinity is not practical. Insteag can numerically estimate the
time scale by determining the time corresponding to the@utariance coefficient function
(i ¥, ) value decaying to 1/e (1/e decaying me)hodby integrating the autcovariance
function up to the first zero crossing of the function (zero crossing me(Raanik et al.,
2009)

One can also use similarity theory to estimate the integral time scale theoréBtaihguist
et al., 2010)

o cq—"Qum (B2.2)

Here,0 is the relative wind speed. The similarity functiéndf0 is described Ypthe stability
parameterf0 whered is the observation height (m) aridis the Obukhov length (m)
(Blomquist et al., 201Q)

Yet another method to estimate the integral time scale is from the peak freggency the

w variance spectrurfKaimal & Finnigan, 1994)

T

(B2.3)

ma X

The integral time scales wfestimated by these four methods for cruise JR18007 are shown in
Figure B2.1. The integral time scale estimated by the zero crossing method agjfeeishw

the peak frequency estimates using Equation B2.3. The 1/e decaying method tends to
underestimate the integral time scale, which is generally observed for turbulent ($kgmanlix

et al., 2009) whereas the similarity method (Equation B2.2) considerably overestimates the
integral time scale. Based on the recamlysis (as yet unpublished) of the entire NOAA PSL

flux database, the Equation B2.2 formulation is now thought to be an overestimate (review

comment for this paper from Blomquist, 2021). In this sfudy use the integral time scale of



Appendix 113

w from the zero arssing method to estimate the theoretical flux uncertainty (Eqe&isrand
2.7). The theoretical systematic error estimates (Equati)naso require the integral time
scale of CQ. The integral time scale of G@ difficult to evaluate from the above four methods
due to instrument noise. Instead, we estimate it by directly integrating thecwatoance
function (Equation B2.1) to a shift time of 200 s (we found no significant differenties
integral time sale when integrating the GQ@utccovariance function for shift times ranging
from 150 s to 250 s).
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Figure B2.1 Comparison ofntegral time scales af estimated by four different methods. igsited

integral time scales from the zero crossing method (integrating the@wdance function up tthe

first zero crossing the function) agree well with the estimatidheyfeak frequency method (Equation

B2.3). However, the similarity method (Eafion B2.2) overestimates the integral time scale whereas

the 1l/e decaying method (determining the time needed for thecawdniance coefficient function

value to decay to 1/e) tends to underestimate the integral time scale.
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Figure B2.2 Meanvariance spectra for G@ndw for one Arctic cruise JR18007. The near constant
COz variance at high frequencyi® Hz) indicates the bardinited noise in the Cesignal. In contrast,

thew spectrum does not show a similar bdinagited noise at < 10 Hz.
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C2  Comparison of the uncertainty estimates by different methods
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Figure C2.1 Comparison of total random uncertainties in pdilux estimated by three different

methods for the Arctic cruises. The empirical estim®@gg; « , rPgreg well with one of the theoretical
estimate’ O i 1 « e (F< @ 93) The other theoretical estimat®Og | o mql§ slightly higher than the

random uncertainti€¥ Ok | ., « « (SlQpe; 5 1.13) if the constaint Equation 2.8 is set equal .
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Figure C2.2 Comparison of random error in hourly flux digeinstrument white noise, estimated by
three different methods for the Arctic cruises. The three uncertainty estimations agree well. The

correlation coefficient (r) betweariO fa y 4@ O 81 o mqig L i the constant in Equation 24)

is set to/lc.
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D2  Performance of two gas analysers

Figure D2.1 shows a comparison b4t weantthlee L]
7200 gas analysers. We erc200maitsedon havertadgge nd
than thatoo2Bibhealliear3). |l ndedd,uxr aucormoe
white noise is mUzOho ht ghrerf drofrt hhetiLt bher ¢ oP
uncertainty of the2EEC crysAMM Wit drley L1 i gh
t heeC system wit hf tohne APMTc2a8r r(ol a3 lel 2 ,f4o)r. bAogtahi n
EC systems, sampling error dominates the tot
instrument noise (< 30%) t o(Bilebbach,2@li;Bahgfordn c e r t
et al., 2015; Mauder et al., 2013; Rannik et al., 20A6pther often used CRDS gas analyser

in EC measurements is the Los Gatos Research (LGR) FasthGuse Gas Analyser (FGGA)
(Prytherch et al.,, 2017¥ang et aals.h o(WEBRLFEEEGAastca. 10 timesoisier

than the Picarro G23#] and as a resylthe total CQ flux uncertainty measured by the LGR

is 4 times higher than that by the Picarro. From the perspective of measurement noise, Picarro
and LF7200 gas analysers are better suited fosedr CQ flux measurements than the LGR

FGGA.
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Figure D2.1 Comparison of the relative total random uncertainty and the relative random error

component due to white noise for different gas analysePic&roG2311f gas analyser was used on
AMT28 anda LI-7200infrared gas analyser on AMT29.
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Supplement

S1  Summary of eddy covariance observations from 1996 to 2022

The progress i derivations from EC C®and dimethylsulfide (DMS) flux measurements
over the last quarter of a century is assessed here. EGlxQOneasurements in the early
period produced unreasonable fluxes in both magnitude and variéaigjtyfedson et al., 2011,

Else et al.,, 2011; Jacobs et al.,, 2002; Ko®dd sukamoto, 2007; Lauvset et al., 2011,
Prytherch et al., 20H). This is now generally attributed to be a measurement artefact due to
water vapour (EHO) crosssensitivity in the C@measuement in a salty marine atmosphere
(Blomquist et al., 2014; Kohsiek, 2000; Landwehr et al., 2014; Nilsson et al., 2018; this study,
see Section 2.2.1With advances in: 1) instrumentation (€&nd DMS analysers); 2) EC
system setup (drying, choice of Itice to minimise flow distortion); and 3): motion correction
procedures, the EC technique has improved substantially and is now largely matursdar air
CO; and DMS flux measuremen(iBlomquist et al., 2010, 2014; Dong et al., 2821andwehr

et al., 204; Miller et al., 2010)Now that EC CQflux measurements and EderivedKeso are
reasonable, the maturation of the technique has enabled a shift in emphasis toward uncovering
the mechanisms that influence-a@a gas exchange. Examples of using EC ttystxchange
processes in the open ocean include: evidence of the impact of surf@¢tamgset al., 2021)

and chemical enhancemdfairall et al., 2022at low to moderate wind speeds, ocean waves
(Brumer et al.,, 2017; Yang et al., 2022)d bubblenedidged transfer(Bell et al., 2017;
Blomquist et al., 2017; Zavarsky et al., 20a48high wind speedsheimpact of sea ice on the
air-sea CQ transfer velocity(Butterworth& Miller, 2016; Prytherck& Yelland, 2021) and

the effect of neasurface stratification in the Arcti®ong et al., 2024). SeeTable S1.1 for a
summary of Ecbased studies & for CO, and DMS.
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Table S1.1 Summary of eddgovariance (EGpased C@and DMS transfer velocity studies from 1996
to 2022. The reasonable (unreasonakilg) derived from EC fluxes largely agree (disagree) with the

predictedKeso (e.g., HO et al., 2006; Nightingale et al., 2000; Wanninkhof, 20@d3trained by the
duaktracer measurements or boifg inventory in both magnitude and variability.

1 Ship,Seward
Johnson

Project Region, Time, | Gas analyser, | Notes
Platform Measured gas,
Sample air
dried?
ASGAMAGE 9 North Sea 9 Two open path T Unreasonabl&eso(higher than expecte
(coastal ocean) gas analysers | by a factor of 2.5)
1 Fall 1996 1CO: 1 (Jacobset al, 2002)
1 Tower, MN
Meetpost
Noordwijk
GasEx98 1 North Atlantic | Closed path | The first largely reasonable Ed&rived
(open ocean) gas analyser: | Keeofrom field EC CQ measurements
1 May- June LI-6262 1 Informs the cubic parametrization
1998 1CO, betweerKsso and wind speed
1 Ship,Ronald | N 1 (McGilllis et al., 2001)
H. Brown
GaskEx01 9 Equatorial 9 Closed path |1 Largely reasonablEgeso in magnitude
Pacific (open gasanalyser: with a weak wind speed dependence
ocean) L1-6262 and/of ¢ Focused on low wind speeds, strong
1 Feb. 2001 LI-7000 solar insolation region
9 Ship,Ronald |T1CO: 1 (McGillis et al., 2004)
H. Brown IN
TAO 9 Equatorial 9 Atmospheric | First measurements of DM&go from a
Pacific (open pressure ship, which showed a strong, ndaear
ocean) ionization relationship with wind speed
 Nov. 2003 mass; . 1 (Huebert et al., 2004)
: spectrometer
9 Ship,Ronald
H. Brown (APIMS)
1 DMS
1Y
ArKona Spar | Baltic Sea 9 Open path gas| | Reasonabl&ssoin the mean but highly
(coastal ocean) analyser: U sattered
1 March 2003 7500 1 Low salinity (7 93 )
Oct. 2004 1CG 1 (Weiss et al., 2007)
9 Tower IN
PHASE | {I North Pacific |{ APIMS {l Similar results to Huebert et al. (2004
(open ocean) 1 DMS showing a strong, nedinear
1 May- Jul. 2004 1Y relationship with wind speed
1 Ship, Wecoma 1 (Marandino et al., 2007)
BIO i Sargasso Sea | APIMS 9 Together with Huebert et al. (2004)
(coastal ocean 1DMS provided the data for tuning the
9 summer 2004 Ty NOAA/COARE gas transfer model

1 (Blomquist et al., 2006)
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Knorr06 9 Southeast 1 APIMS 9 Generally showed a strong wind spee
Pacific Ocean |q pms dependence, unlike McGillis et al.
(open ocean) 1Y (2004) (CQ) in a similar region
1 Jan. 2006 1 (Marandino et al., 2009)
9 Ship,Knorr
58GS20060721 |1 North Atlantic | Open path gas| T Unreasonabl&eeo (factor of 10 higher
(open ocean) analyser: than expected)
1 July- Aug. 7500 1 Keso NOt unreasonable in magnitude
2006 1CO, after applying th
1 Ship,G.0. N et al., 2018) correction
Sars 1 (Lauvset et al., 2011)
HIWASE 1 North Atlantic |{ Open path gas| T Unreasonabl&sso (factor of 10 higher
(open ocean) analyser: 4 than expected)
1 Sep. 2006 7500 TPr op o s K Tcdrrbcton tb make
- Sep. 2007 1CO, Keso more reasonable
1 Ship, TN 9 (Prytherch et al., 20H)2010h
Polarfront
KnorrQ7 9 North Atlantic | Closed path | First use of a dryer for COlux
(open ocean) | gasanalyser: | measurements
1 May- July Modified LI- | q Reasonable C&Kesoin both magnitudel
2007 7500 and variability
9 Ship,Knorr |1 CQOz, DMS 1 Some very high DMXeso possibly due
1Y to environmental or measurement
complications related to seawater DM
gradients
1 First time wherK of CO; and DMS
were both measured, but concurrently
for only a brief period
T (Miller et al., 2009, 2010; Marandino €
al., 2008)
SO GasEx 9 Southern 9 Open path gas| T Unreasonabl&eso from EC CQ
Ocean (open analyser: U measurements (factor of 10 higher tha
ocean) 7500 expected)
1 Febi April 1 CO,, DMS 1 Keso less unreasonable in magnitude
2008 N after applying a numerical aection
1 Ship,Ronald but the correcte®seo remainsattered
H. Brown 9 Low DMS Kseso at high wind speeds
during a single storm event
1 (Blomquist et al., 2017; Edson et al.,
2011; Yang et al., 2011)
DOGEE 1 North Atlantic |1 APIMS 1 Showed that DM&Keeo is at least as
(open ocean) |qDMS well correlated with the friction velocit
1 June July 1Y (obtained from inertial dissipation
2007 method) as with wind speed
1 Ship, 1 Artificial surfactant deployment is
Discovery shown to reduce gas transfer
1 (Huebert et al., 2010; Salter et al., 20
VOCALS 9 Southeast 1 APIMS 9 Similar results to Huebert et al. (2004
Pacific (open |q DMS showing a strong, nedinear
ocean) 1Y relationship with wind speed
9 Oct- Nov. 1 (Yang et al., 2009)

2008
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9 Ship,Ronald
H. Brown

DMS synthesis

9 Global oceans
(open oceans)

9 5research
cruises with 3
differentships

1 APIMS
1 DMS
1Y

1 Synthesized DM%es0 measurements
from five cruises, including SO GasEx

1 Showed that bubblmediated exchangg
of DMS has a different temperature
dependence compared to interfacial
transfer and needs be normaked
separately

1 (Yang et al., 2011)

ocean)

FINO-2 1 Western Baltic | { Open path gas| T Reasonabl&gsoin magnitude but
(coastal ocean) analyser: L4 sattered
T A\IU%V-225)1131 7500 { Low salinity (surface, 798 )
: 1CO i
{ Tower, FINO 1 (Ghobadian an&tammer, 2019)
2 TN
Knorr-11 1 North Atlantic |{ Closed path | Reasonabl&gsoin both magnitude and
(open ocean) | gas analyser | variability, with CQ transfer much
1 June July n(\%%%) dL faster than DMS transfer at high wind
2011 75000| '®8 = 4 First field evidence of bubblmediated
{1 Ship,Knorr 1 APIMS transfer indicated by simultaneous EC
(DMS) C0O; and DMS measurements
1CO2, DMS 1 Low DMS Keso d_uring a single storm
1Y event at high wind speeds
1 (Bell et al., 2013, 2017)
DYNAMO 1 Tropical Indian|{ Open path gas| { Direct comparison between G@uxes
(open ocean) analyser: measured with open and closed path
9 Aug. 2011 7500; Two analysers
Feb. 2012 closed path ga q Reasonable fluxes from a closed path
{l Ship,Roger analysers: ld | " gas analyser with a dryer, and
Revelle 7200 (one with  ynreasonable results from an open pg
a dryer and gas analyser and from a closed path ¢
ar_l?]ther analyser without a dryer
\évr't e?)Ut a 9 Similar data collected on SOARuise
y (Landwehr et al., 2014 ogether, thesg
1CC papers confirmed the wateapour
TY/N crosssensitivity issue and
recommended a closed path gas
analyser with a Nafion dryer for open
ocean EC C@measurements
1 (Blomquist et al., 2014)
SOAP Southern Ocean  APIMS 9 Reasonabl&ssoin both magnitude and
(open ocean) (DMS) and variability, with CQ transfer much
Feb- March closed path ga| faster than DMS transfer at high wind
2012 Ship, analyser 1 (Bell et al., 2015; Lagwehr et al.,
Tangaroa (COy): 2018)
Modified LI-
7500
1 CO,, DMS
1Y
NBP-1210/ 9 Southern 9 Closed path |1 Reasonabl&ssoin both magnitude and
1402 Ocean (polar gas analysers:| variability

LI-7200
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1 Jan- Feb. 20131 CO; 1 Quantified theKseo- U1on relationship at
and 1y different seeace concentrations
Feb- March 1 (Butterworth& Miller, 2016)
2014
9 Ship,Palmer
HIWInGS 9 North Atlantic | Two closed |1 Reasonabl&esoin both magnitude and
(open ocean) path gas variability, with CQ transfer much
1 Oct- Nov. analysers: faster than DMS transfer at high wind
2013 Picarro 1 The first field EC measurements with
{1 Ship,Knorr G130%f and wind speed spanning from very low
LI-7200 wind speed to very high wind speed (]
1 CO,, DMS m s?)
1Y 1 Quantified the contribution of bubbles
to the airsea CQ@exchange
T (Blomquist et al., 2017)
Arctic fiords 9 Arctic fjords 1 Open path gas| { Kseo derived from EC were significantl

(coastal ocean

1 14- 30 March
2013

9 Tower

analysers: L
7500

1CO
TN

higher tharKeeo estimated from the
(Wannirkhof et al., 2009)
parameterisatian

1 High salinity environment (3438)
9 (Andersson et al., 2017)

ACSE T Arctic ocean |1 Closed path [ { Reasonabl&egoin the mean but with
(SWERUSC3) (both open gas analyser: | large variability
ocean and (L;?Zeﬁ?,té’fsias 1 Quantified theKeso- U1on relationship at
seawater with GasAnalysa different sedce concentrations
seaice) (LGR FGGA) |1 (Prytherch et al., 2017)
9 July- Oct. 2014 1CO,
9 Ship,Oden N
Penlee Point 9 Southwest 1 Two closed 9 Similar Kego in the mean compared to
Atmospheric coast of the path gas _ previous open ocean observations
Observatory United grilgallyr/rsoers. 1 Showed that C&flux from dried
Kingdom G2311f Picarro and undried FGGA are similar
(coastal ocean (dried); LGR in magnitude
1 Sep. FGGA 1 Implied complex and dynamic drivers
2015 Aug. (undried) for the airsea gas exchangethis
2016 1CO; coastal environment
1 Tower T Y/N 9 (Yang et al., 2016a, 2019)
S234 2/ 29 Tropical Indian|q Closed path | Reasonabl&esoin magiitude

(open ocean)

gas analyser,

91 DMS and CQtransfer similar,

1 July- Aug. LI-7200 implying insignificant role of bubble
2014 1 CO,, DMS mediated CQ@transfer Uion up to ~16
. -1
{ Ship,Sonne  |fY ms™)
9 EC CQ fluxes were measured in both
invasion and evasion environments, b
flux signal was relatively low
1 (Zavarky et al., 2018)
Ostergarnsholm |{ Baltic Sea 9 Open path gas| T Largely reasonablKgsoin magnitude,

station

(coastal ocean
12013 and 2021
9 Tower

analyser: U
7500

1CO
TN

but withalarge scatter
1 Low salinity environment (6:57.54 )

1 (GutiérrezLoza et al., 2022; Rutgerss(
and Smedman, 2010)
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Ice camp Arctic

9 Arctic ocean

1 Closed path

1 Reasonabl&eso in both magnitude and

Ocean 2018 (lead) gas analyser: | variability
12018 2019 LI-7200 1 Quantified theKggo- Uson relationship in
9 Ship,Oden 1CO, seaice lead water
1Y T (Prytherch& Yelland, 2021)
ANDREXII 9 Southern 9 Closed path |1 Reasonabl&ssoin both magnitude and
Ocean (open gas analyser: | variability
ocean) Picarro 1 Gas transfer efficiency was measured
1 Feb- April G231 coincidently with EQKss0 and appears
2019 1CO to indicate the impact of natural
{ Ship,James  [TY surfactants on gas exchange
Clark Ross 1 (Yang et al., 2021)
JR18007 9 Arctic Ocean |9 Closed path |{ Reasonabl&esoin both magnitude and
(openocean) gas analyser: | variability
7 Aug. 2019 Picarro 1 Keso were measured in very high flux
q Ship,James | CG231H signal regionsfCOzw- fCO,4) between
Clark Ross 1CO -181 and-71 patm), which means the
1y relative flux uncertainty is low.

1 Identifies the impact of sdae-induced
shallow stratification on Arctic CO
flux estimates.

9 (Dong et al., 2021a, 2021b)

EC CO; 9 Global oceans |1 Closed path |1 Synthesis of higiyuality Keso datasets

synthesis € 11 research gasanalyser derived from shighased EC C®
cruises with 5 | CO, measurements using closed path gas
different ships |qy analysers with a dryer

9 The grand average of E@erivedKeso is
similar to dualtracerbasedKesso
parameterisatianat moderate to high
winds, but is greater at low winds.

7 (Yang et al., 2022)
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S2 Eddy covariance data processing and quality control
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Figure S2.1 Mean momentum cospectrumwgf) before(cyan line) and after (orange line) motion
correction for cruise JR18007. Error bars represent the standard deviation(Bf Bor the raw
cospectrum, there isspectral peak in the frequency of 1013 Hz which is the typical frequency of

theocean waves (swell) and ship motion.
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Figure S2.2 Time series otime lags for two Arctic cruises. Grey crosses represent the lag time

estimated bythe maximum covariance method and the btwmesses representday (72 hours) bin

averages with error bars representing the standard deviation-fllleaicircles represent the lag time

estimated bythe nitrogen puff method and red circles represent 3 days bin averages with error bars

represerihg the standard deviation. The gap in data between year2d&yand 217 is due to the break
between cruise JR18006 and JR18007.
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Figure S2.3 Time series of flux attenuation fraction aredative wind speed for two Arctic cruises.

The gap in data between year §2¢3 and 217 is due to the break between cruise JR18006 and JR18007.
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Figure S2.4 (a) Relative uncertainty in thgas transfer velocityKgesg) due to the uncertainty in the EC

flux, and (b) the syntheti€seo data versus wind speed. Red circles in panel (a) represent thé dim s

averages of the relative uncertainty data with error bars representing standard deviation. The red curve

in panel (a) represents a least squarg—ﬁ-t:— oo 7Y

181 0 (R° = 0.36). Red circles in panel

(b) represent the 1 it in averags of the synthetilssowith error bars representing standard deviation.

The red curve in paneliepresents the quadratic fit of theso from the cruise JR18007.
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EC CO:2 flux data quality control: The overall aim of the quality control process isadmove

data during periods when conditions were clearly unfavourable for EC measurements. These
include excessive ship manoeuvres (invalidating motion correction of winds), winds from the
stern sector (large flow distortion and contamination irp &@nalfrom ship exhaust), and

large variability in winds and C{non-stationary). We do not attempt to filter spectrally for
poorly resolved irregularities at low frequencies because thecG§pectra tend to be very
noisy. Given a large enough dataset, sushflfequency variability should mostly average out.

The specific filtering criteria are similar @lomquist et al., 2014 and Blomquist et al., 2017,

and are listed in Table S2.1.

Table S2.1Filtering criteria (within 20 minutes averaging intervals) offit@es for two Arctic cruises
(the criteria for AMT cruises are similar to Arctic cruises). The right column points out the number of
segments (percentage) of valid flux data which satisfy the filtering criegiach stage of the quality

control sequete.

Segments (percentage) passec

Criteria

JR18006 JR18007
Standard deviation in ship heading < 4(
Range in ship heading < 60°
Change in ship heading between t
adjacent segments < 60°
Standard deviation in ship speed < 1t 1923 (83.0) 1356 (78.6)
Change in ship speed between t
Wwind adjacent segments <1.5m s
| Relative wind direction | < 140° 1813 (78.3) 1318 (76.4)
Standard deviation in Relative wir
direction < 40° 1802(77.8) 1300 (75.4)
Tilt in wind speed < 10° 1741 (75.2) 1283 (74.4)
Range in C@mixing ratio < 2 ppm
CO | Trend in C@mixing ratio | < 2 ppm* 1419 (61.3) 1224 (71.0)
o Valid wind and CQ 1741 (75.2) 1283 (74.4)
ux . -
| Horizontal flux | <0.08 ppm m '3 1375 (59.4) 1199 (69.5)
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S3 Eddy covariance obsevations in the Arctic
Text S3.1 Bul k sensible heat fIl ux

The-saiar sensi IFd e Wheats fTUbual(y estimated by ¢t
QA Y Y (83.1)

wherera (kg n) is the density of dry airf@ {J kgt K1) is the heat capacity of aly (cm h

1 is the sensible heat transfer velocily,(K) is the sea surface temperature aa(K) is the

air temperature. Aisea heat exchange is controlled on the airside of the int¢ifang et al.,

201&). Tw thus corresponds to the ocean skin temperalweufacd, Which is generally lower

than the subskin and the bulk water temperature by a fewstehthdegregDonlon et al.,

2002) This cool skin effect (@), due mostly to longwave and latent heat loss to the atmosphere,

can be estimated using the COARE 3.5 mdéelson et al., 2013; Fairall et al., 1996)

practice,Twi s generally derived from bul k seawate

underwg system or from sensors mounted at the underway inlet at ~6 m depth. The upper

several meters of the ocean (beneath the cool skirgually assumed to be homogeneous in

bulk flux calculations (i.e.Tw = Tw_surface= Tw_bulk - dT).

Text S3. 2 i athdcdey covar
The EC airseaC Q flux calculation equation is:
Qo ec a0 @R (S3.2)

whecies themixyngOratwos(pphm) veandcal) Thwi nd v e

prime denotes fluctuations from the mean, while the overbar indicates aviarage.

The EC aifseas e n s i bluxealchlati@entequation is:

"Q ec BN O (S3.3)

whereTs is the sonic temperature (KD is the latent heat correction accounting for the

difference between the air temperatufg andTs.

" a pa
o g (S3.4)

wheWYeK) is the anf(itre W é¢ibed tueret, heat flux es
COARE 3. 6Edeodel et Bhe,demd@)nator is the | at

the sea ice stati olp)s,andnhet hwast etrh et elnmapteernatt uhr eea
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Therefore, i n regions with sea 1ce, t he (s
derivation of EC sensible heat fl ux.

Text S3. 3 I nstrumental setup

A high-precision closegbath gas analyser (Pita G2311) with a Nafion dryer was used to
determine the dry COnixing ratio. A Metek sonic anemometer was used to measure the wind
velocity (U, v, w) and sonic temperaturel§). Ship motion was characterized by three
dimensional rotational rates anccateration rates using a motion sensor. The, @@hd, and

motion measurements were all made at a frequency of 10 Hz. The EC system was installed on
the foremast at 20 m above mean sea level (AMSLmioimise airflow distortion. A
complementary filteringnethod (Edson et al., 1998)vas used to remove apparent winds
generated by ship movements. Further decorrelation against ship motion and double rotation
were used to yield the vertical wind velocity required in the EC flux calculation. The CO
mixing ratio data were further decorrigld against analyser cavity pressure and temperature,
shipds heave and acc el esenaitivitydonshig nootion. e s pu
sampling delay and higliequency CQ flux attenuation due to the use of a clopath

instrument with an inletrad dryer were estimated by a nitrogen)(N 6 i nj ect JORn 6 sy s
every six hours. Fluxes were initially calculated in 20 min averaging intervals, and thefux

filtered for nonideal ship maoeuvers and violations of the homogeneity/stationary
requirement of EC. The quality controlled 20 min fluxes were furtheiageerto 1 h fluxes to

reduce random uncertainty. Fammore detailed description of all of the above, please see
(Donget al., 2024).

Under way seawater measur ement Sw_ bQnMk anfle sACR n i
(Seabird, SBE48), atomoé emf aCGldhomalsidme avagn C(
JR18007 bdyi s p e rnsoinv e i nf-C@QR,e-840d)et ot bo-wi(nLgl &
showerheadd equilibration of {Dhetsopdvchti ere f
systKem;i di s1ly.t TaHmolC&2 Of racti on was 2t hgacictoynyv
(fCQw_9dquusing the WwWat,ersatleinmpietryataunrde ai r pr essu
equil i bfagaci CYP was then correctf@@wtoi kWha bu
the empirical t e nmilpaekraahtausrhei :reetl aatli.o n(s1h9i 9p3 )o f

"KEQW_bul’EQ:QW_%&(mﬁIT C¥ bul g (S3.5)

The system performed an hourly cycle of meas:s

noner oos€C@ndards and at mox€@Phef ir o mnataske goe nt |
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bridge wing at 16 m above mean sea |l evel, AN
temper®t,urpr s sand (el atRhiv,e Wwame ditakern{ fron

met eorol ogical platform (20 m AMSL) .
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Figure S3.1 Cruise tracks of JR18006 (green, from and to Aberdeen, UK) and JR18007 (magenta,
from Harwich, UK to Svalbard). The red points represent CTD stations witksngface stratification

while the black points indate noastratified stations during cruise JR18007. Yellow squares represent
fCO,w data calculated from DIC and TA measurementiéupper 10 meterfrom the FS2019 cruise.

The background indicates the daily sea ice concentrations from the Advancew&ierScanning
RadiometetEarth Observing System (AMSR, Spreen et al., 200®n 1 August 2019.
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Figure S3.2 Relationship between heat transfer velocity under neutral condikan} derived from

EC measurements and wind speeds during JR18006 and JR18007. Tasuffizient signato-noise

ratio, only values fofT}y - T4 > 1 K are shown. Grey points representiheat high salinity{ 34.5 ),

andblue points represetyy at low salinity (< 34.8 ). Red squares indicate 1 mlsin averages of

the grey points with error bars representing 1 standard deviation. The red curve corresponds to a
quadratic fit using the bin averages {Xdn h'). Two differentparameterisatias of Ky from the
COARE3.5 mode(Edson et al., 2013re also shown, from the sensibleat transfer coefficient Ch

and based on atmospheric resistance. The obséxudtbm JR18006 and JR18007 show a wind speed
dependence that is more similar to the resisthasedparameterisatiofrom COARE3.5.



Supplement 136

Figure S3.3 Comparison between eddy covariancesaia CQflux and bulk CQflux. TheNightingale

et al. 000)gas transfer velocity parameterisation is used for the bubdi@Ocalculation. The grey,

blue and magenta points represent flux measurements istradified waters, stratified waters, and
waters with oéunknowndé stratification status, res
using nonstratified points. The average of the difference between the bulk i@ (-15.3 mmol n?

d?) and the EC C&flux (-16.0 mmol it d?) is 0.7 + 2.0 mmol M d* (i.e., bulk fluxi EC flux) and

the relative difference is 4% (0.7 mmot’d™ / 16 mmol n? d* *100%). For the stratified waters, the

average of the difference between the bulk @@x (-14.3 mmol nt d?) and the EC C&flux (-18.4

mmol m? d?) is 4.1 + 3.5 mmol A d* with 22% relative difference.
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