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Abstract

Volatile organic compound¥OCsare a group ofmoleculeghat influenceaspectsof
atmospheric chemistry such as oxidation chemistry and particle formadost VOCsre
produced from a variety of anthropogenic and natural sources; with emissions friem t
oceans least well known/ quantified. In this thesis | focus on methanol, acetone,
acetaldehyde, DMS and isoprene. Uncertainty persists asettattorsinfluencingtheir
variability inseawater concentrations ' he polar oceans are particularly undersampled
regiorswith few to no measurements of these compoungich is partially due to a lack

of suitable instrumentation.

To increase available instrumentation, this thesis describes the developmant of
Segmentd Flow Coil Equilibrator coupled to a commercially available Proton Transfer
ReactionMass Spectrometeior measuremers of VOCs igeawater Its main advantage

lies in its ability to measure underway and discrete samples.

Themethodis used tanakedepth profile and underway measurements in t&nadian
Arctic Archipelagaluring sea ice melt season. Highg#€dCconcentrations are generally
observed at the surface, apart from DMS and isoprene which sometimes display a
subsurface maximum. Generally, highsstface concentrations of VOCs are observed in
partial ice coverConcentrations of acetone and acetaldehyde waibeut30 ¢ 50 % higher

in partial ice cover compared to ifee waters.

This thesis also presengbient air, underway and depth profilegasurementfrom a
transect in the subpolar Southern Oceased to calculatsurfacesaturationsandairi sea
fluxes Correlationswith other biogeochemical datallowedmeto elucidate factors
controlling seawater concentratiorsf these VOC§ his dataet contains the first evidence
of a statistically significanbut smalldiel changgon the order o8 ¢ 26 %)in seawater

isoprene, acetone and acetaldehyde concentrationthe open ocean

The measurements presented in this thesif be useful taconstrainocean source/sink
strength The analysipoints towards factors controllintdne globalvariabilityof these

compoundsn the ocean
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1 Literature review and open research questions

1.1 Introduction

Volatile Organic Compounds (VOCSs), a subgroup efmethane hydrocarbons (NMHC)
(Carpenter and Nightingale, 2015; Heald et al., 208&) comprised of numerous organic
compounds of biological and anthropogenic origins. They are present ubiquitously
throughout thelower atmosphergHeald et al., 2008; Singh et al., 2084) are important

for the atmospheric oxidative capacitiyewis et al., 2005%nd particle formation(Arnold et
al.,2009; Charlson et al., 1987 this thesis, | focus on measuring seawater

concentrations of the most ubiquitous oxygenated VOCs in the marine atmosphere, namely
methanol, acetone and acetaldehy@eewis et al.2005)and the biogenic VOCs dimethyl
sulfide (DMS) and isoprene.

There exist relatively few oceanic measurements of these dissolved gases in the ocean.
Modelling and observational studies show a large discrepancy as to whether the ocean is a
source or asink of methanol, acetone and acetaldehyde. Estimates of the oceanic emission
of isoprene vary widelgArnold et al., 2009; Luo and Yu, 2Q20hile DMS emissions are

also poorly constrained globalfizana et al., 2011; Land et al., 2Q1Bhis gap in oceanic

observations is in part due to a paucity of suitable, automated measuremstersg.

Thus, further thorough methodological development is required to improve the accuracy
and automation of dissolved gas measurements. These measurements are necessary to
build an understanding afthat influences the variabilitgf these VOCs in the ean to

inform global atmospheric models of the oceanic source or sink strength. The polar oceans
are particularly undesampled due to their remoteness. The effect of the unique
environment of the high latitudes on these gases, including the melting dEsehas not

been previously assessed. Furthermore ¢agea fluxes in these areas likely have a very

substantial impact on the atmosphere due to the absence of other sources.

1.2 This thesis

This PhD thesis describes the development of ag s&a equilibrator (coined the

Segmented Flow Coil Equilibrator, SFCE) coupled to a Proton Transfer Rigastson
Spectrometer (PTRIS). The deployments of this setup in the Canadian Arctic sea ice zone
and during asubpolarSouthern Ocean transect are deibbed. Measurements from these

cruises are presented, which illustrate the effect of marine biogeochemistry on the
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dissolvedvOCconcentrations. The thesis concludes with a brief comparison of the

observations from both polar oceans.

The design of the SF@Hlifferent to previous equilibrators as it allows for both underway
high resolution and discrete measurements. Another novel aspect of this technigue is that
it has been incorporated into an automated setup which allows for fast alternation

between undeway seawater and ambient air measurement. This enables the calculation of

high resolution aik;, sea fluxes.

Chapter2 presents the optimisation and calibration dfe¢ PTRVS instrument for the
measurement of these gases in ambient air and equilibrator headspace. A discussion of the

effect of humidity on the PFRIS measurement is provided.

In Chapter3, | present a very detailed characterisation of the analytical chemistry of the
Segmented Flow Coil Equilibratmd share how the dissolved gas concentrations and
ambient airmole fractiondrom the deployments are calculatetishae the results of a
multitude of different laboratory test$o determine equilibration efficiencies. The chapter
isrounded up by a discussion of the instrument background and the potential uncertainty

of the measurement.

In Chapter4, | share measurements of methanol, acetpaeetaldehydeisoprene and
DMSin the Arctic sea ice zonBepth profiles and high resolutioonderwaymeasurements
allowed an assessment ohd effect of sea iceoveron the seawaterconcentrationsof

these compounds.

Chapter5 presents seawateand ambient aimeasurements othe same VOQas the

Souttern OceanThese are used to calculate high resolution saturations and flitkes.

large number of surface underway measurements enabled me to resolve a subtle diurnal
change in theseawaterconcentrations of some of these VOOsing depth profiles, |
estimate the importance of air sea exchangedamtrolling seawater concentratioresf

these VOCs in the Southern Ocean.

The concentrationsmole fractionsand air¢ sea fluxes reported in thihesis improve our
understanding ofvhat influences the variabilitgf these gases in the marine environment
andhelp to constrain the impact @ir ¢ sea exchange. The measurements are useful
model inputs to assess the effect of these gases on the ox&latipacity and particle

formation potentialin the polaratmosphere.
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1.3 Sources and sinks of VOCtheamarine environmerdand the role of the

ocean in their global cycling
In this section, | present what is known about the biogeochemical cycling of taess m
the marine environment and point olkieygaps in our understanding. Further, | lay out the
discrepancies between global gisea exchange estimates. The compouadsgrouped in

this discussion based on similarities in their biogeochemical cycling

1.3.1 Oxygenated VOCs; methanol, acetone and acetaldehyde

The oxygenated VOCs methanol, acetone and acetaldehyde share many similar sources
(e.g. terrestrial emissions, photochemistry) and sinks (e.g. oxidation by OH) in the
atmosphere. Therefore, | presentdm together in this section to compare and contrast
their production mechanism in seawater and uncertainties in global oceaysaa

exchange.

1.3.1.1 Cycling in the marine environment and vertical profiles
Figurel.lillustrates the biogeochemical cycling of these oxygenated VOCs in the marine

environment.

terrestrial emission

~ atmospheric transport and
“\\ production from precursors

~
~

acetone and

acetaldehyde only \\‘A
Cair(oxygenated VOC) ----» atmospheric oxidation
, A
P ambient air
i I: Air-Sea excha nge mixed layer, seawater
photochemical . v |
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Figure 1.1 Diagram illustrating the biogeochemical cycling of the oxygenated VOCs,
methanol, acetone and acetaldehyde in the marine environmen#rrows indicate the main
known processes to date.

Methanol

The largest source of methanol to the atmosphere is terrestrial plant gr@vgiikes, 2002;

Stavrakou et al., 2011and photochemical production from precursqiduller et al.,
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2016a) Methanol is released during phases of intense plant growth as part of the normal
metabolism of higher plantg-all, 2003)The mean lifetime in the lower atmosphere of
methanol to all its sinks is estimated to be around 6 d&tavrakou et al., 2011The

largest sinks for methanol are atmospheric oxidation and deposition to the ocean
(Stavrakou et al., 2011)

Methanol concentrations in seawater typically range from 15 to 360 nmol (Beale et

al., 2013, 2015; Kameym et al., 2010; Yang et al., 2013c, 201%h)s makes methanol
the most abundant of the VOCs monitored here. Substantial concentrations of methanol in
the surface ocean may seem surprising given the high biological tur(idixem et al.,
2013) comparable to the lifetime of isoprene in seawafBooge et al., 2018)his implies
that the in situ biological production of methanol in seawater is also rapid. At the same
time, the high solubility of methangBurkholder et al., 2015)isfavours substantial
outgassing and probably helps methanol to accumulate in seawater. There are no
measurements of methanol at the high latitudes. In the Labrador(%aag et al., 2014a)
and in the South Atlantifvang et al., 2013a} latitudesof approximately 50° N and
approximately50° S respectivelyconcentrations of methanol are generally lower and
displayed a smaller range from 7 to 28 nmol-tioompared to other parts of the ocean. It
is currently unclear which processes dominate and control the variability of methanol in

surface seawater concentrations.

Methanol is thought to be produced biologically in seawater from phytoplankton and by
the breakabwn of marine algal cellgeikes, 2002; Mincer and Aicher, 201djncer and
Aicher(2016)measured substantial athanol concentrations in a large range of
phytoplankton cultures. Similarly, Kameyama e(2011)observed methanol in the
headspace of a culture of the marine diatdrhalassiosira pseudonarauring a trans

Atlantic transect, Bda et al.(2013)and Yang et a{2014c)found no correlation in surface
methanol concentrations witkehlorophylla (Chla) or primary productivity This suggests

that methanol may be produced only by some phytoplankton, and surface concentrations
could also be influenced by removal processes. Dixon £&@il3)did not observe any

photochemicaproduction of methanol in seawater.

During an Atlantic Meridional Transect through several oceanic provinces with distinct
marine productivity, microbial oxidation was found to account fo1500% of methanol loss
in the surface waters. This gave it albgical lifetime in upwelling areas of less than 7 days

and 10 to 26 days in the open oce@ixon et al., 2013Biological lifetimes of less than 1
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day have also been reportd®ixon et al., 2011bMethanol serves as sole carbon and
energy source for a type of microbes coined methylotro(®tscheter et al., 2013)
Methanol was found to be used by other bacteria adlwas a source of energy and to a

lesser exteticarbon(Dixon et al., 2011a, 2011b)

There are generally few depth profile measurements of methanol. During a#taustic
crossing, Yang et dR014c)find generally higher concentrations of methanothe surface
than at 500 m. During a similar crossing, Beale €28l3)found no consistent trend in
concentrations down to 200 m. Williams et @004)observed generally highest
concentrations of methanol in the mixed layer nélae tropical Atlantic. Concentrations of
methanol within the mixed layer can be very variable, possibly due to stark variations in the
biological consumption rates with dep{®ixon and NightingaJ&2012)or due to the large
measurement nois¢Beale et al., 2011Puring an annual study at a coastal site near the
UK where the water column w&s50 m deep, methanol concentration was found to be
relatively consistent throughout the water coluniBeale et al., 2015Higher
concentrations at the surface thaelow the mixed layein the open ocean support a

biological source ahethanol in seawater.
Acetone

The biggest source of acetone to the atmosphere is direct emission by terrestrial plants and
oxidation of organic precurso(fischer et al., 2012Y errestrial plants emit acetone as part

of their metabolic activityfSharkey, 1996Hence it is mostly emitted during times of

intense plant growth in sprin@Schade and Goldstein, 2008)ostly anthropogenic

isoalkanes are oxidised to acetone, representing a global source of aq¢isoker et al.,

2012) The mean atmospheric lifetime of acetone to its sinks is estimated as 18Kiays

et al., 2015)with removal dominated by OH oxidation in the atmosph@tischer et al.,

2012)

Typical acetone concentrations in seawater range from 2 to 25 nmd|(Beale et al.,

2013; Hudson et al., 2007; Kameyama et al., 2010; Marandino et al., 2005a; Williams et al.,
2004; Yang et al., 201B&t higher latitudes, lower seawater concentrations have been
observed in the Labrador sea of 3 to 9 nmolti¥ang et al., 2014and in the far North

Atlantic of less than 9 nmol di{Hudson et al., 2007Early measurements suggested

higher concentrations of acetone in the sea surface microl&eou and Mopper, 1997)

However, this might have been an artefact@sated with sampling the microlayer and has
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not been repeated to my knowledge. It is unclear which processes dominate in controlling

the variability of acetone in surface seawater.

Acetone is thought to be produced in the oceans primarily by photochemégabhdation

of organic carborfDixon et al., 2013; Mopper and Stahovec, 1986; Zhou and Mopper,
1997) During a series of incubation experiments covering a wider range of marine
productivity areas, Dixon et gR013)found that photochemical production accounts for

up to 100 % of the observed acetone in seawater, hence dominating over biological
production in the open oceame Bruyn et af2011)suggest that acetone production may
proceed via a OH/nediated mechanism requiring UV light. Qualitatively consistent with
a photochemical source, higher surface acetone concentrations in the summer cauinpar
to winter have been observed at a coastal site in(Béale et al., 20157t the same site,
Dixon et al(2014)report a much higher agation rate from bacteria imvinter compared to
summer, which could also account for this seasonality. More recently, biological sources for
acetone have also been suggested from field measurem@uislundt et al., 2017)
laboratory plytoplankton cultureqHalsey et al., 2017and bacterial culture€Nemecek
Marshall et al., 1995)Also Tddei et al.(2009)find highest emissions of acetone in the
South Atlantic in areas of highChla concentrations compared to the rest of the cruise
track It is unclear whether most of the acetone in seawater is produced from

photochemical or biological sources.

In the oceaans, acetone is thought to be consumed by microtigizon et al., 2013, 2014)

By addition of small amounts #Glabelled acetone to seawater from the Atlantic, Dixon

et al.(2013)found that microbial consumptiowasresponsible for 0.8.3 % of the total
observed losses of acetone. However, this method could represent an underestimate as it
does not account for acetone incorporated into the c€arpenter and Nightingale, 2015)
The typical open ocean lifetimes of acetone range between 5 and 550&ym et al.,

2013) In coastal seawater, De Bruyn et@017)estimated a much shorter halfife of

acetone of (5.& 2.4) h, where abiotic loss accowutfor less than 10 % of that.

Relatively few investigators have measured acetone depth profiles. Highest concentrations
of acetone are generally meared in the mixed layer, while concentrations of acetone

below the mixed layer are low, but still detectaljigeale et al., 2013; Williams et al., 2004;
Yang et al.2014c) Acetone concentrations within the mixed layer appear very
homogenougWilliams et al., 2004 Higher concentrations at the surface thiaelow the

mixed layerare consistent witlphotochemical production from degradingganic matter
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(Dixon et al., 2013; Kieber et al., 1990)a light dependnt production by phytoplankton
(Halsey et al., 2017; Schlundt et al., 2017)

Acetaldehyde

Millet et al. (2010)modelled the biggest atmospheric source of acetaldehyde to be
photochemical oxidation of organic precursors such as short chain alkanes (>C1), alkenes
(>C2) and ethanol. In the atmosphere, acetaldehyde has a very short lifetime of 0.8 days
(Millet et al., 2010) This is due to its rapid atmospheric oxidation through reaction with OH
¢ its largest sinkMillet et al., 210)

Typical acetaldehyde concentrations in seawater range from 3 to 9 nmé(Beale et al.,
2013; Schlundt et al., 2017; Yang et al., 2013c, 2014a; Zhu and Kiebey,i2019)
concentrations as high as 30 nmol diave been reported near the coa&eale et al.,
2015)and riveroutflows (Mopper and Stahovec, 1986; Takeda et al., 20Adgtaldehyde

is thought to be produced predominantly in the ocean by photodegradation of
chromophoric dissolved organic matter (CD(Mixon et al., 2013; Zhou and Mopper,
1997;Zhu and Kieber, 2019yhe mechanism appears to be dominated by direct photolysis
of CDOM by UV liglibe Bruyn et al., 2011xhu and KiebgR018)find that acetaldehyde
production from CDOM coincides with a loss of absorption of CDOM, so called CDOM
Gof SIFOKAY3IE SKAOK Ay UGdzNy |f a2 (DEBRwreSa (KS
al., 2011) During a series of incubation experiments with small additiort&Cabelled
acetaldehyde, Dixon et gR013)found that photochemical production accounts for about
16-68 %of acetldehyde production in seawater. More recently, using laboratory cultures
of diatoms, Halsey et a2017)argue for a strong light depesedt biological source of
acetaldehyde in seawater. Field deployment of the same skittper led the authas to
suggest atrongbiological source of acetaldehy@@avieMartin et al., 2020)Zhu ad
Kieber(2019)estimatethat photochemical production can only explain feb3 % of the
observed acetaldehyde concentrations in surface seawatéineir sampling stationsThus,
there appears to be more evidence for biological production of acetaldehyde, compared to
acetone.Acetaldehyde is likely produced from a combination of biological and
photochemical sourcest is unclear what are the dominant production processes of

acetaldehyde in the polar oceans in particular.

19



Microbial consumption of acetaldehyde has been found toéey fast with reported
biological lifetimes in seawater of less than 1 @gale et al., 2015; Dixon et al., 201Bg
Bruyn et al(2017) and Dixon et ali2014)found even faster acetaldehyde consumption
rates in unfiltered coastal seawater, gigitifetimes of about one hour only. The abiotic loss

of acetaldehyde irseawater appears to be negligibleg Bruyn et al2017).

Depth profile measurements of acetaldehyde are rare. During a#dlasitic crossing,
Beale et al(2013)and Yang et a{2014c)generally observe similar concentrations of
acetaldehyde from theurface and from 200 or 500 muring an annual study in
temperatecoastalwaters, Beale et a{2015)observe aapid declhe of acetaldehyde
concentrations with depthin the Black Se&lopper and Kiebe(1991)found very
heterogenous concentrations of acetaldehyaie to 4 nmol dn# in the surface mixed layer
and concentrations of around 2 nmol drat depths down to 2000 m. Using a similar
method in the Atlantic, Zhu and Kieb@019)find highest concentrations in the mixed
layer and very homogenous, near zero concentrations below the ntayed. The rapid
biological consumption of acetaldehyde at the surf@@deon et al., 2013)kely prevents
accumulation of substantial concentrations in the mixed layer mo#tefime.
Consumption below the mixed layer is thought to be slo{izkon et al., 2013; Kieber et
al., 1990)nd production at these depths in the absence of ligtitu and Kieber, 2020)

could be due to microbial activifZhu and Kieber, 2@).

1.3.1.2 Air¢sea fluxes: comparing global bedtgand observations

Methanol

To explain high methanol mole fractions observed in the marine boundary layer, earlier
global atmospheric budgets suggest that the ocean is emitting mett{bteikes, 2002)

which is partly balanced by a large ocean upt@#eikes, 2002; Millet et al., 2008;

Stavrakou et al., 2011Miiller et al.(2016a)suggest that the reaction &HO, + OH

represents asubstantial source of methanol in the remote marine atmosphere. Using these
insights and recently measured seawater concentrations, Bates @0&l1)calculate an
oceanic source of 24 Td¢ and an oceanic sink e38 Tg &, resulting in a net ocean sink of
-14 Tg &. In contrast to previous methanol budggtdller et al., 2016b; Stavrakou et al.,
2011) which suggested outgassingsimme regions, this budgefFigurel.2, Bates et al.

(2021) suggests that the net flux of methanol is consistently into the ocean, in all ocean
regions. The polar oceans are modelled to be a net weak sink. Largest uptake is modelled in

equatorial regions and coastal areas.
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Figure 1.2 Annual mean modelled emission fluxes of methanol over the ocea0® cm'2s't/
Na = pmol m'2 d'%). Figure taken from Bates et al.(2021)with adaptations of the annotation.

There are relatively few observations of methanol ocean flux. Directsaa flux
measurements ofmethanol during a trané\tlantic crossingYang et al., 2013and in the
Labrador Se@rang et al., 2014&ave found that the flux of methanol is exclusively into
the ocean. Beale et g2015)calculate that the English Channel was strongly
undersaturated in methanol throughout the year. From direct¢aea flux measurements
inthe Atlantic, Yang et a[2013a)extrapolated that the global ocean represent a net sink
of -42 Tg &. Thus, the few in situ observations predominantly suggest that the ocean is

consistentlya sink of methanol.
Acetone

The biggest uncertainty in global atmospheric acetone budget is the role of the ocean as a
net source or sink of acetone. The most recent global atmospheric budget of acetone
(CAMChem)calculates that the ocean is bothlargesource 83.4Tg &') anda largesink of
acetone (41.5Tg &) (Wang et al., 2020aY his results in aet oceanic sink 08.1Tg &

(Wang et al., 2020a)Jsing an older modelWang et al. (202®stimate that the largest

ocean emissions of acetone occur at the lower latitudes, while the high northern latitudes
are modelled to be gear roundsink Figurel.3). The Southern Ocean is modelled to be a
weak sinkmost of the year, but a weak source during austral sumi@ertgassing is

predicted for the lower latitudes year round.
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Figure 1.3: This figure illustrates the net averagemodelledflux of acetone from the ocean.A
positive flux indicates a flux from the sea to the air. Some observationally based flux
estimates are included as coloured marker$10° cm®? st/ Na = 1.4 pmol n¥? d%). Figure
taken from Wang et al. (2020a)

There are relativelfew air¢ sea flux measurements of acetone. Direct flux observations
during a transatlantic transe€Yang et al., 2014@nd in the Labrador Sdaang et al.,
2014a)showed that the acetone flux can be either in or out of the ocean, depending on
location. This leads to highly uncertain global extrapolations as these observ@famset

al., 2014c)mply the ocean to be a net sink df Tg & with a propagated uncertainty of 19

Tg a. Beale et al(2015) estimate that the UK shelf seas are a sink of acetone year round.
Measurements in the South China/Sulu Sea also showed that the ocean is a large sink of
acetone(Schlundt et al., 2017)ikely due to flgh atmospherignole fractionsnear

continental outflow.
Acetaldehyde

Air ¢ seaexchange represents a large uncertainty in the global budget of acetaldehyde.
Constrained by aircraft measuremen®ang et al(2019)estimatethe global oceanic
source of acetaldehyd® be 34 Tg &. They suggest that the strongest outgassing of
acetaldehyde occurs in the tropidsigurel.4) while the polar oceans represent a weak

sinkor are near equilibrium year roun@vang et al., 2019)
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Figure 1.4 Modelled oceanto-air flux of acetaldehyde.

Figure taken from Wang et al.(2019) Markers represent comparison to flux observations.
Postive values indicate sea to air flux. 10° cm? s/ Na= 1.4 umol ni? d<b).

There are few direct ocean flux measurements of acetaldehyde. Using direct flux
measurements over the Atlantic, Yang et(aD14c)ound that the ocean absorbs or emit
acetaldehyde depending on location. Extrapolating their measurements, Yand2adc)
estimate the net oceanic emission of acetaldehyde to be around (3 +14)(VYaquag et al.,

2014c) Similar to the case for acete, the large propagated uncertainty is because the
fluxesare highly variable in direction as well as in magnituBering an annual study at a

UK coastal site, Beale et é2015)also found that the ocean can be both a source and a

sink of acetaldehyde. Measurements from a cruise in the South China/Sulu sea showed that
this region is a strong sink of acetaldehyde, whiclkéy due to high atmospherimole

fractionsin areas of continental outfloSchlundt et al., 2017)

1.3.2 Biogenic VOCs; dimethyl sulfide and isoprene

DMS and isoprene are both produced from phytoplanktelated sources and consumed
by microbes in seawater. DMS and isopraméhe marine atmospherare hevily

influenced by their seto-air fluxes, and not generally influenced by terrestrial emissions.

They are thus discussed together in this section.

1.3.2.1 Cycling in the marine environment and vertical profiles
The followingrigurel.5 is a schematic illustrating the biogeochemical cycling of these

biogenic VOCs in the marine environment.
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Figure 1.5 Diagram illustrating the biogeochemical cycling of the biogenic VOCs DMS and
isoprene in the marine environmentArrows indicate the main known processes to date.

DMS

There arevery fewterrestrial sources of DM@&ana et al., 2011)ypical oceanic
concentrations of DMS range between 1 and 7 nmofdbana et al., 2011yvhere
concentrations above this threshold are generally labelled as extreme eflaaria et al.,
2011) Production of DMS in seawater is complex but relatively-statlied(zhang et al.,
2019) The main production pathway is cleavage of dimethyl sulfoniopropionate (DMSP),
which is produced by phytoplanktdiKsionzek et al., 2018 hytoplankton produce DMSP
and DMS at widely different ratdSheehan and Petrou, 202Q)terature suggests that
generally haptophytes and some dinoflagellatese higher intracellular levels of DMSP
than diatomg(Malin and Steike, 2010) Recently it has been discovered that some

heterotrophic bacteria can also synthesise DMG&rson et al., 2017)

DMSP is converted IDMS from cleavage of DMSP by heterotrophic bacteria in seawater
(9mo et al., 2000pr by phytoplankton themselves with the DMSP cleaved inside the cell
(Alcolombri et al., 2015; Lizotte et al., 201@nly a small fraction of the total DMSP is
cleaved to DMS (between 2 % and 2{K¥ene et al., 200D)A large fraction of the DMSP is
catabolised by bacteria and some of it is transfornedhethanethiol by bacteriéKiene et
al., 2000) This makes DMS production highly variable and dependent on biological
conditions(Archer et al., 2002Most of the DMS is thought to be produced following the
release of DMSP into the water column from events such as vira{BasiskGavish esl.,
2018) zooplankton grazin¢Simo et al., 2018)r senescence of phytoplanktdMerzouk et

al., 2008) Onlyabout 10 % or less of the DMS in the water column is lost due to emission
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to the atmospherdgArcher et al., 2002; Yang et al., 2013h)the atmosphereDMS is
rapidly oxidised by OH to various sulfur containing compoliBdsicher and Pham, 2002)
The largest sink of DMS in seawater is biological consumption by battenee and Bates,
1990; Yang et al., 20134k surface seawater, the biological turnover time of DMS is

generally between 0.5 and 2 daf&imo et al., 2000)

Depth profiles of DMS generally show highest concentrations in the mixed layer, in line
with predominant hological cycling of DMS in the ocedRellinger et al., 2009; Royer et
al., 2016) In the sea ice zone, Gali and S{2@10) Matrai and Verne{1997)and Bouillon
et al.(2002)observe higher DMS concentrations at the d€dpga maximum only at some
of the stations, which is likely species and growth condition depeng@ali and Sim0,
2010) Concentrations below the mexl layer are generally found to be near zero due to

bacterial consumption and a lack of productigrellinger et al., 2009)
Isoprene

The largest source of isoprene to the atmosphere is from terrestrial plauhish is
estimated at around 410 Tg'gMdiller et al., 2008)This emision has a large effect on the
oxidative capacity of the terrestrial atmosphgi®inha et al., 2010)soprene has an
extremely short lifetime in the atmosphere of less than 1 hiMells et al., 20RQ) due to its
rapid reaction with OHMedeiros et al., 2018)hus, atmospheric isoprene over the

remote ocean cannot be explained by atmospheric transport but suggests a marine origin.

Isopreneconcentrations in seawater range typically between 0 and 0.05 nmdl dm
(Hackenberg et al., 2017; RodrigtRas et al., 2020Higher concentrations of up to 0.1
nmol dm?® have been observed in phytoplanktofobms(Ooki et al., 2015; Rodrigu&os

et al., 2020) Isoprene is mainly produced in seawater by a broad range of phytoplankton,
where different phytoplankton functional groups show different production sgtghaw et

al., 2010) The marine production of isoprene is less growth condition and species
dependent compared to DMS. As a consequence, numerous studies show a correlation
between surface concentrations of isoprene &lla in the oceangBonsang et al., 2010;

Gantt et al., 2009; Hackenberg et al., 2017; Kameyama et al., 2014; Ooki et al., 2015)

The largest removal mechanism of isoprene from the water column is emission to the
atmosphere(Booge et al., 2018 he net flux ofsoprene is predominantly from the ocean
to the atmosphere due to the low solubility of isoprene and the generally low isoprene

mole fraction in the atmospheréaker et al., 2000A likdy smaller sink of isoprene in the
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water column is bacterial consumptigBooge et al., 2018RAlvarez et ak2009)observed
isoprene consumption by various bacteria from a temperate estuarthe open ocean,
recent budget calculations by Booge et(@018)have suggested a loss term of isoprene
due tobacterial consumption or degradatiomrying between 10 and 100 days. The
lifetime of isoprene in seawater due to @jsea exchange has been estimated as 7 days
(Palmer and Shaw, 2006i) 10 daygBooge et al., 2018)

Depth profile concentrations of isoprene generally show higher concentrations in the
mixed layer and very low concentrationll below the mixel layer(Booge et al., 2018;
Moore and Wang, 2006; Tran et al., 201Bdoge et al(2018) Hackenberg et a{2017)
and Tran et al(2013)found thatthe subsurface isoprene maximum is found either at,
above or below the&Chla maximum. Thus, in contrast to DMS, isoprene more reliably

shows higher concentrations near the de€pla maximum.

1.3.2.2 Ocean emissions
DMS

In an effort to estimate global ocean DM®&issions from in situ measurements, Lana et al.
(2011)assembleda global climatology andsed it to estimatean annuablobalDMS

emission of 54 Tg'aexpressed in this thesis as actual mass flux rather than S mass, which
is more common in the fieldFigurel.6 shows that highest seawater DMS concentrations
are typically observed during times of high biological productivity. As such, DMS
concentrations show a strong seasonality, especially in the Southern Ocean and North
Atlantic. This mapHigurel.6) also illustrates that for many months of the year, the Arctic

and Antarctic oceans are severely undersampled in DMS.
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Figure 1.6 Monthly average DMS seawater concentration (nmol dr¥) in different
biogeochemical province.

Provinces in white contain no data for that calendar month. Figure taken fronLana et al.
(2011).

Land et al(2014)use an updated ait sea exchange parametrisations and estimated a
lower globa DMS flux of 38 TglaLana et al(2011)suggest that the uncertainty of the
seawater DNG concentrationslue to lack of measurement®ntributes at least as much
uncertainty to DMS flux as the uncertainty in the @gea exchange parametrisatiofisana
et al., 2011)see Sectl.8for air¢ sea exchange parametrisationBurther in situ
concentration measurements, particularly in the Southern Oddamikova and Tortell,
2016)and the ArctiqAbbatt et al., 2019)will reduce the uncertainty of this estimate
(Mungall et al., 2016)

Isoprene

Global oceanic isoprene emissions have been estimated to be (0.31+0.08jArpald et

al., 2009)Ymore than 100 fold smaller than terrestrianissions). This estimate was created
using modelled seawater concentrations based on phytoplankton specific production rates
and satellite derived phytoplankton composition (botteup approachArnold et al.,

2009). With a similar bottorrup approach, although a different model, Booge e(2016)
calculate an oceanic isoprene source of 0.21 Tg for the year 2014. In contrast, using

measured atmospheric concentrations and the lifetime of isoprene in the atmosphere,
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Arnold et al(2009)estimate an oceanic source of 1.9 Tg(mp-down approach). Using

the same topdown approach, Luo and YR010)estimate an even bigger oceanic isoprene
source of 11.6 Tg'aThis discrepancy between botteap and topdown estmate could be
due to inaccurate representation of sea surface isoprene concentrations in these models,
highlighting a lack of understanding of isoprene cycling in the surface ¢Beage et al.,
2016, 2018; Hackenberg et al., 201&hnual mean ocean fluxes calculated by Booge et al.
(2016)are shown hereRigurel.7). Booge et al2016)calculate highest fluxes of isoprene
in the North Atlantic and the Southern Ocean, with smaller fluxes in the tropics. In their
model, Southern Ocean isoprene emissions appear to be dominated by-lpeapisodes.
These could be related to deep hydrothermal vefiedyna et al., 2019)r island effects
(Ardelan et al., 2010Qxreating phytoplankton blooms by supplying if®dingenter et al.,
2004)

60
Isoprene flux [nmol m? day"]

Figure 1.7 Map of the global isoprene flux modelled for 2014 by Booge et é2016) These
fluxes are calculated using a bottoraup modelling approach, where the seawater
concentrations are modelled based on in situ production rates.

Photochemical productiowithin the sea surface microlayer has been suggested to be a
substantialsource of isoprene and could partly account foe thscrepancypetween

bottom-up andtop-down estimategCiuraru et al., 2015Briiggemantret al.(2018)

estimate that this process contributes around 1.11 Fgoathe oceanic isoprene source.
However, the importance of this process is highly debgfeddrigueRRos et al., 2020)The

only direct airg sea flux measurement (in the Labrador sea in autumn) showed no evidence
for an enhanced flux under increased light le\&lsn et al., 2017b)Ambient air

concentrations of isoprene in the Arctic also did not correlate witteocompounds

known to be produced in the sea surface microlafdungall et al., 2017)
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1.3.3 Diurnal changes

Dixon et al(2013)estimated that photochemical production accounts for up to 100 % and
68 % of the gross production rates of acetone and acetaldehyde respectively in seawater.
Halsey et al(2017)suggested a lighilependent biological source, which is stronger for
acetaldehyde and weaker for acetoriemight therefore be expected that these VOCs
would display diurnal variability in their seawater concentratiattsou and Moppe(1997)

and Mopper and Stahov€t986)have reported diurnal changes in seawater acetaldehyde
concentratiors off the West Coast of Florida, with highest concentrations reported after
solar zenith. Similarly, Takeda et@014)have observed a diurnal change in acetaldehyde
concentrations in an enclosed coastal area. Zhu and K{gbé®)found a statistically
insignificant difference between mean day and night acetaldehyde concentrations of 1
nmol dm?2in the coastal Northwest Atlantic Oceallsg Beale et al(2013)and Yang et al.
(2014c)haveobservel nosignificant difference in seawater acetone and acetaldehyde
concentrations between samples collected at predawn and solar noon during crossings of
the Atlantic Oceanin general, it seems that in coastal areas acetone and acetaldehyde are
more likelyto display a diel change compared to in the open oc&amilarly, diurnal
variability in seawater isoprene concentrations has not been observed previ@mige et

al., 2018; Hackenberg et al., 2017; Moarad Wang, 2006; Tran et al., 20H&spite

modelling studies suggesting the existence of a diurnal chéBgatt et al., 2009)

Hackenberg et a(2017)have suggested that the absence of diurnal isopreswgability

could be due to production at the deep Ghinax and gradual replenishment of the surface

waters through ocean mixing.

Using round the clock measurements, the existence of a diurnal change in the surface

concentrations of these compoundsll be investigated in this thesis.

1.3.4 Summary table: previous seawater measurements
Table 1.1has been compiled to provide an overview of previous measurements of surface

seawater concentrations of these VOCs in the polar oceans and other ocean basins.
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Table 1.1 Table summarising previoussurface (< 5 m)seawater measurements dDMS, isoprene, methanol, acetone and acetaldehydethe polar oceansand other

regions. (BLD = Below Limit of Detection)

location c(mean or c(range)/(nmol/dm  date study
median)/(nmol/dm- 3)
3
)
DMS Canadian Arctic Archipelago, Baffil 1.78 JutAug 2017 This study
Bay
Canadian subarctic and Arcii@rine 2.7 0.2-12 JultAug 2015 Jarnikova et al. (2018)
waters
Canadian Arctic 5.0-10.0 JutAug 2014 Mungall et al. (2016)
Canadian Arctic 5.1-10.9 JulyAugust 2014 and  Abbatt et al. (2019)
2016
Canadian Arctic 0.050.8 Sep 2007 Luce et al(2011)
1.3 0.54.8 Sep 2008 Motard-Coté et al.
(2012)
Northern Baffin Bay 0.64 BLDO.72 April 1998 Bouillon et al. (2002)
Northern Baffin Bay 2.12 0.07-6.74 May 1998 Bouillon et al. (2002)
Northern Baffin Bay 2.95 0.044.59 June 1998 Bouillon et al. (2002)
far South Atlantic 1.6 0.53.2 Mar 2008 Yang et al. (2011)
Ryder Bay, West Antarctic Peninsula 0.1-30 Annual study Webb et al. (2019)
Southern Ocean, near South Georg 2.2 0.535 FebApr 2008 Yang et al. (2013b)
isoprene East Atlantic 0.021:0.046 May 1997 Baker et al. (2000)
Southern Ocean 0.002 Jan 2002 Wingenter et al. (2004)
Arctic and Atlantic 0.026 0.001-0.541 JunJuly 2010 Tran et al. (2013)
Arctic 0.004 0.0020.0106 March 2013 Hackenberg et al.
(2017)
Arctic 0.024 0.0030.066 JutAug 2013 Hackenberg et al. (2017
Atlantic 0.026 0.0080.063 NowOct 2012 Hackenberg et al. (2017

30



Table 1.1 continued

c(mean or c(range)/(nmol/dm  date study
median)/(nmol/dm- 3
3
)
Atlantic 0.018 0.001:0.038 NowOct 2013 Hackenberg et al. (2017
Polar Basin 0.004 0.002-0.06 SepOct 2012 Ooki et al. (2015)
Polar Slope 0.004 0.0020.014 SepOct 2012 Ooki et al. (2015)
Polar Shelf 0.013 0.0030.031 SepOct 2012 Ooki et al. (2015)
North West Pacific 0.07 0.0360.118 JutAug 2008 Kameyama et al. (2010
Southern Ocean 0.078 0.0000.348 Dec 201@Jan 2011 Kameyama et al. (2014
methanol trans-Atlantic 48-361 OctNov 2009 Beale et al. (2013)
UK Coast shelf waters 49 16-78 Annualstudy Beale et al. (2015)
Tropical Atlantic 118.4 50-250 OctNov 2002 Williams et al. (2004)
trans-Atlantic 29 1562 OctNov 2012 Yang et al. (2013)
North west Atlantic 16.3 7-28 NowOct 2013 Yang et al. (2014)
North West Pacific 158.9 77.9325 JutAug 2008 Kameyama et al. (2010
acetone trans-Atlantic 2-24 OctNov 2009 Beale et al. (2013)
South China/Sulu Sea 21.33 2.4767.76 Nov 2011 Schlundt et al. (2017)
Tropical Pacific Ocean 145 3-65 May-July 2004 Marandinoet al. (2005)
UK Coast shelf waters 6 2-10 Annual study Beale et al. (2015)
Tropical Atlantic 17.6 10-20 OctNov 2002 Williams et al. (2004)
UK Coast shelf waters 5 2-10 Annual study Beale et al. (2015)
trans-Atlantic 13.7 3-36 OctNov 2012 Yang et al. (2014)
North west Atlantic 5.7 3-9 NowOct 2013 Yang et al. (2014)
North West Pacific 19 4.441.3 JutAug 2008 Kameyama et al. (2010
North East Atlantic 7.0 5.59.6 JuneJuly 2006 Hudson et al. (2007)
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Table 1.1 continued

location c(mean or c(range)/(nmol/dm  date study
median)/(nmol/dm- 3
3
)
acetaldehyde trans-Atlantic 39 OctNov 2009 Beale et al. (2013)
South China/Sulu Sea 411 0.3514.45 Nov 2011 Schlundt et al. (2017)
Southwest Coast Florida 2-30 April 1985 Mopper and Stahovec
(1986)
100 km east of the Bahamas 1.38 April 1989 Zhou and Mopper
(1997)
North West Pacific BLD BLD5.9 JulAug 2008 Kameyama et al. (2010
trans-Atlantic 5.3 39 OctNov 2012 Yang et al. (2014)
UK Coast shelf waters 13 4-37 Annual study Beale et al. (2015)
North west Atlantic 3.02 1.07.1 SepOct 2016 Zhu and Kieber (2019)
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There have been comparatively mapyeviousmeasurement®f DMS. Therefore hie table
here summarises some of the previous measurements ftbenpolar oceans. Surface
seawater DMS concentrations in the polar regions are governed by a strong seasonality
with highest concentrations generally in summer/spring and lower concentrations in
autumn/winter. Episodes of high DMS concentrations (around 10 nmd) dhave been

measured in the polar oceans, particularly in the sea ice zone.

There exist a large number isbprene seawater measurements in the temperate and
tropical oceans. The polar oceans appear highly undersampled, especially the Southern
Ocean and Arctic ocean during the productive spring/summer season. Isoprene

concentrations are generally higher iretsummer and near the coast.

There are very few measurements of methanol in seawater and | note that all these
measurements were carried out using PWIR. So it is possible that the measurements
suffer from analytical artefacts. There exist no measurera@mthe polar regions of
methanol in seawater. Methanol concentrations display a very large range. The
concentrations appear to be lower at the high latitudes compared to tropical waters.

Methanol concentrations appear to be higharthe open ocean thaim coastal waters.

There exist relatively few measurements of acetone in the surface seawater. Nevertheless,
it is the most commonly sampled one out of the oxygenated VOCs investigated in this
thesis. There are essentially no measurements of acetone ipdla regions, although
previous measurements at high latitude indicate very low concentrations compared to

measurements at lower latitudes.

Acetaldehyde has also been measured only a few times in the ocean, with no
measurements in the polar regions. Centrations measured near the coast generally

appear to be higher compared to open ocean measurements.

1.3.5 Summary table: production and consumption processes

A summary table is presented to sum up the relative importance of the different
production andconsumption processes in seawater for the compounds presented here
(Tablel.2).
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Table 1.2 Summary table summarising curent knowledge of the relative importance of
different production and consumption processes in seawater for the VOCs discussed here.
(NA = Not Applicable)

in situ
Biological _
) Photochemical _biological _air¢ sea
production/( % _
production/(% consumptiord (1) exchangd(d)
of gros9
of gros9
methanol 100 NA 72 uncertain
uncertain but
acetone 48-1002 802 uncertain
likely < 10 %
Uncertain but .
acetaldehyde 16682 12 uncertain
up to 85 %
DMS 100° NA 1-3%> 10-100
isoprene 100¢ uncertain estimated 1010 10¢

2Dixon et al(2013)° Kiene and Lin(2000)° Booge et al(2016)‘Zhu and Kieber (2018)

Evidences of a biological source for acetone and acetaldehyde stem largely from
corelaions from field measurement&Schlundt et al., 201'@nd laboratory cultureg¢Halsey

et al., 2017; NemecekKarshall et al., 1999)To my knowledge, there are no reliable direct

in situ estimates of the biological production rate of these compounds. Recent
measurements bypavieMartin (2020)potentially suffer fromanalytical artefacts related to
the backgroundUsing rates from Halsey et &017) Zhu and Kieber (2018) calculate that
biologcal acetaldehyde production rates may be very high in coastal areas, but negligible in
the open oceanThe contribution of ai sea exchange is uncertaimsign and magnitude

for most VOCs due to a paucity of flux estimaiad variability in the fluxome

investigators suggest the influence of asea exchangen in situ VOC concentratiois
likelysmall(Beale et al., 2015; Dixon et al., 2013; Yang et al., 20IBa)biogenic VOCs

DMS and isoprene are produced exclusively from biological activity. The largest sink for
DMS is biological consumeti, while for isoprene aig sea exchange appears to be the
largest sink, but it remains poorly quantified. Isoprene biological consumptions rates
presented here are estimated from model calculations. Mixed layer depth (MLD) has been
shown to influence DMSurface water concentrations on a global sqdallina and Simé,

2007) while the impact of MLD on other VOCs remains largely unquantified.
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1.4 Marine biogeochemistry of the @olregions

In this section, | discuss a range of biogeochemical processes unique to the polar regions
that are relevant to VO@roduction and consumption. These processes could influence
seawater concentrations of these VOCHhis section provides importabhackground for

the measurements and insights presented in this thesis.

1.4.1 Contrasting the Arctic and the Southern Ocean
The Arctic and the Southern Ocean both experience periods of total darkness and 24 h
daylight, which influence the seasonality in primargductivity and photochemistry

(DeVries and Steffensen, 2008)evertheless, they are very different environments.

The Arctic ocean typically experiences lower wind speeds, a large fraction of ice covered
ocean and is influenced by nearby landm@3sVries and Steffensen, 200%he landmass

in the Arctic is partlynhabited and covered in sparse vegetation, depending on the latitude
(Mungall et al., 2017)Being situated in the Northern Hemisphere, it is also under a

substantial anthropogenic influen¢gouet al., 2017)

In contrast, the Southern Ocean generally experiences very high wind speeds, and consists
of a large fraction of open ocedBeVries and Steffensen, 2008)ence, the Southern

Ocean is characterised by relatively high gas transfer velotttaasy et al., 2011The

landmass in the Antarctic is generally at the very high latitudes and thus presents
essentially no vegetation and is uninhabit@keVries and Steffensen, 2008)evertheless,

small islands in the Southern Ocean ixelarge influence on the local biogeochemistry
(Ardelan et al., 2010; Blain et al., 2004} a consequence, the Southern Ocean is

extremely remote and represents a gtine marine environmeniDeVriesand Steffensen,

2005)

These environmental settings are bound to influence VOC abundances in water and air.
Although, the specific patterns are currently unknown. A comparison of measurements in

both oceans will provide a deeper understanding of theaduction processes.

1.4.2 Seasonality of the water column in the Arctic sea ice zone and the Southern
Ocean

The Arctic and the Antarctic are both governed by strong seasonality and variations in

mixed layer depth leading to pulses of high primary productivtyich influences the

upper water column(DeVries and Steffensen, 2005) both oceans, the density profile is
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generally shaped by the salinity profile, due to the low seawater temperafiedels et
al., 1991)

In the marginal ice zone of the Arctic in summer, sea ice melt leads to freshwater input and
formation of a very shallownixed layer(Rudels et al., 1991; Shadwiet al., 2011)
Characterised by a very low salinitlyis shallow mixed layer {@0 m) warms ugShadwick

et al., 2013}he longer it is exposed to air during the spring/sumrf@&hmed et al., 2019)

The mixed layer isolates phytoplankton near the sunlit surface, leading to phyidpia
blooms(Barberet al., 2015; Perrette et al., 201nce the ice has retreated, a well

defined deep Chd maximum forms below the pycnocline, typically between 20 and 35 m
(Ardyna et al., 2013; Barber et al., 2015; Martin et al., 20B@her wind speeds in winter
create a deeper mixed layamhich disfavourphytoplankton growth(Shadwick et al.,

2013)

In the open ocean zone in the Antarctic in summer, it is partly ice berg melt that leads to
the formation of a deep mixed layer (4M0 m), which is characterised by a low salinity
and elevated temperature. This mixed layer enables phytoplankton growttie
spring/summerDeppeler and Davidson, 2017he Southern Ocean is predominantly
characterisedy low Chh concentrationgDeppeler and Davidson, 2017; Shadwick et al.,
2013) A colder layer of water is typically found below the surface mixed layer, coined the
winter cooled layer aabout 100 m(Venables and Meredith, 2014Jhis is caused by
warming of surface in the summéRellinger et al., 2009)vhen winds decrease and
freshwater stabilises a 4000 m deep mixed lay€Pellichero et al., 2017Most of the Chl
ais homogenously distributed within the mixed layer, and a subsurfaca @bhkimum is
generally not observe(Deppeler and Davidson, 201T) winter, stronger winds create a

150-200 m deep colder mixed layDeppeler and Davidson, 2017; Pellichero et al., 2017)

The effect of these biogeochemical processes on dissolved VOC concentrations are
currertly unknown. Measurement of dissolved gases at distinct depths will allow me to

investigate the importance of different biogeochemical processes that control these VOCs.

1.5 Role of Volatile Organic Compounds in the atmosphere

In this section, | briefly dises the atmospheric importance of the VOCs measured here.
VOCs influence the oxidative capacity of the marine atmosphere

The atmospheric lifetimes of GHCO and many nemethane organic compounds are

controlled by the oxidative capacity of the atmosphéDerwent et al., 2018)The
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reactions of these compounds with OH radicals initiate a caschdmotions that
ultimately leads to complete oxidation to €é&nd HO (Bloss et al., 2005; Derwent et al.,

2018)

From measurements of marine air at an observatory at Mace Head, Lewig20G8)

found that acetone, acetaldehyde and methanol constituted 85 % ofmethane
hydrocarbons in marine air. Using simple modelling, they showed that methanol, acetone
and acetaldehyde represented the third largest sink of OH radicals in mariateair

carbon monoxide and metharg&ewis et al., 2005) ewis et al(2005)also found that only
during periods of intense isoprene emission could isoprene become the locally dominant
OH sinkn marine air. DMS was calculatedidea verysmallOH sinkLewis et al., 2005)
Readet al.(2012)find that their GeogChem model severely underrepresents atmospheric
methanol, acetone athacetaldehyde mole fractions in marine air, which results in an

underestimation of methane atmospheric lifetime of up to 8 %.
VOCs can lead to production of ozone

VOCs play a role in air quality and influence ozone mole fractions in marine air as they
affect the cycling of ozone with NG=NO +N®) in the atmosphergAtkinson, 2000)In the

presence of VOCs, the light driven cycling of lM&ds to production of ozone.
VOCs are precursor molecules to other important atmospheric gases

At high NQ acetaldehyde reacts with N@ form peroxyacetyl nitrate (PANJkinson,
2000) for example in urban polluted gitee et al., 2012PAN is deomposed slowly over
the remote ocean, releasing NO herein it represents a means of lerange transport of
NQ to the remote marine atmospherfLee et al., 2012Methanol is an important

precursor to carbon monoxid@Read et al., 2009nd formaldehyddZhu et al., 2016)
VOCs can be sources of OH to the troposphere

It has been suggested that acetone and acetaldehyde are chemical poeswf OH radials
in the higher tropospher¢Singh et al., 1995Based on their model calculations, Schlundt
et al (2017)predicted that at least 0.4 nmol mbbf oceanic acetone can reach the
troposphere above the South China/Sulu Seas. Similarly, isoprene can enter the upper
troposphereduring convective outflow events, where it dominates OH react{fippel ¢

al., 2012)

VOCs can lead to particle formation
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effect) and influence cloud properties (aerosol indirect effect), which could lead to cooling

or warming(Liss and Lovelock, 2007; Udisti et al., 202@Cs released by the ocean could

have darge impact on the particle concentration and size distribution because of a lower

influence of terrestrial emission in the marine environment. At the same time, their effect

is poorly constrainedCarslaw et al., 2013particularly over the Southern Oceéfyder et

al., 2018) This misrepresentation of the Southern Ocean can lead to biases of the modelled

properties of cloud¢Thomas et al., 2010puring boreal winter, the Arctic atmosphere is

strongly influenced by anthropogenic emissigris LIKSy 2Y Sy 2y OF@ot SR d&! NOGA O
et al., 2017)In the Arctic summer, local sources, especially biogenic sulfate, dominate

particle formation(Abbatt et al., 209; Collins et al., 2017)

DMS is a key gas that contributes to particle formation and growth in the marine
atmospherg(Charlson et al., 1987; Woodhouse et al., 203)IS has been a long standing
topic of research due to the CLAW hypothd€&iharlson et al., 198,/Avhich suggested a
feedback role of DMS megulating climate. These days, it is generally accepted that DMS is
important for cloud formation and cooling of the plangtorhonen et al., 2008;

Woodhouse et al., 2013but the feedback loop has been largely dismigdass and

Lovelock, 2007)The Southern Oceddarnikova and Tortell, 201&)d the Arctic Ocean
(Abbatt et al., 2019; Udisti et al., 202&xe highly undessampled for DMS. To give an
appreciaton of the sensitivity of the models trrors inthese emissions, Woodhouse et al.
(2013)calculate a 4 %change in global cloud condensation nuclei (CCN) for a 10 %
change in DMS flux (relative to Kettle and André#@)0) in a patch of the Atlantic sector

of the Southern Ocean for December alone. CCN over the Southern Ocean show clear
seasonal variability with highest contteations typically observed in austral sumn{&im

et al., 2017a)suggesting, amongst others, a role of biological productivity in the formation
of CCN.

It is debatable whether isoprene represents a sabsial source of particles in the marine
environment. Large amounts of organic carbon are detected in marine adi@zaki et
al., 2016) The organic content in particles is found to increase during intense biological
productivity (Ito and Kawamiya, 2010; Spracklen et al., 2008 mechanism for this is
currently unclear and could either be due to primary organic matter from the sea surface
being suspended in aerosol phasen Q5 2 g R S ér due fo Enatiemof mew

particles from organic gas¢€laeys, 2004; @ims et al., 2017)Isoprene is suggested to be

a significant source of organic aerosol in the marine atmospftéemze and Seinfeld, 2006)
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and could thus be a key molecule that is responsible for the high organic carbon content in
areas of high marine biological activity. By including isoprene as a source of sgcondar
organic aerosols, Henze and Seinf@d06)found the largest increases in the predicted
secondary organiaerosol in the remote marine environment. However, using results from
modelled global isoprene emissions (bottam), Arnold et al(2009)suggested that the
contribution of marine isoprene to secondary organic aerosols is less than 2 %. Similarly,
McFiggans et a{2019)argued that isprene can suppress organic aerosol formation by
scavenging OH radicals from other particle forming gases. These estimates rely on global
isoprene emission estimates that are highly uncertain, in part due to a lack of in situ

measurements.

Methanol, acetoneand acetaldehyde are suspected to be a source of particles or play a
role in particle growti{Blando and Turpin, 2000} his estimate is based purely on their

physical properties and observational evidence for this hypothesis is still lacking.

1.6 Methods and gas equilibrators for measuring VOCs in seawater

As mentioned before, observatiows dissolvedseawaterVOC concentrations are scarce,
mostly because only a small number of methatlew for in situ, automated quantification

of VOCs in seawater. For example, derivatisation methods have been used, which require
the synthesis of toxic @micals to determine aldehyde concentrations in seawater with
detection by high performance liquid chromatograpi@hu and Kieber, 201.8%uch

methods are not suitable for continuous measurements. Mostirads of detection

require the analyte to be in the gas phase, necessitating an adequate extraction or

equilibration device.

Some dissolved gas concentration measurements have been made using purge and trap
(PT) systems coupled to Gas Chromatog@aptassSpectrometergDe Bruyn et al., 2011)

This method is sensitive enough to allow detection in seawater (quantification down to
nmol dn3), but it requires manual handling and is often more suitable for discrete
measurements. A Gas Chromatograpfiass Spectrometer has been coupled to a PT
system to measure benzene and toluene, among other compo(tdgbechts et al.,

2000) Others have coupled PT systems to a Gas ChromatogFdpime lonisation

Detector to measure isopren@&xton et al., 2012kthanol, and propanol in seawater

(Beale et al., 2010 hese setups are again only suitable for discrete samples with a sample
treatment time of under 2 h, and care must be takeratmid wall adsorption and

desorption effects in the setup. A sHiyased PT Gas Chromatograpass Spectrometer
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has been used to measure a broad range of VOCs in discrete surface water samples with a
three-hour frequency; this required two people and regented a considerable workload
(Schlundt et al., 2017p50me purge and trap systems have been automated to allow for
underway measurements of halocarbons, DMS and isoprene-caminuously ca. every

30 mihutes(Andrews et al., 2015)The long measurement time preclude higdsolution
measuements of these biologically reactive and short lived gases. This highlights the need
for continuous, fast, and automated measurement techniques that do not require pre

treatment.

Two types of equilibrators are commonly used for continuous measuremenlissglved
gases. One type allows for direct exchange between the carrier gas and the water, while
the other uses a membrane to extract gases. Directly exchanging equilibrators such as the
Weissstyle showerhead equilibratgdohnson, 199%nable underway COneasurements

with a <35 minutdnterval This has been used widely to measure &t short lived
haloarbons(ArévaleMartinez et al., 2013; Butler et al., 200However, spray generated
fromtKS aK2gSNKSIR fSyaadKSya GKS SldzAift AoNF G2NRA&
making it less suitable for high frequency measurements of highly soluble VOCs such as
methanol(Kameyama et al., 201.0Ylembrane equilibrators avoid spray formation and

allow for selective diffusion. Hollow fibre membranes have previously been used for
measurement of dissolved G(Hales et al. , 2005; Sims et al., 2047) DMSTortell,

2005; Yang et al., 2011y using a hydrophobic memame, the amount of water vapor in

the detector can be reduced. For example membrane inlet mass spectrometers have been
used to measure DMS and inorganic gases in seawater with a measurement frequency of
more than once per minutéTortell, 2005) Underway measurements of seawater DMS
concentrations have been made with a 1 minute frequency using a Chemical lonisation
Mass Spectrometer (CIMS) coupled to a porousomefiembrangSaltzman et al, 2009)

One disadvantage of membrane equilibrators is that the equilibration efficiency could be
affected by biological growth on the membrane surface (biofouling), especially in

biologically productive areas where some VOCs aoavk to have strong sources.

The choice of detector that the equilibrator is coupled to is crucial as well. Proton Transfer
Reaction- Mass Spectrometry (PTRS) is a widely used instrument that allows high
frequency (0.11s) measurement of a broad rangétrace gases in the atmosphere
(Lindinger and Jordan, 1998; Blake et al., 20093 similarly sui#tble for highresolution
shipbased measurements of VOCs. In the followingsediions | lay out existing

equilibrators for VOCs in seawater. There are currently only two well characterised
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equilibrators that allow measurement of VOCs in seawater usiRMA. These are
presented here, as well as a coil equilibrator. The design of the segmented flow coil

equilibrator used in this thesis is based on this coil equilibrator.

1.6.1 Membrane equilibrators

A simple schematic of the membrane inlet system developeddayeBet al(2011)is

presented inFigure1.8® ¢ KSANJ aSiddzLd O2yarada 2F | oY f2y:
Propylene (FEP) tube with a single silicone membrane (permeable to OVOCS) running in the
centre. Seawateis flowing outside of the membrane and a nitrogen carrier gas is flowing

inside the membrane. Water and carrier gas flow in opposite directions, which maintains a

higher concentration difference between the water and gas phase. The membrane is

heated to 50°Cin a water bath, which is expected to increase the mole fraction of the

gases of interest in the carrier gas due to reduced gas solubility. After passing through the

membrane inlet system, the carrier gas is analysed byN?SR

Nitrogen Carrier gas
> —

%
Seawater

Figure 1.8 Schematic representation of the Membrane Inlet which is coupled to a PFRIS
and presented inBeale et al.(2011)

This system has been developed to measure methanol, acetone and acetaldehyde in
seawater. It has been deployed on cruises to measure discrete sa(Bgleke et al., 2013;
Yang et al., 2014a)

1.6.2 Bubble column equilibrator

Kameyama et a{2009)present a bubble column equilibratorrfoneasurements of

dissolved DMS, isoprene, methanol, acetone, acetaldehyde and propene in seawater. The
equilibrator consists of a brown (to prevent photochemistry) glass cylinder with a
continuous flow of seawatelH{gurel.9). A thin bubble mesh is installed at the bottom to
bubble the carrier gas (V&ze Nb) through the seawater. The bubble mesh creates small
bubbles with relatively large surface area for exchange. darrier gas is measured by a
PTRMS(Kameyama et al., 2010y his equilibrator has been successfully used on research

cruiseg(Kameyama et ak009, 2014)
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Figure 1.9 Schematic representation of the equilibrator used by Kameyama et 2009)

Airin——

1.6.3 Coll equilibrator

A different design for a continuous a@jisea equilibration systerhas been developed by
Xie et al(2001)for measurement of carbon monoxide. Tran et(@D13)used this
equilibratordesignto measure a variety of nemethane hydrocarbons, including isoprene.

Blomquist et al(2017)adopted this design for measurement of DMS.

In this initial desigriXe et al., 2001use a 6.1 m long glass coiigurel.10). A continuous

flow of seawater and carrier gas meet in a Teflgpuidice and automatically, by fluid
dynamics, distinct and regularly spaced sections of seawater and carrier gas form. While
travelling through the glass coil, each section of seawater égaiés with the

neighbouring section of carrier gas. Waltluced longitudinal mixing facilitates gas
exchange by surface renewal shown in the zoofRigurel.10. At the end, the carrier gas

is separated from the seawater in a bubble separator and the gas phase is analysed. This
equilibrator has been automated and used on a cruise e.g. by Xie(20@l)to measure

CO.
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Figure 1.10 A schematic of the coil equilibratorfrom Xie et al. (2001) Reprinted with
permission from Xie et al.(2001) Copyright 2001 American Chemical Society.

The design by Blomquist et §017)is very similar. It uses a longer, Teflon equilibration
tube of at 15m, thus achieving full equilibration for DMS. Tran e{2013)used a 7.In-

long coil to achieve 73 % equilibration for isopremel use it to measure a variety of VOCs

1.7 Considerations when designing ancasea gas equilibratdor
continuous measurements

The following section describes a few considerations wdesigning directly exchanging
air ¢ sea equilibratorgor continuous. By directly exchanging, | refer to equilibrathet do

not use a membrane.

It is preferable to develop an equilibrator that achieves fully equilibration for gases of
interest. For paiilly equilibrating gases, if an unknown factor changes slightly during long
term deployment, the degree of equilibration could change a lot. This would introduce

error in the measured waterside concentration.

The thermodynamics of equilibration depend mperature, salinity, and pressure as well
as the ratio of water and air volumes flows in the equilibratofAtkins and Paula, 2009;
Johnson, 1999)

The speed of attaining equilibrium, i.e. the kinetics of equilibration, depend on the gas

solubility, the surface of exchange, athdis the equilibrator desigfdohnson, 1999)

The response time of an equilibrator is crucial to determine at what resolution the data can

be presented.The response time of an equilibrator for continuous samplirepmwmonly
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defined as the time for the signal to reaph - i.e. about 68 % of the full sign@ims et

al., 2017) The response time depends on flow rates and the design of the equilibrator.

Extracted or equilibrated air from seawater containsigé amount of water vapour,

which could cause condensation in the downstream sample tube. A dryer is often used to
reduce the humidity in the sample air for measurement of gases including DMS and CO
Measurement of very soluble/sticky gases such as mmaihar acetone is problematic with
this approach due to gas adsorption and desorption on the dryer or tubing maiBdale

et al., D11; Kameyama et al., 2010)hus, the effects of high sample humidity and

condensation need to be considered in the design of the measurement system.

1.8 Flux calculations
The aim of this section is to introduce the two layer model of aea exchangéLiss and
Slater, 1974and share the equations and solubilities used to calculate the fluxes and

saturations in this thesis.

In the two layer model, the difference in gas concentrations below and above the sea
surface drives the air sea flux(Nightingale, 2009; Wanninkhof et al., 2008implistically,

the gasisthought to be well mixed within the bulk water and bulk air (i.e. away from the
interface) due to rapid turbulent mixing. Just above &etbw the interface, molecular
diffusion is the dominant force driving the movement of molecules as turbulence vanishes
(Liss and Slater, 1974; Nightingale, 200%js means that the biggest concentration
difference exists in these boundary layers, as illustrateeignrel.11. Depending on the

gas solubility, transfer across one of these boundary layers by diffusion is often the rate
limiting step in air sea gas exchange. Exchange of lgigbluble gases is limited on the

airside, while poorly soluble gases are limited on the waterside.
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Turbulent layer
(air)

Diffusive sublayer

ac,

Diffusive sublayer

Turbulent layer
(water)

Figure 1.11 Air and water boundary layer distribution profile where the resistance for gas
exchange is in the diffusive sublayeiCa and Cw are concentration in air and water
respectively,U i s sol ubi | i t ©nthereft (blbeilise) thedigiributian pfilel y
for an low solubility (e.g. DMS,isoprene) gas is represented. THargestgradient is across
the aqueous diffusive sublayer. On the right (red line) theistribution gradient of a high
solubility gas (e.g. methanol, acetone, acetaldehyde) is representedr a highly soluble gas,
the resstanceand largest gradient are in the airside diffusive sublayerFigure taken from
Wanninkhof et al. (2009)

Figurel.1lillustrates that the air sea exchange constahas two components, an
airside resistance and a waterside resistance for which independent parametrisations exist
(Nightingale et al., 2000; Yang et al., 2018a}his thesis, | use parametrisations ofiair

sea exchange velocity as a function of wind speed.

Before | dive into details regarding the flux calculations in this thesis, | share my solubility

values used for different VOCs monitored here. Where possible, values for Henry solubility

(water over gas) recommended by Burkholder e{2015)are used for calculations

presented here. The reference of Burkholder ef{2015)is used as it represents a critical

tabulation of the latest experimental datddblel.3). Methanol and acetone

concentrations, fluxes and saturations are calculated using the experimentally determined
solubility presented in Sec3.5.2.2 Thesefreshwater solubilities iTablel.3 are converted

G2 aSlkglGSNI a2f dzoAf AdASEForesS QUG Oy dayfindolh AR RAND U
(2010)
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Table 1.3: Dimensionless Henry solubilityliterature values (water over gasreference listed

in freshwater and seawater referred to throughout this thesis

H(20 °C, H(20 °C,
reference
freshwater) seawater)
Burkholder et al.
methanol 6716 6494
(2015)
Burkholder et al.
acetone 901 819
(2015)
Burkholder et al.
acetaldehyde 444 400
(2015)
Burkholder et al.
DMS 15.78 13.28
(2015)
Leighton and Calo
benzene 5.44 4.52
(1981)
McCarty and
toluene 4.77 . 3.92
Reinhard1980)

solubility from Karl et
al. (2003)using
isoprene 0.638 temperature 0.510
dependence from

Leng et al(2013)

Saturation provides a measure of the thermodynamic drive behind the floanlbe used
to assess whether the ocean is emitting or absorbing a certain compound (ocean
source/sink). In this thesis, the saturatiasY (%)) of the surface ocean relative to the

atmosphere is calculated usifgn.1.1.

i 0 76 O Egn.1.1

A saturation above 100 % corresponds to oceanic emissjcemdCG are the
concentrations in water and air respectively and H is the dimensionless water over liquid
form of the Henry solubilityMeasured ambient air mole fractions are converted to a

concentration using the ideal gas law.
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The net air sea flux (F, positive from sea to air) is determined in this thesis using the two

layer model flux equatiofLiss and Slater, 197dlustrated inEqn.1.2.

M Qo6 026 Eqn.1.2

Where the gas transfer velocity (k) is definedHgn.1.3.

0 p

Eqn.1.3

olo

£
Q

To calculate the airside {ktransfer velocity, we use the followipgrametrization derived

from direct measurements of air sea methanol transfefYang et al., 2013#qn.1.4).

QTAIE wyporri O oypari O Eqn.1.4

Other authors propose more complex and molecule specific parametrisationsvbidh

reveal that k depends slightly on the airside Schmidt numbeg)(&od thus in turn on
diffusivity and molecular weight. The airside Schmidt number of the compounds presented
here does not differ by much e.g..8oethanol)f 1.1, Sglacetone)f 1.6, Sgacetaldehyde)

f 1.3 and S¢DMS)F 1.5 (for 1(°C). Thus, using a parametrisation based on methanol

alone is expected to introduce an error of less than 10 % in my calculated fluxes.

Here the frictionvelocity u is simplistically calculated using the pareterization from
Johnson (201QEqgn.1.5).

6. 0 z p&Zp T Eqn.1.5

Wind speed was adjusted to 10 m heighioJuFor isoprene, the waterside transfer velocity

(kw) 1s calculated using the parameterisation by Nightingale ¢2@00)(Eqn.1.6).

QTAIE ™o 7i O
8 Egn.1.6

<
S

™o ¥i O =z

Sq is the waterside Schmidt number andsg@es the Schmidt number of 600. This

parametrisation most likely represents an overestimationofdt gases that have similar
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or greater solubilitfo DMS because of the solubility dependence in bubshezliated ga

exchanggYang et al., 2011Thus for DMS, acetaldehyde, acetone and methanol, the
mean k, presented in Yang et dR011)was used here. This parametrisation is derived
from direct air¢ sea exchange measurements of DMS from five different open ocean

cruises.

The water phase Schmidt numbédfxs,) of methanol, acetone, acetaldehyde and DMS are
determined followingJohnson (2010)The Schrdit number of isoprene is calculated using

the equation presented in Palmer and Sh@005)

As illustrated irFigurel.11, the relative importance of the waterside and airside resistance
depends on the solubility of the compound. This is because the solubikiyriri.3

changes the relative importance of the airside and waterside resistance. For sparingly
soluble gases (i.e. low H), transfer velocity is dominated mstea through the waterside
diffusive sublayer i.e. Kky. Using the equations stated in this section, | calculate that the
contribution of the waterside resistance to the overall resistandeli60 % for isoprend,

95 % for DM, 26 % for acetaldehyder 23 % for acetone anfl3 % for methanol at 2C
seawater temperature. The compounds have been arranged by increased solubility in this

list to illustrate the decreasing contribution of the waterside resistance.

An highly detailed discussion of the uncertainty of the gas transfer velocity, a topitive a
research by many investigators, is beyond the scope of this thesis. In this paragraph, |
would like to convey a rough estimate of the potential uncertainty of the gas transfer
velocity for illustrative purposes. These uncertainties are a consequsribe
parametrisations | am using. Any uncertainty in these parametrisations is expected to
translate directly to the calculated fluxes reported in this thesis. First of all, the relative
uncertainty in the gas transfer velocity varies at different wipdexis (greatest at high and
low wind speeds and smallest at intermediate wind spe@uanninkhof et al., 2009and

is different for each compound. Waterside transfer velocities for DMS, determined by eddy
covariance, tend to be typicallyithin 20 % of each othdBell et al, 2013, 2015; Yang et

al., 2011) No such measurements have been made for isoprene, but the Nighti{&f6)
parametrisation is probably within 50 % of the true value. As for the airside transfer
velocity (dominant term for the oxygenated VOCSs), recent measurements of methanol are
fairly close (< 20 %) to the prediction of the COARE n{¥@eig et al., 2013a, 204). How
much uncertainties S@nd H contribute to the gas transfer velocity depends on the gas.

DMS and isoprene are largely influenced by, 8tile H matters more for the soluble
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oxygenated VOCs. Uncertainties i &ed H are thought to contributa further 30 %
uncertainty within the constraint of the airside and waterside transfer veldditjinson,
2010)

1.9 Open research questioasd the aims of this thesis

This literature review chapter has presentedr current knowledge abouthe cycling of
methanol, acetone, acetaldehyde, DMS and isoprene in the marine environment. The
review moved on by mentioning relevant biogeochemical psses in the polar regions

and by illustrating the role of these gases in the atmosphere. The second part of the review
focused on how dissolved gases have been measured in seawater usjrsgair

equilibrators and what issues needlie addressed when dggning such an equilibrator in

my opinion. Further, the equations used to calculatecaea fluxes in this thesis are

presented.

This review highlights that ocean cycling of volatile organic compounds is poorly
understood As a consequengrany large unertainties remairas to what controls the
variability of these gases in surface seawataditionally, progress has been limited by a
lackof suitable measurement techniques. With these uncertainties and shortcomings in

mind, this thesis aims to addreti® following points;
1 Extending and improving measurement techniques in seawater

This thesis describes an equilibrator coupled to-RMERhat achieves a high degree of
equilibration and is rugged enough for deployment at sea. The analytical chemistry of the
PTRMS measurement and the equilibrator are thoroughly characterised. TheV/’STR
operation and calibration are laid out in chap®rThe equilibrator is a Segmented Flow

Coil Equilibrator, which is described in detail in chater

1 Measurement of VOCs in the sea ice zone to improve our understanding of the

variability in the Arcticsea ice zone

Research has shown that the sea ice zone represents a source for some marine trace gases
such as DMS or methylamind$ere exist few to no measurements of many of the VOCs
discussed here in the sea ice zombe unique biogeochemistry of thctic sea ice zone

could provide new insights to the production processes of these VO@s/éRtigate the

effect of sea ice on these VQGChapter4 presents depth profiles and underway

measurements from the sea ice zone in the Canadian Arctic in@Lify 2
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1 Measuring VOCs in ambient air and seawater of the undersampled Southern
Ocean to calculate aig sea fluxes and improve our understanding in the

variability of VOCs in the marine environment

The impact of emissions in the Southern Gtea atmospherd mole fractions in the

Southern Hemisphere is particularly important due to the lower land to sea ratio in the
Southern Hemisphere. In this thesis, ambient air and seawater VOC measurements from a
transect in the Southern Ocean are described. Hourly stsavead ambient air

measurements are used to calculate the@gea exchange at high resolution.

Simultaneous measurement of a broad range of gases provides indication for common
sources and sinks. Continuous measurements will enable detection of digdeha VOC
abundances, which could highlight the importance of light in controlling the cycling of these
compounds. Measurements of depth profiles yield further clues abouthat factors

influence seawater concentratioms the water column and the inggtance of airg sea

exchange. These results are presented in chapter 5.

The thesis is rounded up with a conclusion chaptexhich contrasts the two polar waters
and summarises my major findings. | also highlight the remaining important questions and

provide recommendationfor future work.
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2 PTRMS operation and ggshase calibration

I would like to measure VOCs in seawater and ambient air using a commercially available
PTRMS instrument In this chapter, | provide an overview of the RMIRinstrumentation

and the reactions taking place inside the IM&. | also share the P-VRS instrument

settings used during both deployments and explain the rationale. Regular gas phase
calibrations during the deployment show that the instrument drift istiglely small, about

10 %. Equilibrator headspace is laden with humidity, which affects the background and
signal of the PTRIS for some VOCs. | show calibrations which allowed me to account for

this effect.

2.1 PTRMS instrumentation

The following section befly discusses the components inside the Proton Transfer Reaction
Mass Spectrometer (PIRS). PTRIS is a type of mass spectrometer which uses chemical
ionisation by a hydronium ion ¢B%) and is equipped with a drift tub@indinger et al.,

1998) The components of the PINRS are illustrated ifrigure2.1.

pump pump
T ] :..
']L IEEEEENIEEANEERENRAEEF o
_I ﬂ Quadrupole mass separato
H sSD

1##';:mmnlm | LTI‘ K

T L gas inlet

H»0 - vapor [2ir to be analyzed)
inlet

Electron Multiplier

high vacuum

| | I pump I

Figure 2.1 Schematic representation of the PTRMS. HC: Hollow cathode, SD: Source Drift
Chamber, VI: Venturi type inlet. Figure reproduced from Lindinger et al. (1998)

In the PTRVS, water vapour is directed to a hollow cathode (HC), which discharges to the
positively charged water vapogde Gouw and Warneke, 2007he ionised water

molecules are accelerated by an electric field to the source drift chambe(B&R et al.,

2009) Between the SD chamber and the drift tube, the sample gas is insermagtin a

Venturitype inlet (VIXBlake et al., 2009)he drift tube is kept at a low pressure of

typically 2.2 mbar and consists of a series of voltage plates. The homogeneously increasing

drift tube voltage accelerates hydronium ions and makes them collide with the analyte in

the sample ga¢Blake et al., 2009 The electric field strength and the pressure in the drift

tube are extremely important and are typically combined as a ratio E/N, with a lower E/N
AYRAOFGAY3 + 6az2FTGSNE Azyraliaazy NBIAYSO ¢KS
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through anose cone with a small orifice, which allows a fraction of the ions to pass to the

mass separatofLindinger et al., 1998)

A quadrupole mass separator in vacuum is used to separate ions of different masses with a
mass resolution of one amiéston, 2008) The quadrupole accelerates the ions to the

electron multiplier which measures the ions in counts per sed@uiiglas, 2009)

2.2 The proton transfer reaction

In thissection, | provide background on the proton transfer reaction that is occurring in the
PTRMS and the advantages thereof.

In the drift flow tube, the hydronium ions transfer a proton to the analyte accordirtgoo.

2.1

H:O'+ RA RH + HO Eqn.2.1

InEgn.2.1, HO' is the hydronium ion and R is the analyte. MR uses a drift tube to

allow for a controlled reaction between the analyte and the hydronium {tursdinger et

al., 1998) By maintaiing stable reaction conditions in the drift tube, wstlidied reaction
kinetics(Cappeih et al., 2012; Zhao and Zhang, 20€4) be used to calculate the mole
fraction of the analyte with relatively good accurd@appellin et al., 2012Mole fractions
O2YLJzi SR dzaAy3a GKAA YSUK2R INB fFr06SffSR GNIgéad L
are further corrected based on gas phase calibrations with a igetifas.

The PTRMS is well suited for measuring VOCs in air for many reasons: (i) the soft chemical
ionisation means that most VOCs are ionised at their parent mass, while common inorganic
species in air are generally not ionig@&lake et al., 2009)imited fragmentation allows for

a fairly straightforward compound identificatidde Gouw and Warneke, 2007)i) the
hydronium ions react at near collision rate or known reaction rates, which allows for a
reasonable estimate of the mole fractions of the analytes without calibrgti@ng et al.,

2013c) (ii)) not needing an internal standhmakes PTRIS compact and convenient for

field deployment(Lindinger et al., 1998Yhe PTRIS also allows (iv) high sampling

frequency, which makes it ideal for continuous measuremé¢yigag et al., 2013a)

Water vapour affects PTRS measurements, and a commodesieaction in the flow drift

tube is hydronium cluster formatioBqn.2.2 (Blake et al., 2009)

H:O'+ n HOA H:O" (H:O)h Eqn.2.2
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The hydronium clusters have a higher proton affinity than the hydronium ions alone. Hence
they do not protonate some VOCs, such as benzene and tolidake et al., 2009An

excess of hydronium clusters in the drift tube could invalidate the assumption that the
majority of the prdonation reactions are carried out by hydronium iqae Gouw ad

Warneke, 2007)Furthermore, ample humidity affects the backgrounds of some of the
VOCs monitore@de Gouw and Warneke, 200Hydronium cluster formation can be

avoided by heating the drift tube, reducing the humidity in the sample air or increasing the
E/N(de Gouw and Warneke, 2007)

2.3 PTRMS operation and settings

This section gives an overview of the MR settings for measurement of VOCs in ambient

air and equilibrator headspace.

| ue a commercially available high sensitivity PrefoansferReaction Mass Spectrometer
loniconQMS500 from circa 2008. For laboratory experiments and the Arctic deployment,
the PTRMS drift tube was operated at 160 THTd = 107V cn¥) (700 V, 2.2 rbar and 80

°C in the drift tube, drift tube length 9.2 cm). The water vapor flow into the source was set
to 5 cn? min%, the source current at 3 mA and the source valve to 35 %. At these settings,
the amount of hydronium water clusters is below 5 % when meagwequilibrator

headspace and the amount ob@ns is below 0.7 % of the hydronium ion couqideal

for minimizingboth the water vapor sensitivity and interference in the methanol signal by
the oxygen isotope. The disadvantages of this relativejly trift tube voltage are

increased fragmentation of isoprerand a reduced reaction time in the drift tube, leading

to suboptimal sensitivity. In this case thesm® acceptable tradeoffs since the focus of

these measurements are low molecular weight V@@sgenerally do not fragment, and

the decrease in sensitivity is captured through gas phase calibrations. Following reviewer
comments on the published manuscript on the methods, the-BTERvas operated at 147

Td during the Antarctic deployment (640 \ther settings kept the same). This lower

voltage was chosen to reduce the fragmentation of isoprene and increase sensitivity, while

still keeping hydronium ions below 5 % when measuring equilibrator headspace.

The PTRMS is deployed in selective ion modiens monitored at mass to charge ration/g)
33, 45, 59, 63, 69, 79 and 88 attributed to methanol, acetaldehyde, acetone, dimethyl
suffide, isoprene, benzene and toluene in accordance with previous mass assignments

(Williams et al., 2001; Warneke et al., 200B)e to the unit mass resolution of this PTR
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MS, some interferences due to compounds with similar molecular weights are possible.
Propanal has previously been shoterhave a generally minor (0 %) contribution to m/z
59 in seawate(Beale et al., 2013For methanol, | correct for the oxygen isotope

( / 1 )interference by monitoring @in the drift tube and applying a theoretical
isotopic distribution ratiowhich is 0.076 % of the;Csignal. It is possible that some of the
mass 79 measured here contains a contribution from fragmenting toluene, but these

aromatic compounds are not the focus of my thesis.

2.4 PTRMS gas phasealibrations

In this section, | present details on how the gas phase calibrations are carried out. In the

second part, | show the gas calibrations obtained during different deployments.

2.4.1 Methodology

To improve the accuracy of the RIWFS measurements, gas phase calibrations are carried
out by dynamically diluting a gas canister with known amounts of VOCs in scrubbed BTCA
(British Technical Coundéipproved synthetic air (zero air)For the @s calibration before

the Arctic deployment, the gas standard contained 478 nmol‘mmthanol, 534 nmol

mol* acetone, 480 nmol mdlisoprene, 499 nmol m3IDMS, 492 nmol mdtoluene, 465

nmol mo* MVK and 492 nmol mdb-pinene. All other gas datations are carried out

using a gas standard from Agelemer Environmental Inc., Miami, Florida, USA containing
517 nmol motf acetaldehyde, 490 nmol mbinethanol, 512 nmol mdlacetone, 491 nmol
moltisoprene, 527 nmol m3IDMS, 500 nmol mdbenzene, 483 nmol métoluene in N.

The gas standards were dynamically diluted using two Bronkhorst mass flow controllers.
PTFE gas lines were arranged to allow for the shortest line possible from the gas canister to
the PTRMS. A vent was installed dmstream of the teepiece mixing gas standard and

zero air. All connection pieces used were Swagelok PTFE which are routinely used for
ambient air sampling. This dynamic gas mixture was directly measured by tHdR TR

avoid any hysteresis effects, theting was left to clean out for 1 h before and after the
calibration. Between each step change, the system was left to adjust for 5 min before

recording a measurement.
2.4.2 Gas phase calibrations

2.4.2.1 Gas phase calibrations before and after the Arctic deployment
Inthe Arctic, a gas phase calibration was carried out on board of the 8&@&@&iserprior
to the shipboard deployment. The original aim was to make weekly gas calibrations during

the deployment to capture small drifts in the instrument performance. Howevertd
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logistical constrains and my inexperience, | did not carry out any gas calibration during the

Arctic deployment.

To assess the likely drift in the RS and thus some of the measurement uncertainty
during this deployment, a series of gas phasebcations were carried out in the laboratory
after the deployment over a similar timespan. These calibrations are plotted here along

with the one obtained on board prior to the deploymemkidure2.2).
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Figure 2.2 Gas calibrations from before the deployment in the Arctic and in the laboratory
after the deployment.Mole fractions calculated before applying gas phase calibrations are
|l abell ed as firawd and known mol e fifstaot i on

Figure2.2 shows that the gas phase calibrations are very linear. The calibration slopes are

typically within 10 % of each other.

Isoprene was found to fragnmé significantly, where only 17 % of the isoprene molecules

were observed at the primary iom{z 69, monitored inFigure2.2), while 30 % and 53 %
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were observed at théragment ionan/z 41 and 39 respectively. This is in general

agreement with Schwarz et §2009) This fragmentation ratio was very stable (standard
deviation < 2 %) over three months. As expected for a fragmenting compound, the
fragmentation ratio is highly dependent on the drift tube voltage (and so E/N) with a higher
fraction of isoprene parent ion (i.e. m/z 69) present at lower voltages. The yield oftparen
ion is about 30 % higher in air of the same humidity as equilibrator headspace compared to

dry air, due to the influence of humidity.

The pre and postcruise calibrations generally have similar slopes. This suggests that the
PTRMS had a similar sensitty during the deployment and later in the lab. It was thus
decided to apply the gas phase calibration obtained before the Arctic deployment to
compute the dissolved gas concentrations from the Arctic deployment. For acetaldehyde,
no gas phase calibratiomas obtained before the deployment in the Arctic. Thus, the
average slope of the postuise calibration is applied to the measurements. The regular
post-cruise calibrations over a similar period suggests that the random measurement

uncertainty due to mising gas calibrations from the Arctic deployment is about 10 %.

2.4.2.2 Gas phase calibrations during the Antarctic deployment
The followingFigure2.3 displayshe gas phase calibrations that were carried out roughly
weekly during the Antarctic deployment at 640 V. The average PML laboratory gas phase

calibration slope at 700 V drift tube voltage frafigure2.2 is also shown.
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Figure 2.3 Gas calibration curves during the deployment in the Antarctic Also shown is the

average slope from calibrations betwee2.03.18 and 12.09.18 in the laboratory, labelled as
fiAver age S| o Melefiladidns daleulatéd before applying gas phase calibrations
are | abelled as fArawd antdakdcamweh anoé el dbalc

The gas phase calibrations from the Antarctic deployment are generally within 10 % of each
other, illustrating the stability of the instrument. The sensitivity is generally slightly better

during the Antarctic deployment compared to the calibrations olediat PML. This is
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likely due to the lower drift tube voltage used. The starkest increase in sensitivity was
observed for isoprene. The lower drift tube voltage led to less isoprene fragmentation.
The followingrigure2.4 shows the interpolation of the calibration slopes over the duration
of the Antarctic deployment. Error bars indicate the confidence interval of the linear
regression of the calibratiorape. Figure2.4 illustrates that the sensitivity of the PINRS is
very stableA cubic interpolation of these slopes was used to compute the seawatér VO

concentrations for the entire deployment.
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Figure 2.4 Time series of gas calibration slopeimterpolated over the duration of the Antarctic
deployment.Markers represent the slope from each of thealibrations and error bars represent
the confidence interval of the slope.

2.5 Effect of humidity on the PTRRS

Humidity of the sample ainffects the PTRISsensitivity anchackgrounds of some of the
VOCgde Gouw and Warneke, 20071 account for these effectsiraintain a constant
humidity inthe equilibratorheadspace by keeping ttegjuilibrator in a water battat 20°C.

The equilibratotheadspace ithus fully saturated in water vapour at 2G. Thisgreatly

simplifies thehumidity corrections Additionally the humidity in the PTRMS is monitored

by continuously measuring the hydronium cluster as a ratio of the hydronium ion
(R(37/21)/(%). Due to the unique design of the equilibrator, | was able to experimentally
determine humidity correction factors, in the latatory as well as in the field, without the
need for additional instrumentation. In the following sections | discuss separately the effect

of humidity on the PTHS background and sensitivity.
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2.5.1 Effect of humidity on the background

To investigate the effeaif humidity on the backgrounderoair at differenthumidity

levels was measured/OCIree air saturated inwater was generated by passing synthetic
air (BTCABritish Technical Counéipproved grade)throughthe equilibratorthat had

been wettedwith MilliQ water at 20°C. The wetted equilibrator did not dry out over the
duration of this experiment and the humidity shoudd 19.1 mmol mot (as a result of the
20 cn® mint dry zero air dilution flow)Ths humid air wasscrubbed with a P€ataly$to
oxidize all VOCs to @@he high #iciency of this catalyst at oxidizing VOCs in wet and dry
air was demonstrated elsewheréYang and Fleming, 2018)d it was found that the
catalyst did not affecthe humidity level. This flowof scrubbed moisair was dynamically
diluted with dry zero air to generate V&e air at differenthumidity levels This
experiment was carried out in the laboratory after the deployment in the Arctic at 700 V
and repeated during the deployment in thatarctic at 640 V drift tube voltag®©nly the

data obtained in the laboratory is shown here to avoid repetition.

Measurement of zero air at differemumidity levelsshowedthat DMS (n/z 63), toluene

(m/z 79) and methanol ih/z 33) background are sensitive tomoisture (Figure2.5). The
background of the other compounds monitored here remained unaffected by humidity
this experiment a measuredR(37/21)of 1% corresponds to drgeroair measurement. A
R(37/21)between 1.4%and 2.0% corresponds tambientair measurementén the
AntarcticandR(37/21) of 2.2% corresponds to measurements of equilibrator headspace.
Water vapomole fractionand R(37/21) correlate linearlywithin the range of settings

tested, thus both variables can be plotted on the same axis for comparison
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Figure 2.5 Background dependence of (a) DMS, (b) toluene and (c) methanol signal on the
humidity in the sample air at 700 V.For this analysis, dry zero air has been subtracted and
thus these figures show additional contributions to the background due to sample hudity.
Error bars represent the standard deviation of ten consecutive blanks.

Toluene and methanol backgrounds decrease with increasing humidity, while the opposite
trend was observed for DM$hese results suggest that using zero air as the background
could lead to overestimations of dissolved DMS (by 0.7 nmot)dimd underestimations of
dissolved toluene (by 0.0321 nmol dimrand methanol (by 46 nmol d# | use this change

in background of 0.18mol mol* between dry and humid air to compute seawater

methanol concentrations from the Arctic deployment.
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This experiment suggests that for the compounds that show a strong humidity dependence
in the background, a blank of comparable humidity to the equilibratadspace should be

used for the seawater measurements.

2.5.2 Effect of humidity on the sensitivity

Totest the effect of humidity o TRMSsensitivity gas calibrations were carried out at
different humidity levels To producezeroair at differenthumidity kevels a flow of moist

air saturated in humidity at 28Cwas generated by passing zero air through a wetted
equilibrator. This wadiluted by varying amounts of dry zero asing three Bronkhorst

mass flow controllers. Bmixture was scrubbed by the Riatalystandthen added to the

flow of VOC gas standarthis experiment was repeated in the laboratory after the
deployment in the Arctic (700 V) and during the deployment in the Antarctic (640 V). Only
the data obtained in the laboratory is shown hereatoid repetition.For most of the
VOCsthe calibration slopes did not vary with humiditfowever,benzene, toluene and

isoprenedid show somédwumidity depen@nce of the slopéFigure2.6-Figure2.8).
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Figure 2.6 Benzene gas phase calibrations at different humidities areh inset displayingthe
dependency of the slopen the measured humidity

Error bars on the slope and intercept represent 95% confidence intervals of the linear
regression.S=slope
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Figure 2.8 Isoprene (n/z69) gas phase calibrations at different humidities andn inset
displaying the dependency of the slopen the measured humidity Error bars on the slope
and intercept represent 95% confidence intervals of the linear regressio=slope

For kenzene and toluenghe calibration slopes were found to decrease with increasing
humidity (Figure2.6 andFigure2.7). The total decrease in sensitivity going from dry to
humidity expected irequilibrator headspace is 11 % and 14 % for benzene and toluene
respectively. This decrease is due to their relativelyposton affinities which means that
they are ionized by théydroniumion but not by thehydroniumion water clustey whose

abundane increases as the humidity increagégarneke et al., 2001)
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For isoprendmonitored atm/z 69), the calibration slope increases with increasing
humidity (Figure2.8). Nevertheless, then/z 69 signal remains well below the expected
mole fraction of the parent ion due to fragmentatidmcreasing the sample humidity from
dry to the levels expeted in the equilibrator headspace, the sensitivity increases by about
30 %. Te additional water clusters in the drift tube appear to reduce the fragmentation of
isoprene. Schwarz et §2009)explained this by suggesting that the additional water

molecules stabilise the isoprene primary ion in the drift tube by solvating it.

These changes in gas phase calibration are accounted for in the computation dfetisso

gas concentrations.

2.6 Conclusion

This chapter presents the optimisation and calibration of a-MERnstrument for
measurement of VOCs in ambient air and humid equilibrator headspace. The effect of the
humidity on the measurement is investigated. Theimadvantage of these settings is that

| was able to minimise the effect of humidity on the measurement. Additionally, | was able
to parametrise any remaining effects experimentally. These humidity effects could differ
between deployments or when changitite settings. However, | was able to repeat the
experiments during a deployment. To determine the effect of humidity on the
measurement, | present methods which only require the equilibrator and theattlyst.

Thus, there is no need for new expensive ipquent that could break in the field.
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3 Development of aegmented flow coil equilibratdor

measuring dissolved VOCs in seawater

In this chapter] present a technique that utilises a segmented flow coil equilibrator to
measure a broad range of dissalveolatile organic compounds seawater Thanks to its
designthe equilibrator is highly efficient for gas excharagel fully equilibrates for gases
that are similarly soluble or more soluble than tohge Ithas a fast response tinaf under
1 min. Thesystem allows for both continuous and discrete measurements of volatile
organic compounds in seawater due to its low sample water flow (130im') and the
ease of changing sample intak&etails on the data processing and calibration of the
equilibratar are providedExtensive calibrations are used to assess the equilibration
efficiency and enable me to suggest an updated solubility for methanol and ac&tone
discussion is also provided on the most suitable measurement blank and on the

uncertainties asociated with the seawater measurement.

3.1 Introduction

One of themainaims of this thesis is the development of an equilibrator coupled to PTR
MS for measurement of VOCs in seawater. In this chapter, | present the equilibrator |
developed andharacterisetiin detail | assess the degreef equilibration forthe VOCs
measured by extensive calibratioasdat the same timenvestigate their solubilities. This
is important for calculating thedissolved concentrations. | lay out in detail how the data
from the SFCRre processed! also assegbe sensitivity of the measurement towards
changes in the air to water flow ratend determinethe measurementesponse time. |
move on by discussingéithoice of seawaterblanksfor the compounds monitoredwhich
have not been investigated quantitatively befotdinish he chapter by estinting the

measurement uncertaines.

3.2 System description

This section describes the segmented flow coil equildoré&FCE), which is shown

schematically irFigure3.1a.

The SFCE is coupled to M®&to measure methanphcetone (Zpropanone),

acetaldehyde (ethanaldimethyl suiide (DMS), isoprene {@ethyl1,3-butadiene),

benzene and toluene (methyl benzendemonstratinghe versatility of the SFCE. The main
advantage of this equilibrator lies in its design. Briefly, the segmented flow allows for a

large surfae area for gas exchange, ample equilibration time, and thus a high degree of
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equilibration. The simple headspace asghvater separation systerhas a small internal
volume, whichallows forrapid separation of the headspace froseavater without spray

or droplet formation. This enables a fast response time. Due to the ease of changing the
seavater sample intake and logeavater flowrequirements the equilibrator can
conveniently be used for both continuous underway and discse@vater samplingThe
equilibrator is entirely made up of commercially available Polytetrafluoroethylene (PTFE)
tubing and fittings, which should minimise adsorptive loss and make the equilibrator
relatively inexpensive and easy to replicate. The constant flow of water and smooth

sufaces facilitate occasional cleaning.
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@ 1Mh‘1

Gases equilibrate in 10m,

4.0 mm |.d. coiled tubing kept
at 20°C in water bath

zero air
100 cm? min?

Figure 3.1 (a) Schematic of the segmented flow coil equilibratocoupledto PTR-MS. (b) Schematic of the jartrap that was used during theArctic deployment
for air 7 water separation.All other aspects of the SFCEare the same for the two designs.
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In my setup, the SFCE takes approximately equal, continuous flows of high purity zero air
and unfltered seawater The zero air flow is controlled byBxonkhorst mass flow
controllerset to 100 cn¥ min? (0 °C, 1atm) (all gas flowsrom mass flow controllers

reported in this thesis areeported normalised to these conditionsThe seawater flow of
(10045 cm® mint is controlled by a peristaltic pumfWatson Marlow 120 S/DWith 8 cm

long Pumpsil platinum cured silicone tubif@4 mm i.d). | used eitherltra-low VOC zero

air (Praxair) scrubbed by a hydrocarbon t{Agilent)or BTCABritish Techical Council
Approved grade zero air (BOC) oxidized by a custoade Platinurrcatalyst (heated to
450°C) as the carrier gas for the SFCE.

The seawater isampledS A 6 KSNJ FN2Y (KS &aKALIQaAa dzyRSNBLF & gl GSNJ
discrete measurement$tom 900 cn¥ glass sampleottles. Thecarrier gas andeavater

meet in a PTFE tee piece (4 mm inner diameter), which naturally leads to the formation of
distinct segments of zero air aiséavater. The segments travel through a coiled, 10 m long
PTFE tube (aar diameter 6.35 mm, wall thickness, 1.19 mm). Each segment of carrier gas
or water is approximately 1.5 cm long, giving an approximate total surface of exchange of
82 cntin the coil. The coil is immersed in a water bath kept at a temperatuadofit 20

°C. The residence time in the 10 coiledtube is37 s (calculated from the internal volume

of the coil and the combined air and water flowisaboratory measurements indicate that
regardless of the initial water temperature-g5°C), the water exitinghte equilibrator has

a temperature 0f20+1) °Cif the carrier gas is at room temperatur@uring the Antarctic
deployment when the carrier gas was kept outdoors (abot€@mbient air temperature

on average)the water exiting the equilibrator ltha temperature of{18t1) °Cdespite the

water bath being set to 25 deg.

Keeping theequilibratortemperature essentially constant has the bengéf (i) simplifying

calibrations/calculations of agueous concentration, and (ii) in the case of cold higldéati
seawater samples, increasing the VOC signal in the headspace as warmif@te@lces

the gas solubility. A rapid biological response to this warming is not expected in the

segmented flow coil due to the very short residence tif8é s)

In the intial design, after transiting through the coll, the equilibratedgivater mixture is
separated in a 200 chiPTFE jar (Savillg@igure3.1b). The samled seawater drains away
via a Ushaped drainThe Ushaped drain prevents intrusion of lab air a@ldo encourages
the sample aito go towards the PTRIS, rather tharescaping via the water draih.

estimate a response time of about 2 minutes with tHEFE jar as the afrwater separator.
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This is due to a combination of its sizable internal volume and the production of spray
inside of the jafrom falling droplets. The latter buffethe headspace to stephanges in
seawater concentration of highly soluble gasBs PTFE jar was found to slightly outgas
someVOCgluringthe Arctic field deploymenfsee Sect3.8.1for further information) and
wasafterwardsreplacedby a PTFE tee piece (Swagelok, outer diamdt2i7 mm, wall
thickness 1.6 mm)This modificatiorliminated the outgassing contamination and also
shortenedthe system response tim® less than 1 minute by greatly reducing the volume
of the air¢ water separator and allowing for a smooth separation of the equilibrated air
water mixture without dropletformation. Thus, thdiinalisedSF& consists dfigh quality,

readily available PFE tubing and fittings used routinely anbientair sampling.

On the top end of the ait water separator, the humiequilibratorheadspaceir (100 cni
min?) is diluted with dry zero air (20 émin?, same as the carrier gas, controlled by
another Bronkhorst mass flow controller). Thiddition of dry zero aiprevents
condensation in thepproximately2 m PTFE tubing between the equilibrator and the
heated (8CPC) inlet of the PTRMS Figure3.1). The SFCE system is operated at a slight
overpressure (approx. 88 mbar above atmospheric pressure) in order to reduce the
likelihood of lab air contaminien (e.g. due to leaks).nfexcesdlow vent is installed
upstream of the PTHRIS to avoid pressurizing tHETRMS The vent flow is typicallgbout
20 cn® min ¢ the residual between the carrier gas flow (100%emin?), the dilution flow

(20 cn¥ minY), as well as the PTRS intake flow #pproximatelyl00 cnf min?).

The entire SFCE system fits diteabench space of about 40 cm by df. Importantly the
SFCE is designed such that a failure of an individual component does not result in a
catastrophic overor underpressurization of the system. For example, if the carrier gas is
stopped (e.g. gas supply runs out), the MR simply measures lab air via the vent and the
water is drained from the SFCE as usual. If the water flow from therwag sampling

stops, the peristaltic pump will simply pump lab air into the equilibrator. These unexpected
failures can be easily identified as lab air has typically much higblkr fractionsof VOCs

than equilibrator headspace. If the PMS fails, theheadspace gas simply exits via the

vent.

Due to the smooth, inert surfaces and constant and complete water renewal, the
equilibrator should not be very prone to biofouling. As a precautionary measure, | typically

cleaned the SFCE every few days duringsttigboard cruises by passing 0.0&jkg* HCI
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solution through the coil for 10 min, followed by a MilliQ water rinse (carrier gas flow to

the SFCE was stopped during this procedure).

3.3 Data processing

The PTRMS measures VOCs in the gas phase. In thioeetixplain how a) the PINRS

raw signal is processed to obtain mole fractions in air/equilibrator headspace, and b) how
these mole fractions are converted to dissolved gas concentrations. To calculate dissolved
gas concentrations, a purging factor iscassary, which | derive. The section is rounded up

with a data flow diagram summarising the data processing steps.

3.3.1 Calculating mole fractions measured by IR

The mole fractions of the VOG) (can be reasonably estimated from the FWIR signals (in
counts per secondde Gouw and Warnek@007; Yang et al., 2013a3ingEqgn.3.1. This is
possible given the relatively wedtudied reaction rates between VOCs and hydronium ions

(Zhao and Zhang, 200di)d mass spectrometer specific parametérang et al., 2013c)

p 0 Y
o)

w 5 2y, Egn.3.1

P
T AED

In this equation” @& "Qis the number density of atoms in ambient air ang is the

reaction time between 0" and the VOC in the drift tube (calculated for our instrument in
Yang et al(2013c). The variabléc-is the kinetic rate constant of the specific VOC with the
hydronium ion. The measured valuls.and Nuso+are the signals of the protonated VOC
and HO' in counts per second. The variablego+and Tc.are the transmission efficiencies
of the HO*and theprotonated VOC. Transmission efficiency is mainly dependent on the
mass of the compound, but also varies between instruménggldei et al., 2009)

Transmission efficiencies are determined by the manufacturer during annual services.

Some authors sugest that the kinetic rate constants between VOCs and hydronium ions
have a reported error margin of up to 5q&lake et al., 2009; Ellis and Mayhew, 2014)
Additionally, the rate constants display a temperature dependence which is not accounted
for in this computation(Cappellin et al., 2012; Ellis and Mayhew, 20T4)account for this
remaining uncertainty, dynamic gas phase calibrations are carried out using a cegrdisied
standard. These gas phase calibrations are applied to the mole fractions calculated from

Eqn.3.1.
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3.3.2 Deriving dissolved VOC concentrations from $HE®IS measurements
To calculate dissolved VOC concentrations from the mole fractions, | need to know the
equilibration efficiencyTheequilibration efficiencyor each gas in the SFGHetermined

experimentally and is presented in Se®b.

For compounds that fully equilibrate in the equilibratoe. equilibration efficiency of
100%) the followingEqn.3.2 is used to compute the measured dissolved gas
concentrationgnote that simple unit conversions (e.g3to dm®) are not eplicitly

shown):

0 o
W 0w Ny OOpgpml Al Egn.3.2

Whered represents the dissolved gas concentratianiepresents the measured
headspacemole fraction @ represents the backgrounahole fraction(see Sect3.8for a
discussion on the measurement backgroyrthe ideal gas law is applied to convert from
mole fraction to a dissolved gas concentratiblere, 0 represents theambient pressurgy
is the gas constamind“Yis the equilibrator temperature (nominalfy293K). "Orepresents
the dimensionless liquidver-gas form othe Henry solubility Thefactor of p&, is applied

to account for the dilution of these gases in theadspace of the equilitator, andF

represents a purging factgderived in Sect3.3.3.

Thepurging factorarises because solubility-dependent fraction of dissolved VOCs is
transferred into the gas phase during the equilibration process. Thus, the disg@sed

concentrationat equilibriumwill be somewhat lower than the initial concentrations.

Forcompounds that partially equilibrate,calibrationslopeestimated from liquid
standards diluted in MilliQ wates used to determine dissolved gas concentratiofis

with Egn. 12, abackgrounds subtracted to account for nonzero blar({8ect.3.8).

Egn.3.3

Technically, using a freshwater calibration to calculate gas concentrations in seawater will
introduce an uncertainty (nominally within 10&ohnson, 201Q)Xue to the effect of

salinity on gas solubility. Of all the VOCs studied here, the highly insoluble isoprene is the
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only one that does not completely equilibrate in the SFCE. The salting out effeqbreiniso
seems small relative to theariabilityin the isoprenecalibrationslopes(Sect.3.5.1) and is

thusneglected here.

3.3.3 Calculating the Purging Factor
Thepurging factor B is the ratio between the dissolved gas concentration before and after

complete equilibration in the coil:

w 6/ # Eqn.3.4
w 6/ #
where;
. €
& 6/ # - Eqgn.3.5
w

Here¢ s the total number of moles in the systefor the VOC of interest (entirely in the
water phase prior to equilibratiorgnd® is the volume of waterThe carrier gas is

assumed to be free of VOCs.

The dissolved gas concentration after equilibration in the coil is calculated based on mass

consenation. In the followingderivation & and¢  arethe number of molesn the

gas phase and dissolvptaseafter equilibrationrespectively, whileo is the volume of

carrier gasAt equilibrium

w6/ # "Ow 6/ # Eqn.3.6
. €
€ 00 Eqn.3.7
w

Mass conservation is expressed by the following equation:

€ 3 3 Eqn.3.8

Combinng Eqn.3.7 andEqn.3.8 and rearranging, we have:

£ Eqn.3.9

with:
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” € Egn.3.10

w 6/ # —
W
Combiningegn.3.10andEqgn.3.9, we have:
. €
o6/ # ﬂ Egn.3.11
p w
P~
°®
Finally,combiningeqgn.3.5 and Eqn.3.11 with Eqn.3.4, and rearrangingives
o0 p p, Eqgn.3.12
0¥
W
At equal zero air/water flow rate@nd hence volumesjhis is simplified to:
W 6/ # P Eqn.3.13
O 61 # o P

The precision of the purging factor depends on the precision of the solubility measurement.
Since solubilities are reported here to two significhgures, purging factor is reported

here to two significant figures as wdHor freshwater, computed purging factors assuming

full equilibration and equal zero aandwater flows are: 1.00 for methanol, 1.00 for

acetone, 1.00 for acetaldehyde, 1.06 fdviB,1.18for benzenel.21for toluene and 2.57

for isoprene The same computation in seawater gives the following purging factors: 1.00
for methanol, 1.00 for acetone, 1.00 for acetaldehyde, 1.08 for ONER for benzene1.26

for toluene and 2.96or isoprene.l note thatFvaries from being insignificant ¢ for

highly soluble VOCs to quite large @>for the sparingly soluble gases.

3.3.4 Data flow diagram
The following figure presents a data flow diagranmmarising the steps involved in the

data analysis of fieldwork dat&igure3.2).
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Eqn. 3.1

PTR-MS
raw mole fraction

gas calibration

PTR-MS
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fully equilibrating gases

Egn. 3.2
subtract Pt-catalyst q
blank
ambient air dissolved gas
mole fraction concentration

partially equilibrating gases
Eqn. 3.3

Y

dissolved gas
concentration

Figure 3.2 Data flow diagram illustrating the data analysis processln this chapter, raw mole
fraction refers to the mole fraction calculated with Eqn. 3.1, before applying gas calibration
factors.

Figure3.2 recapitulates that the PFRIS measures counts per second in the electron
multiplier/detector. singEgn.3.1> (KA & Aa O2y@SNISR (2 | GNI gé
calibrated using gas phase calibration factors. Depending on whether the gas is fully

equilibrating in the equilibrator or nogither Eqn.3.2 (fully equilibrating gases) &qn.3.3

(partially equilibrating gase applied to obtain dissolved gas concentrations. TheM$R

isalso used to measure VOC mole fractions in ambient air. Fhat&lyst is used as a blank

for these ambient air measurements (S&c8.1).

3.4 Methods for calibrating the SFCE
In this section | present how the SHE&alibrated and how the equilibration efficienty
determined at the same time. | also share details abloaw to calculate the expected mole

fractions for the calibrations.

Y2t

¢2 OFftAONIGS GKS {C/ 93X L dzalS |y Ayy20IGA0S ol & 32
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water standards with zero air, whereas invasion calibratiogfer to equilibration of VOC
gas standards with MilliQ water. Both evasion and invasion should theoretically give the
same equilibration efficiency, which in turn relates to the solubility of the comgoBy
matching up evasion and invasion equilibration efficiency, | can determine the solubility

values and compare them against published values.

Some previous investigato(Beale et al., 2011; Williams et al., 20€dy on serially

diluted liquid standards atte. | found these hard to prepare reliably at environmentally
relevant concentrations (Se@.5.2.]. By using both methods of calibration, | can compare
serially diluted liquid standards with a certified gas standard. This increases confidence in

my serial dilution procedure.

3.4.1 Experimental setup for evasion calibrations

In evasion experiments, liquid standards of methanol, acetone and acetaldehyde were
prepared by 3stage serial dilution of the pure solvent in the same batch of syphoned

MilliQ water (or seawater during the Antarctic deployment). This water was also used as
the blank for the calibrations. Aliquots of pure, undiluted methanol (for spectroscopy
Uvasol) and acetone (HPLC standard) were dispensed using volumetric pipettes, while a 1
cn? volumetric flask was used to aliquot pure acetaldehyde (>=99.5 %, A.C.S. Reagent).
Subsequent dilutions utilised a volumetric pipette and volumetric flasks togpeciquid
standards ranging from 3 to 30 nmol éfor acetone and acetaldehyde and 30 to 300 nmol
dm? for methanol in discrete sampling bottles. These diluted standards were measured
with the SFCIPTRMS system using the same procedure as for discreteats samples.
Concentrated liquid standards of isoprene and DMS were prepared gravimetrically airtight
each day from the pure compound. A syringe pump (New Era Pump Systems) was used to
dynamically dilute the concentrated DMS and isoprene liquid standardglow of MilliQ

water. The syringe pump was installed upstream of the peristaltic pump and set to add 0.1
1 cn? min? to the main flow of 100 cAmint water through a Ipiece. This yielded DMS
standards of up to 7 nmol déand isoprene standards of to 2 nmol dm. For this

calibration, the flow of MilliQ water is measured at the water drain.

3.4.2 Experimental setup for invasion calibrations

During invasion calibrations, a flow of certified VOC gas standard was diluted to varying
degrees with VO@ee zeo air using mass flow controllers. This diluted VOC gas standard
was then equilibrated with essentially V@€e MilliQ water. The assumption of no VOCs

present in the initial MilliQ water is reasonable as | used relatively high carrier gas VOC
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mole fractons (up to 50 nmol mél during experiments in the lab and up to 250 nmol fhol
during the Antarctic deployment). The more soluble VOCs are absorbed by the MilliQ water
by a greater degree due to their higher solubility.

Due to practical reasons, the etjibration efficiency of benzene and toluene were
determined from invasion calibrations only, while that of methanol deermined from
evasion calibrations only. The other compounds were calibrated using both evasion and

invasion.

3.4.3 Calculating expected neofractions for invasion and evasion experiments
Forevasion calibrationgo compute the expected headspace mole fractiassuming full

equilibration the followingeqgn.3.14is used.

w 6/ #

© 6/ # -
008 vy

Egn.3.14

Forinvasion calibrationsghe expectechumber of molesn the gas phase at equilibriuim
calculatedby combining the mass conservatiequation Eqn.3.8) with a rearranged

version ofEqn.3.7 to give:
. . v~ W
£ £ 0t
()
€ Eqn.3.15
v~
p O
Dividing this by the volume of air and using the ideal gas law yields the expected mole

fraction in the equilibrated head space.Hgn.3.15,¢ is calculated from the known

carrier gas VOC mole fraction.

For both evasion and invasion calibratiort® equilibration efficiency is calculated as the
measuredchange irheadspace mole fractiofblank correctedylivided by the expected

change irheadsm@ace mole fractiorassuming full equilibratian

3.5 Equilibration efficiencies
In this section, | present the results from the calibrations and the derived equilibration

efficiencies.

Ideally,l want to maintain a stable equilibration efficiency of 190 Tls would maximise
the signal to noise ratio and minisai the measurement uncertainty. This may also reduce

the need for frequent calibrations.
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3.5.1 Equilibration efficiency of DMS, isoprene, benzene and toluene

Prior experimentations with a similar setup suggésit the 10 m segmented flow tube
presented here is at least a factor of two longer than required for full equilibration of DMS
(Blomquist et al., 2017Hencd expect themore soluble VOCs (methanol, acetgne
acetaldehydeandDMS) to fully equilibrate due to their higher solubilityss and Slater,
1974) Figure3.3 showsevasioncalibratiors for DMS and isoprene using liquid standards

overa three week period in the laboratory

(a) Expected mixing ratio (b) Expected mixing ratio assuming full
assuming full equilibration equilibration, using solubilities from:
12 Yaws and Yang (1992)
Day 0 P L B Leng et al. (2013)
i Day 6 - ———— — Mochalski et al. (2011)
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Figure 3.3 Evasion calibration curves for (a) DMS and (b) isopreneThe mean slope of the
experimental calibration curveis 1.77 dn® mol! +4 % and 9.12 dnf mol ! +14 % for DMS

and isoprene respectively where errors represent relative standard deviation. Full
equilibration slope is computed to be 1.87 drfiimol* for DMS, and 14.69 dnf mol for
isoprene using Karl et al. (2003) solubility withLeng et al. (2013 temperature dependence.
This suggests approximately 100 % and 62 % equilibration efficiency for DMS and isoprene
respectively in the lab.

The calibratios for DMS suggest full equilibratioRigure3.3a), where a 3%
underestimation of DMS in the mean is within the uncertainty of the solul§iibrkholder
et al., 2015) The DMS calibratiarshow very littlescatterand low weekly variability (x%
std. dev.), suggesting that the SHEERMS setup is very shbde. The calibratiosfor
isoprene suggest mean62 % equilibration efficiencyHgure3.3b). Greater variability on a
weekly basis (+1% std. dev.) is observed in the isoprene calibraidikelyin partdue to

incomplete (and hence less consistent) equilibration.

Results from th invasion experimentsbtained in the laboratonare displayed ifrigure

34.
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Figure 3.4 Invasion calbration curves for (a) benzene, (b}oluene, (c) DMS and (d)jsoprene
A 1:1 line is included to illustrate the role of the water phase in absorbing these compounds.

Invasion experimentd~gure3.4) confirm that the equilibrator fully equilibrates for DMS,

as the measured and expected gas phase mole fractions of DMS match. The equilibration
efficiencies of the less soluble gases benzene and tolaen@®4+1) % and (95+2) %
respectively. The approximately 5 % difference from 100% is within the uncertainty of the
solubility of these compound®8urkholder et al., 2015)This justifies the use &qn.3.2 for

VOCs no less soluble than toluene.

For isoprene (the leasbiuble compound that | measure by far), the equilibration
efficiency of 69 % from invasion is similar to that determined in the evasion experiments
(62 %) if | use the isoprene solubility frétarl et al. (200B8and the temperature
dependence fronLeng et al. (20131 note that there is &arge range (40 %) in the values
for isoprene solubility in the literature. Using the solubility values from Yaws and Yang
(1992) Leng et al(2013)or Mochalski et a2011)would result in a large and unexpected
discrepancypetweenevasion and invasion experimentghich | do not expeciherefore, |
use theisoprene solubility froniKarl et al(2003)and thetemperature dependence from

Leng et al. (200)3hroughout this thesis.

78



These invasion calibratismre also carried out during the Antarctic deployment, which
confirm complete equilibration of DMS, benzene and toluene in the equilibrator. During
that cruise, | use surface seawater and seawater from well below the mixed layer in
addition to MilliQ wate for invasion calibration. Complete equilibration for these
compounddgs achieved regardless of the water used. For isoprene, | determine an average
equilibration efficiency of 80 % during the Antarctic cruise with a standard deviation of 15
%. The higheisoprene equilibration efficiency on the ship than in the laboraisdue to

the higher seawater flow rate used (see S8db.on the sensitivity of the measuremeaon

the air to water flow ratio).

3.5.2 Estimation of the equilibration efficiency of methanol, acetone and
acetaldehyde and recommendation of their solubility values

Both theoretical consideration®lated to the high solubility of these compoun(@sg. Liss

and Slate(1974) and experiments with varying air: water flow ratio (S&c8) indicate

that the oxygenatedVOCgmethanol, acetone and acetaldehyde)ly equilibrate within

the SFCH.0 calculate the dissolved concentrations of these compounds, | need to know

their solubility.

A widely used technique for determining solubility is the headspace anéfiagilset al.,
2003;Vitenberg et al., 1975which relies on measuring the headspace mole fraction from
an equilibrated, closed systeby usually gas chromatography. However, especially for
compounds of high solubility and thus low headspace mole fractions, adsorptivenoss
surfaces could lead to an overestimation of the true solubfkisrl et al., 2003; Vitenberg

et al., 1975) This might be one reason why the highly soluble oxygenated VOCs show
relatively large scatter in the published solubility values (Sebt2.]).

Additionally, theabove method relies on serial dilution of the pure solvent in water
(Benkelberg et al., 1995; Clayton McAuliffe, 1971; Snider and Dawson, 1985; Zhou and
Mopper, 1990) which is challenging to do reliably at environmentally relevant
concentrations because of the volatility and ease of contamination of these VOCs (Sect.
3.5.2.].

In this section | match up evasion and invasion calibrations of acetone to test the
robustness of my calibrations and recommend a different solubility fetcere and
methanol (Sect3.5.2.9. Considering these challenges, solubility determined from my
works may be more applicable to environmental studies due to the mveentrations

used.
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3.5.2.1 Large variability in OVOC evasion calibrations

Evasion calibrations of methanol, acetone and acetaldehyde over a long period in the
laboratory prior to the Antarctic deployment show substantial variability, likely due to the
challengesn producing liquid standards of these gases from serial dilution of pure
chemicals. The average slope of 11 evasion calibrations for acetaldehyde and 14 evasion
calibrations for methanol and acetone over a thi@@nths period are showrF{gure3.5).
Results are compared to the expected mole fractions computed using every experimentally
determined solubility listed in the compilation by San@@015)as well as using the

solubility recommended by Burkholder et @015) The latteris chosen as a critical

evaluation of published solubility values.
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Figure 3.5 Evasion calibrations ofmethanol (a) and acetone (b) and acetaldehyde (c) in the

laboratory. Disp

layed are the average experimentally determined slopes of 14 calibration

curves of methanol (a) and acetone (b) and 11 calibtian curves of acetaldehyde (c). These
calibrations suggest that these compounds are less soluble than literature values suggest.

Shaded

area indicates 1 0 standard devi-at

month period. Average experimentdly determined calibration slope for methanol, acetone
and acetaldehydeare (0.00786 +0.00115dm3 mol, (0.0469 +0.0145)¥m?* mol* and (0.0743
+0.0190)dm® mol . Plotted along this are the predicted slopes using all experimentally
determined solubilitiesas listed inSander (2015) The recommended solubility byBurkholder

et al. (2015)is pl
Alin the appen
air Henry solubi

otted as a solid thick line in dark blue. The key to the figure ifisted in Table
dix, listing the infigure reference followed by the dimensionless water over
lity in MilliQ water at 20 °C and the predicted slope using the listed

experimentally determined solubility. For full reference ofthe cited solubilities, please refer
to Sander (2015).
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I note that there is a large range in published solubility values of these compdtigdsg

3.5). The experimetally determined calibration slopes for methanol, acetone and
acetaldehyde carried out in the laboratory are highly linear (typiéab@ve 0.95).

However, they are on average about 50% times higher than the solubilities recommended
by Burkholder et a2015) Nevertheless, my experimental mean slopes are within the

range of published solubility values. The relative standard deviation in the slopes of the
methanol, acetone and acetaldehyde calibrations (about 25 %) are much larger than that in
the DMS calibrations (4 %), with the latter indicating the stability of the $HEES

system. On a weekly basis, the individual calibration slopes of different Q@ €late

with each other, and these compounds were diluted together from pure reagents. This
suggests that most of the observed variability from week to week might be due to errors or
contamination in the serial dilution procedure. Possible artefaatkide the ubiquity and
relatively highmole fractionsof these VOCs in lab air as well as their low vapour pressures
(especially acetaldehyde). This large variability illustrates the value of deriving solubility by

matching up evasion with invasion calibrations, which is presented next.

3.5.2.2 Matching up invasioand evasion calibrations for OVOCs

Evasion calibrations for methanol, acetone and acetaldehyde during the Antarctic
deployment are shown iRigure3.6, Figure3.8 and Figure3.9. Invasion calibrations during
the Antarctic deploymentfoacetone and acetaldehyde are showrFigure3.7 and Figure
3.10. By matching up the invasion and evasion equilibration efficiencies, | suggest an

updated solubility for acetone, and by extension also for methanol.
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6 Evasion calibrations of acetone from the Atarctic deployment in different types

of water. SW= seawater, MilliQ= MilliQ water. Bottom SW refers to seawater collected from
well below the mixed layer, near the bottom of the water column; Surface SW refers to

seawate

r collected from the underway seaaver inlet. The average measured slope and

standard deviation in the 4 seawater calibrations is (0.0388+ 0.004) dmol* (10 % rel. std.
dev.) and the average slope in the 4 MilliQ calibrations is (0.0398 + 0.002) @imol (5 % rel.
std. dev.). Expected mole fractions are slightly different between MilliQ and SW mainly due
to the lower seawater temperature.
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.7 Invasion calibration for acetone from the Antarctic deployment using different
water.SW= seawater, MQ= MilliQ water. Bottom SW refers to seawater collected
Il below the mixed layer. The nonrlinear relationship is due to the addition of alarge
of standard gas to the zero air carrier gas, which alters the purging factoihis is

accounted for in the computation of the expected equilibrator headspacrole fraction. Due
to the fairly low head space mole fraction of acetone, invasiomlibrations with high carrier
gas mole fraction are more accurate.
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Invasion and evasion calibrations for acet@ne found to agree with each other only if the
solubility of acetone is 30 % lower than that recommended by Burkholder @l5)
(Figure3.6 and Figure3.7). To calculate a solubility that agrees with my measurements, |
divide the solubility recommended by Burkholder et(2D15)by 1.4. The solubility
recommended from my works is within the range of other previously published solubility
values and previous laboratory calibrations of the SFCE. It is also within the uncertainty
estimate by Butholder et al(2015)

The following figure illustrates the evasion calibration for methaRayre3.8).
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Figure 3.8 Evasion calibrations of methanol from the Antarctic deployment in different types
of water. SW= seawater, MQ= MilliQ water. Bottom SW refers to seawater collected from
well below the mixed layer, Surface SW refers to seawater collected from the underway
seawater inlet. The average measured slope in the 4 seawater calibrations is (0.00624 +
0.00121) dmi mol? (rel. std. dev. 19 %) and the average slope in the 4 MilliQ calibrations is
(0.00678 + 0.000254) dfrmol™* (rel. std. dev. 3 %). Expected mole frations are slightly
different between MQ and SW mainly due to the lower seawater temperature.

For methanol, | infer an updated solubility from the evasion calibration alBigei(e3.8).

No invasion calibration for methanol could be obtained due to the extremely high solubility
(and thus little methanol remaining in the gas phase at equilibrium). However, the
agreement betwen acetone evasion and invasion calibrations provided some assurances
in the serial dilution procedure during the Antarctic deployment. This is because methanol
and acetonaveredissolved together during the first step of the serial dilution. Therefore, |
also suggest a 40 % lower solubility for methanol than what is recommended by Burkholder
et al.(2015)(Figure3.8). To calculate a solubility that agrees with my measurements, |

divide the solubility recommended by Burkholder et(2015)by 1.6. This is within the
uncertainty of the solubility value estimated by Burkholder e{20.15) These updated

solubilties of acetone and methanake used throughout this thesis.
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The evasion and invasion calibrations for acetaldehyde from the Antarctic deployment are

shown inFigure3.9 and Figure3.10.
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Figure 3.9 Evasion calibrations of acetaldehyde from the Antarctic deployment in different
types of water.SW= seawater, MilliQ= MilliQ wat er. Bottom SW refers to seawater collected
from well bel ow the mixed | ayer, Surface
underway seawater inlet. The average measured slope in the 4 seawater calibrations is
(0.0473 £0.00313) dm3 mel (rel. std dev. 6 %) and the average slope in the 4 MilliQ
calibrations is (0.0548 +0.00767) dm3 mdl (rel. std. dev. 14 %). Expected mole fractions are
slightly different between MilliQ and SW due to the lower seawater temperature.
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Figure 3.10 Invasion calibrations of acetaldehyde during the Antarctic deployment using
different types of water. SW= seawater, MQ= MilliQ water. Bottom SW refers to seawater
collected from well below the mixed layer, Surface SW refarto seawater collected from the
shipbds under way s eliaearadlagonship is dueto the clianging gas flow as
more standard gas is added to the zero air carrier gas, which alters the purging factor.

For acetaldehyde, results from invasion and evasion calibratim®und to be different

from each other[figure3.9 and Figure3.10). The evasion results agree with the
recommended solubilityBurkholder et al., 201%jut the invasion results do not. This could
be due to acetaldehyde hydration reactions occurring in the water, which affect tlge air
water exchange of acetaldehydBell et al., 1956; Kurz and Coburn, 1967; \rad.,

2014c) In fact, around 60 % of the acetaldehyde in solution is thought to be present as a
hydrate(Bell et al., 1956)out only the urhydrated form is likely available for &jisea
exchanggYang et al., 2014d3ell et al(1956)suggest a hafiife of the hydration reaction

of acetaldehyde between 6 and 60 secon@szen that 37 s residence time in the
segmented flow tube, it is possible that there is not enough time for complete hydration of
acetaldehyde within the SFCE duringaision calibrations. The solubility of acetaldehyde
recommended by Burkholder et §2015)is an apparent solubility that represents the sum
of acetaldehydeand acetaldehyde hydrate. In our study, the evasion calibration is
considered a more realistic analogue of the actual seawater measurement since water
standards represent the sum of acetaldehyde and acetaldehyde hydrate. Therefore | use
my evasion calibitéon results from the Antarctic deployment (in agreement with

(Burkholder et al., 2015pr acetaldehyde calculationsitoughout this thesis.

3.6 Measurement sensitivity toward air: water flow ratio

Air and water at equal flow rates of 100 ¢min arechosen to allow for sufficiently long
equilibration time, large surface area for exchange, and sigh signal while satisfying the

air flow requirements of the PTRS. Theywrealso chosen such that the stripping of the
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soluble compounds from the water phase during equilibration would be small (i.e. purging
factor near 1). Additionally, the use of eaflows of air and water simplifies the calculation
of the purging factorFigure3.12). The water flowis not routinely monitored during the

Arctic deployment and deeased by up to 20% due to aging of the peristaltic pump tubing
over the course of a few day$his could influence our measurement through at least
changing(i) the equilibration time and hence the efficiency in the coil; (ii) the purging
factor. To invesgate the influence of these competing factors, an experirmieperformed

after the cruise measuring the same solution of liquid standard at different water flows into
the equilibrator while keeping the air flow constafftigure3.11). Data are presented as the

measured mole fractions divided by those at a water flow of 100 ml/min (i.e. standard

setup).
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Figure 3.11 Relative signal as a function of water flow into the equilibrator Error bars
represent random error propagation where the initial error has been determined from the
standard deviation of 10 consecutive 6 min blank measurements(isoprene) isthe purging
factor for isoprene. HS = Headspace, WF = water flow

The signals of acetone, acetaldehyde, and RéSndependent of the water flow into the
equilibrator (Figure3.11). These results providedditionalexperimental evidence that)
VOCs with solubilities greater than or similar to DM equilibrate in the coil, andi) the
gas flow does not remove arbe fraction of these gases from the water phase during the
equilibration process (i.e. purgirigctor aboutl). In contrast, the signal of isoprene
declineswith decreasing water flow. As the water flow decresdaring this experiment,
the purging factoincreass at a comparable rate to the decrease in isoprene headspace
mole fractiors (Figure3.11). This suggests that the change in purging factargely

responsible for the change in the isoprene signal. Consequently, compared to the soluble
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VOCs, for isoprene there is an additional uncertagityabout 20 %during the Arctic

deploymentdue to variable water flow

3.7 Measurement response time

A serief discrete liquid standardsre swapped over rapidly to induce step changes in
methanol, acetone and acetaldehydeidure3.12). Thisisused to deternme the response
and delay times of the equilibrator and to test for any possible memory effect due to wall

adsorption and desorption effects.
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777777777 100% signal amplitude
—— Methanol

—— Acetone

—— Acetaldehyde

-1
X(VOCieadspace)/(nmol mol ')

14:30 14:40 14:50 15:00 15:10 15:20 15:30 15:40

oatyenre Local time and date (DD/MM/YYYY HH:MM)

Figure 3.12 Instrument response to step changes in dissolved VOC concentratiorhe step

sizeis 20 nmol dn7® for acetone, 20 nmol dn for acetaldehydeand 200 nmol dm® for
methanol.

The residence time (37 s) in the equilibrator segmented flow tulbalsulated from the
flows of air and water into the equilibrator and the volume of the segmented flow tube.
After that, there appears to be a delay time of approximately 30 s. So the total time

between introducing a water change and observing a signdlagts67 s. The response
time or efolding time, defined as the time for the signal to regch - (i.e. about 68 % of

the full signal), is less than 15 s (i.e. two measurement cycles in thMBTiRre). The

rapid rate of increase/decrease in VOC concditrs during this experiment suggests that

GKSNE Aa tAGGES GOFNNER 20SNE 2N YSY2NER STFFSOGo 2
extremely fast, measured dissolved gas concentrations need to be averaged over a longer

time to reduce random noise and impm@the precision of the measurement. The data

from the Arctic and Antarctic deployments are averaged over 6 and &haminimum,

respectively.
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3.8 Measurement backgrounds for seawater analysis

The determination of appropriate backgrounds, a challenge famyranalytical methods, is
critical for the measurements of seawater VOC concentrations with the-BFR¥MS

system. This is due to the small signal compared to the background and the potentially
large variability in the background over time. In the AR the presence of a nonzero
instrument background for most VOCs is due to a combination of (a) impurities in the PTR
MS (from e.g. source water reservoir and wall desorption), (b) interference of unwanted
ions (e.g. from C{Herbig et al., 2009; Warneke et al., 2003&)d (c) sample humiditge
Gouw et al., 2003; Yang et al., 2013n)addition, any background artifacts related to the

SFCE system also need to be considered.

For atmospheric measurements, ambient air measured throughcatatyst is a well
established method for backgrounermination(Dunne et al., 2018; de Gouw et al.,
2003) In contrast, the community measuring dissolved VOCs using/iIBTiHas not arrived

at a consensus method of background determination. Kameyama @04l0)purged

MilliQ water for 6 h in a bulle column equilibrator to obtain a background reading for
isoprene. The highly soluble methanol, acetone and acetaldehyde remained in solution
even after purging. Thus, they used pure nitrogen carrier gas to estimate the backgrounds
for these compounds raghly once a week. Yang et @014a)(using the method described
by Beale et af2011) also used pure nitrogen carrier gas as a background for methanol,
acetone and acetaldehyde. However, the use of nitrogen carrier gas might not be optimal
as it does not takénto account for example humidity and €@ependencies in the PTRS

measurement.

To address this challenge, | collected several different types of backgrounds in an attempt
to find the most appropriate ones for seawater measurements (Se8tl). | also regularly
measured deep seawater (Se8t8.1), where | might expect lowonicentrations of these

VOCs (due to their predominant photochemical and biological sources as well as microbial
consumption). My choice of the background for each compound is discussed in detail (Sect.
3.8.2. Such an extensive approach of collecting multiple backgrounds and comparing them
(Sect.3.8.3and SecB.8.4 has not been attempted before for VOC measurements to the
best of my knowledge. The section is rounded up with a few concluding remarks (Sect.
3.8.5.
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3.8.1 Different approache®r estimating backgrounds for seawater VOC
measurements

The ideabackgroundor seawater VOC measurements would be M@€ seawater.

However,| amunable to generate or obtain seawater that is free of methanol, acetone or

acetaldehyde due to the high solubility and ubiquity of these gases. Additionally, it is

debatable whether ay natural seawater may be free wfany of these VOCs dueadack

of knowledge about the cycling of these compourdshe absence of a truly Vdftee

seawater, a surrogate blank is necessary. Ideally, this surrogate should have the same

property (e.ghumidity and C@mole fractions) as the equilibrator headspace, but none of

the VOCs.

The impact of humidity on the PIWRS measurement is fairly well documented, particularly

in the breath analysis literaturgSchwarz et al., 2009; Trefz et al., 2018; Warneke et al.,
2001)and is &ready discussed in a previous chapter. For VOCs with a humidity sensitivity, it
is thus preferred that the background measurement has the same humidity level as when

measuring the water sample.

In addition to humidity, the amount of GOould also influece the PTRMS signa(Trefz et
al., 2018) While most components of bulk air do not react within the & a small
fraction of CQcan be ionised after passing through the drift tudarneke et al., 2003b)
lonised C®(HCQ", m/z 45) and a C&hydronium cluster (C£HO"), m/z 63) have been
shown to contribute to the background of acetaldehy@éarneke et al., 2003l@nd DMS,
respectively(Herbig et al., 2009)he sensitivity of isoprenen(z 69) (Schwarz et al., 2009;
Trefz et al., 201&)as been found to be slightly higher at higher,Cthe C@effects on the
background and sensitivity have been found to be very dependent on the settings of the
PTRMS(Herbig et al., 2009; Schwarz et al., 2009; Trefz et al., 2D&Bly became aware of
the potential effects of C£bn the measurements after the two field deployments and did
not have a chance to quantify these effects on our-RMI3RN situ. However, experiments
recently done on our PTRS instrument qualitatively confirmed the effect of £ the
background of acetaldehyde. To address this, | try to use a measurement background with

a similar amount of CQ&s the water sample whereogsible.

Below,| detail thedifferent approachesor estimating themeasuremenbackground

during the Antarctic campaign
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Zero air

Daily measurement of zero air carrier gas (defined in S&&}t.bypassing the SFCE, is used
to track any drift in the internal PTRS background. The use of zero air is similar in
principle to the use of nitrogen carrier gas by Beale €4l11) Yang et ak2014a) and
Kameyama et a(2010) Zero air contains essentially no humidity norGhich could

affect the measurements of some VO@s Gouw and Warneke, 2007; Herbig et al., 2009)
Out of the compounds monitored here, | find that DMS and methanol alispibvious

humidity dependencies in the backgrounds, while the acetaldehyde background depends
more strongly on COThus zero air alone is probably not an accurate background for these
VOCs.

Platinum(Ptcatalyst

A Ptcatalyst blankvasmeasured by direing ambient air through a Rtatalyst (450 C) for

5 min every hour (automated by solenoid valv&xmplete oxidation of VOCs in the P
Catalyst has been demonstrated previously for both dry air and air that is fully saturated
with water at 20°C(Yang and Fleming, 201®urthermore, the Rtatalyst does not
significantly alter thdhumidity level(Yang and Fleming, 2019hePt-catalyst blak is the
most suitable blank for the air measurements since it has the same humidity anddl®
fraction (apart from the very small contribution from oxidised VOCSs) as the ambiddeair
Gouw et al., 2003; Yang et al., 20132pmpared to other backgrounds, thedzttalyst

blank also contains the closest 8@lue to seawater samples, which is advantageous for
compounds that show agpendency on COAdditionally, the Rtatalystis measured

hourly, allowingme to capture short term variability in the background. For example, a
large change in background is typically observed after turning theMES Bff and on again.
Thus, comparedathe other daily blank measurements, the hourly catalyst measurement
provides a more precise blank in the mean. Theaalyst blank anthus be used as a
seawater blank for compounds that do not display a humidity dependence of the

background.
Wet equilbrator

Another backgroundidetermined dailyisi KS & ¢ S S |j dzhollovioghildéeg NE o6 f | v
seawater measurement (Arctic deployment) or MilliQ waterasurement (Antarctic
deployment), | stoppethe water flow into the equilibrator and puegl the wet

equilibrator with zero air for 2€80 min (last 5 min are used for the blank calculatidie
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flow of zero air is expected to purge out much of the sparingly soluble gases from the
droplets inside the equilibrator. As such, it should contain very lown@ie fractions. The
advantage ofhis blankis thathumidity in the headspace rematargelyconstantand
equal to the humidity during the seawater measuremeag,small water droplets remain
inside of the coil andre not substantially dried by the zero auring the 2630 min
However, the wet equilibrator blank could overestimate the background if there is any
outgassing of the VOCs from the SFCE itself. This is in part beltaussitience time of
zero air duringa wet equilibrator blank measuremeigitwice as long as during a normal

measurement due to a lack of water flow, ilemin 14s.
Wet equilibrator during Antarctic campaign

During the Antarctic campaign, the water bath was set t8@§ higher than the
equilibrated seawater temperature during normal measurementq@B8 Thus the humidity
level during wet equilibrator blank is slightly higher than during normal measurenment. |
addition, heating to 28Ccaused some VOCs (most obviously acetone and methanol) to
outgas from the SFCE.

Wet equilibrator contamination from the PTFE jar during the Arctic deployment

During the Arctic deploymenthe wet equilibrator blanks of methan@nd acetone were

higher thanthe bottom water samples, clearly suggesting that the wet equilibrator blanks
were contaminated for these VOQOshe water bath was kept &0°C throughout this
deployment, ruling out a similar issue to the Antarctic deploymeansed &200 cn? PTFE

jar (theoreticallyinert) to separat the carrier gasrom the seawater after equilibration

during the Arctic deploymentleverthelessthe most plausible explanation for this
contaminationseems to be outgassing of methanol aneétane from the walls of the PTFE

jar itself After the cruise) replaced the PTFE jar with a PTFE tee fitting (Swagelok), and this
effectvanished It seems that switching to the PTFE tee improved the situation as it

substantially reduced the time spemt ihe air water separator.

Contamination from the PTFE pppears to beyreatlysuppressed duringormalwater
measurementhanks to the very high solubility of methanol and acetohleis is consistent
with the fact that the bottom wateconcentrations from the Arctic deployment are
relatively low (mean bottom water concentration; methanol 17 nmol¥mcetone 2.3

nmol dnt®) and comparable to limited existing observatiqBgale et al., 2013; Williams et
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al., 2004) still, acetone and methancbncentrations reported for the Arctic deployment

could be biased slightly high due to this contamination
Humid air

Daily,; & K dzY A R wasrddduredoflolvigglthe wet equibrator blank This

consised of measuring the wet equilibrator aihat was further passed throughe Pt
catalyst The humid air measurement has approximately the same humidity level as the
seawater measurement, though very low Gfible fractions. Scrubibg by the Piatalyst

removes any VOCs outgassed during the wet equilibrator blank measurement.

MilliQ water

aAftAv 6FGSNI FNRY GKS &aKALIQa aeadasSy ¢la YSIa
there is insufficient evidence to suggest that MilliQ waétefree of VOCs. Any VOCs in the

MilliQ water should manifest itself by increased and variable equilibrator headspace mole

fractions compared to the other backgrounds. From experience n@ fractions in

MilliQ water are low.
Bottom water as asampling LJI2 Ay & OKS O]

As per availabilitybottom waterwasmeasured which provided a useful reference point in
the background selection process. Bottom water is defined hsthe deepestseavater
samplecollected by the rosettat the station. Thiss between290 m andL750m during

the Arctic deployment and between 500 and 5000 m during the Antarctic deploytirent
well below the mixed layer. The chief advantage of uttilegoottom water measurement
asa point checks that after equilibration théneadspacéas similarproperties (humidity,
temperature, exposure to the equilibrator, and collection protocol) ashteadspace from
surfaceseavater samplesMost of the other VOCs monitored here have photochemical or
biologicalsources andre consumed microbially. Hence, | might expect their
concentrations in bottom water to be lower than in surface waters. For example, it is well
established that the concentration of DMS below the mixed layer is nearlyReitinger et
al., 2009) One consideration when comparing surface and deep watasurements is

that bottom water in the Arctic and Antarctic contains much highes l€@els compared to
surface seawater (about 1.5 to 2 times as mu@&eaupréLaperriére et al., 2020; Shadwick
et al., 2015) This becomes important for VOCs that display asé@sitivity in the PTRIS

especially acetaldehyde
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3.8.2 Background decision process

The different VOCs measured here span a large range in solubility, volatility and ease of
contamination. Their detections by the RIS also have different dependencies on
sample humidity and Gnole fractions. Thus, it is unlikely that the same type of
background is appropriate for all the VOC:s. In this section, | lay out my overall decision

process about how to choose the best available background for each VOC.

First, if the background of a compoungplays a strong dependence on humidity, | prefer

to use a background that has the same humidity as during the seawater measurement. The
humidity dependence may also be accounted for using my experimentally determined
relationships. If the compound doestrdisplay a humidity dependence, | prefer to use the
Pt-catalyst as a blank due to its higher frequency. The zero air measurement would also be

suitable ifthe PO G t @84l ¢l ayQd | @FrAflofSo

Any background sensitivity towards g©®more difficult to correcfor because none of the

backgrounds recorded contains the same: &@el as the equilibrator headspace.

In addition, | review if the concentrations calculated are realistic compared to a) previous
literature values, and b) characterised instrument nol§éhe computed concentrations
appear unrealistic, | try to identify the most suitable background based on operational

reasons and evidence at hand.

As mentioned in SecB.8.1, a variety of seawater blanks were collected during the
deployments. In this section, | would like to illustrate how these backgrounds relate to each
other during the two deployments and how the decision malpnacess for choosing the

most optimal background is applied to each compound.

3.8.3 Backgrounds for the Antarctic deployment

Humidity levels during the background measurements

Given the potential importance of humidity on the VOC background, | first show the
timeseries of sample humidity, monitored ag3R/21) for the entire Antarctic campaign
(Figure3.13).
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Figure 3.13 Timeseries of the sample humidity (R37/21))for different signals and blanks
during the Antarctic deployment.

Figure3.13 confirms tha the lowest humidity is observed when measuring zero air. The Pt
catalyst has approximately the same humidity as the ambient air. Humid air, bottom
seawater and MilliQ water display essentially the same humidity as the surface water
al YLX S& OoNI¢ SK S IHSRRa Ulad S o @

The humidity of the wet equilibrator blank is higher than the equilibrator headspace by a
mean absolute differencet(std. erroj of (0.120.03) %. This is because during the
deployment in the Antarctic, the water bath was kept at°@5to account for the cold
seawater. As a consequence, during the wet equilibrator blank measurement, the zero air
probably warmed up more than during measurem of seawater. This led to higher
humidity and likely outgassing of some VOCs, which would not be present during the
measurement. This could explain why some of the compounds display a higher than

expected wet equilibrator blank during this deployment.
Acetone

Raw mole fractions of equilibrator headspace, ambient air, and backgrounds for acetone

are presented irFigure3.14.
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Figure 3.14 Timeseries of raw acetone equilibrator headspace surface and bottom seawater
well as raw ambient air measurements plotted with the raw measurements of the different
blanks.

Acetone does not display a humidity dependerin the background (as illustrated by the
agreement between zero air and humid air) and thus | prefer to use titatatyst as a

blank. The Rtatalyst, zero air and humid air blank give similar values, suggesting that the
acetone signal is independeah CQ. Using any of these three blanks would yield similar
and realistic seawater concentrations. The wet equilibrator blank gives consistently higher
readings than the surface water measurement. As mentioned previously, this may be
because the water battvaskept at 25°C during this deployment. The increased
temperature may have caused some of the acetone to outgas during the wet equilibrator
measurement. MilliQ water is clearly not an appropriate blank for acetone as it gives a

higher acetone value thatfie deep water sample.

Methanol

Equilibrator headspace, ambient air raw signal, and backgrounds for methanol are

presented inFigure3.15.
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Figure 3.15 Timeseries of raw methanol equilibrator headspace surface and bottom seawate
as well as raw ambient air measurements plotted witthe raw measurements of the different
blanks.

The background of methanol changes as a function of humidity (as illustrated by the offset
between zero air and humid air).-Batalyst and zero air are thus not the most ideal
backgrounds for seawater methal measurementThe background of methanol seems
largely independent of C(Oas demonstrated by the good agreement between the zero air
and Ptcatalyst. Similar to acetone, MilliQ water is not an appropriate blank as it gives
higherraw values than surfae seawater. Using the wet equilibrator as a blank, | calculate
surface methanol concentrations down 460 nmol dn¥, which is far beyond the
measurement noise (7 nmol dih The higher than expected wet equilibrator blank is likely
due to outgassing duetthe higher water bath temperature. The humid air blank is chosen
as a blank here as it gives the maost consistent and physically realistic surface seawater
concentrations. It is also possible to apply a humidityrection to zero air to estimate the

methanol background, which | do for the Arctic deployment.
Acetaldehyde

Equilibrator headspace, ambient air raw signal, and backgrounds for acetaldehyde are

presented inFigure3.16.
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Figure 3.16 Timeseries of raw acetaldehyde equilibrator headspace surface and bottom
seawater as well as raw ambient air measurements plotted with the raw measurements of tt

different blanks.

Acetaldehyde does not display a strong humidity degearce in the background (as
demonstrated by the relatively small difference between humid air and zero air). However,
acetaldehyde background depends strongly on (arneke et al., 2003¢)onsistent with

the offset between zero air (~ no @@nd the Picatalyst (ambient atmospheric @O
backgrounds. Using theatalyst as a blank yields negative concentrations in surface
water down to-4 nmol dn?®, which seems uealistic given the measurement noise (1 nmol
dm?®). This is possibly because@®le fractions in equilibrator headspace (calculated

range of 17e235umol/mol from in situ fC@assuming full equilibration) are lower than in

the Ptcatalyst (around 40Qimol/mol). Thus using the Riatalyst leads to an overdstate

of the acetaldehyde seawater background. Using the zero air or humid air as a blank (which
does not account for the influence of €@ the background) would give bottom water
concentrations of o average 8.2 nmol df which is much higher than | expect given the
photochemical source of this compound combined with a rapid biological consumption.
MilliQ water and the wet equilibrator agree relatively well (mean differencstd. erroj of
(0.008:0.013) nmol mot). For the measurements presented in this thesis, | choose the wet
equilibrator as a blank as it gives more realistic bottom water concentrations of on average
3.1 nmol dn¥. However, the MilliQ and wet equilibrator blanks also do not antdor the
influence of C@on the signal. | recognise this represents a measurement bias that | am
unable to quantify or account for. The uncertainty and possible bias associated with my

choice is discussed in Sé&ch.2
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Isoprene

Equilibrator headspace and ambient air raw signal and blanks for isoprene are presented in
Figure3.17.
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Figure 3.17 Timeseries of raw isoprene equilibrator headspace surface and bottom seawatel

as well as raw ambient air measurements plotted with the raw measurements of the differen
blanks.

The background of isoprene does not display a humidity dependence (asitthashry the
agreement between zero air and humid air). However, the background of isoprene does
appear to display a dependence onLi0ring this deployment (consistent with previous
estimation bySchwarz et a{2009), as illustrated by the higher featalyst measurements
compared to zero air/humid air. In contrast, using zero air/humid air would give a mean
isoprene concentration in bottom water of 0.0095 nhato3, which is much higher than
reported in previous measuremen{Booge et al., 2018; Moore and Wang, 2006; Tran et

al., 2013) The consequence of this background choice is considered in greater detail in my
uncertainty analysis for isoprerie Sect3.9.2

DMS

Equilibrator headspace, ambient air raw signal, and backgrounds for DMS are presented in
Figure3.18.
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Figure 3.18 Timeseries of raw DMS equilibrator headspace surface and bottom seawater as
well as raw ambient air measurements plotted with the raw measurements of the different
blanks. Panel (a) shows the full range of readings, whereas panel (b) shows a focus fraroz
to two nmol mol'%.

The backgrounds for DMS display a humidity dependence as illustrated by the consistent

difference between zero air and humid air blanks. For the first 10 days of the campaign, the

Pt-catalyst, bottom water, wet equilibrator, humiair, and MilliQ water all give comparable

values. The reaction chamber of the PNIR was opened up for cleaning on 07/03/2019

and the source settings had to be changed to avoid formation of unwanieibis.

Immediately following this, the Riatalyst blak and bottom water values grouped

together at higher values, while wet equilibrator, humid air, and MilliQ water grouped

together at lower values. The source settings had to be changed again on 17103if6r

cleaning the source, which led to a widenofghis separation. The reason for this

difference between the blanks is likely due to decreases in the source voltages after

YEAYGSYlIyOS $@Syida oAy (KA& OF&as G(KS &f{ 2dNDS

CQ hydronium clustergHerbig et al., 208). The difference between zero air and Pt

catalyst does suggest a dependence of DMS signal paf@®the maintenance events.

Using the wet equilibrator, zero air or humid air as a blank would lead to reporting DMS

concentrations of up to 1.2 nmohat® in bottom water during the latter part of the cruise.

This seems unrealistic as DMS concentrations far below the mixed layer are generally

considered to be near zef®&ellinger et al., 2009Additionally, sudden increases in bottom

water values immediately followed the P-MS maintenance events, suggesting that using

the wet equilibrator, zero air or humid air as a blank would introduce a measurement

artefact. The Rtatalyst blank appear®taccount best for these short term changes in the
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background related to maintenance events as it contains the most similar amountof CO
compared to the equilibrator headspace. | thus decide to use thmaRitlyst as a blank for
DMS and add thexperimenglly determined humidity dependence (determined as 0.11
nmol mot* during this deployment). This gives a mean bottom water concentration of 0.02

nmol dn® for this deployment, which seems realistic.

3.8.4 Backgrounds for the Arctic deployment

The Arctic deployma was carried out during an earlier stage in the method development
and thus | only collected the zero air and wet equilibrator as a blank. Bottom water

O2ft ft SOGSR I arhidgives ineJAdie lirditkdcholcé obblanks compared to the
Antarcticdeployment.However, | believe that | am still able to estimate a reasonable set of
backgrounds for the Arctic deployment with the insights gained from the Antarctic

deployment.

Figure3.19illustrates how the blanks relate to each other and to the surface seawater and

bottom seawater signal Figure3.19 also shows the smoothly integpated background.
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Figure 3.19 Timeseries of raw VOC equilibrator headspace surface and bottom seawater as
well as raw zero air and wet equilibrator blanksfor the Arctic deployment. Missing
acetaldehyde bottom seawater measurements are due to a contamination from the CTD
sampling Niskin bottle.
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Background interpolation

Figure3.19 shows the smoothly interpolated background. | decided to do a smooth
interpolation instead of a linear interpolation (for both deployments) to account for the

noise in the blank measurement.
DMS

| usethe wet equilibrator as the blank for seawater DMS measurements in the Arctic. This
gives near zero concentrations in bottom water, consistent with existing literature. Both the
wet equilibrator and bottom water show markedly higher values tharo air, likely due to

the humidity dependence in DMS measurement. During the Arctic deployment, the same
source settings as at the beginning of the Antarctic campaign were applied throughout,

which explains the absence of an obvious @&pendence in th®MS background.
Methanol

Methanol background depends on humidity but notCOsing the wet equilibrator as a
blank gives meaningless concentrations down-t60 nmol dm¥, which is far beyond
measurement noise (7 nmol dfp Later it was discovered thate jar trap used during this
deployment likely led to high methanol wet equilibrator backgrounds. Thus, the background
for methanol is calculated using zero air and the experimentally determined humidity
dependence in the background. The humidity dependeisa@ relatively large correction and
thus a potential source of uncertainty. However, this humidity dependence was found to be
nearly identical between the two deployments and relatively constant. The uncertainty

associated with this correction is estited in SecB.9.2
Isoprene

Isoprene does not display a humidity dependence in the background. During this
deployment, the wet equilibrator and the zero air agreeseaably well. Using either of the

two blanks gives near zero bottom water concentrations, which seems realistic and suggests
little influence of C@on the isoprene signal during the Arctic deployment (similar to DMS).

Therefore, zero air is used as a [Mdar isoprene during this deployment.
Acetaldehyde

Acetaldehyde background does not display a large humidity dependence but does depend
strongly on C® Similar to the Antarctic deployment, using zero air as a blank gives a mean

bottom water concentratiorof 9.5 nmol di¥, which is far higher than | would expect due to
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the short lifetime and photochemical source of this compound. Consistent with the Antarctic
deployment, | choose to calculate acetaldehyde seawater concentrations using the wet
equilibrator as a blank. The uncertainty and possible bias associated witlehibise is

discussed in Se@.9.
Acetone

Acetone does not display a humidity dependence, nor ade@endence. | therefore
decide to calculate seawater acetone centrations using zero air as a blank. Similar to
methanol, the wet equilibrator blank gives higher readings than the surface seawater, likely

due to outgassing of acetone from the jar trap

3.8.5 Concluding remarks

A table is shown here to summsgiwhich blanks used for each deploymenTable3.1).

Table 3.1: Summary of seawater blanksfor each compound during the two deploymets.

. Antarctic
compound Arctic measurements
measurements
DMS Wet equilibratoo ¥ T SNE2 | A Ptcatalyst+ humidity
isoprene Zero air Ptcatalyst
methanol Zero aif- humidity Humid aio F SN
humidity)
acetone Zero air Ptcatalysto F 1 S1
acetaldehyde Wet equilibrator Wet equilibrator

Table3.1 summarises the different blanks chosen for the two deployments. The differences
are due to the availability of the blanks and the varying influence ef{&f@nger for the

latter half of the Antarctic deployment after a PMS maintenance).

This section illustrates that estimating seawater blanks for these VOCs is very challenging.
At the same time, this is a crucial step as the blank is a potential sofinseasurement

bias and often displays large variability. Lacking-¥f@€seawater, the choice of the most
appropriate blank for seawater VOC measurements is sometimes ambiguous. In this thesis,
| rely on an understanding of the RMS instrument (larggl the humidity and CO
dependencies) and comparison of bottom water measurements with previous literature
reported values to make my best estimaly discussions of these possible biases and
measurement challenges will hopefully be a valuable contributathe marine VOC

community and spur further investigations.
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It is possible that for different field deployments the most appropriate backgrounds are
different. For example, during the Arctic deployment, the wet equilibrator and bottom
water measurement bDMS agree very well, while they do not agree during the second
part of the Antarctic deployment due to the slightly different source settings and probably

the influence of CO

Collecting a number of different types of blanks, not done previously bsrativestigators,
allows me to more rigorously assess the impact of background choices on the seawater
VOC concentrations. It is quite possible that further research will result in improved blanks
for these compounds. For example, scrubbing the sample $psak air (rather than wet
equilibrator air) with a catalyst might be a better way to ensure consistent humidity and
CQ levesk.

3.9 Uncertainties in the dissolved gas concentrations and ambient air mole

fractionmeasurements

In this section, | estimate the gartainties of the dissolved gas concentrations and air mole
fractions presented in this thesis. This includ@sdom noise (Sec8.9.1) and systematic
bias (Sect3.9.2. A total measurement uncertainty is calculated using simple error

propagation (SecB.9.3.

3.9.1 Measurement precision

The analytical precisiol m and the LO® RS T A y S R okiBis\skstein dre dictated)
by the noise of the PTRIS measurementn the air phase, thidepends on the detector
sensitivityandthe averagingime. The seawatemmeasurement precisioadditionally
depends on thdactors laid out in SecB.3.2(i.e. solubility, gas calibration slopes,
equilibration efficiencies, and noise in the background@ile VOC limit of detection and
measurement precision are independently assessed for the Arctic and Antarctic
deployments due to the slightly different PPMS sétings/averaging times and calibration

slopes.

Isoprene does not fully equilibrate in the equilibrator and the calibration slopes displayed a
standard deviation of 16 %. To account for variable water flow and variable equilibration
during the Arctic deplayent, a blanket 20 % random measurement uncertainty is assumed

in the calibration slope for isoprene only.

For both deployments, the background is smoothly interpolated, with the smoothing factor

dependent on the noise of the PAWRS measurement. The standbdeviation of the
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detrended blanks is calculated by subtracting the smooth interpolation. This represents
YSIF&dZNBYSyYyid y2A4a4S om "0 FYR Aa O2y@SNISR G2

concentration using the equations laid out in SEc8.2

Hourly averageare used to calculate underway concentrations and fluxes. During the
Antarctic deployment, each hourly average contains 10 min coatis@mbient air
measurements and 30 min equilibrator headspace measurement (values immediately
following valve switching are excluded). During the Arctic deployment, each hourly average
contains 18 min continuous equilibrator headspace measurement. Eaoh bl

measurement is 5 and 6 min long during the Antarctic and Arctic deployment respectively.
Therefore the measurement noise is divided by the square root of the numberoofts

min-segments in each hourly average to calculate the hourly measuremerg. nois

Table3.2 illustrates that measurement noise is generally higher for the Arctic deployment,
due to less frequent (daily) blanks, lack of gas phase calibrations antlgavater flow.
Out of the VOCs detected, the largest seawater measurement noise is generally observed

for methanol, in part due to its very high solubility and the noise in the background.

Table 3.2 Ambient air and underway seawater measurement precision and LOD for both
deployments Hourly averages,to calculate the measurement noise of a single 5 min
measurement (as e.g. applicable for CTD measurements)listed here should be multiplied
by the squareroot of 6 or 3 for the Antarctic data or the Arctic data respectively.LOD =
Limit of detection, * = analytical precision

Antarctic
Underway Antarctic Ambient Arctic Underway
Seawater Air Seawater
LOD © Kby LOD © Kby LOD
compound /(nmol  /(nmol mol) /(nmol dm?) /(nmol
dm) dm3) mol?) dm3)
DMS 0.006 0.018 0.012 0.036 0.04 0.12
isoprene o.goo 0.0009 0.008 0.024 0.0012 0.0086
methanol 7 21 0.05 0.15 4 12
acetone 0.17 0.51 0.009 0.027 04 1.2
acetaldehyde 0.4 1.2 0.014 0.042 0.8 2.4

3.9.2 Measurement bias
| consider four sources of potential bias in the seawater VOC measurements: uncertainty in
the solubility value, lack of regular gas calibrations, ambiguity in the choice of background

and the effect of pressure within thequilibrator.
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My mean acetaldehyde, DMS and isoprene calibrations agreed within 10 % compared to
the solubility from Burkholder et a]2015)or Karl et al(2003), respectively. For methanol
and acetone, | suggested a set of improved solubility values based on my own
measurements, which come with a relative uncertaiesgimated aslO % (see Sect. 1.5).
Thus, | assume a universal 10 % uncertainty in sdjufali all VOCs as a potential bias in

my data.

The regular gas phase calibrations during the Antarctic deployment captured a slow drift of
10 % in the slope, which has been accounted for by applying an interpolation of the
calibration slopes. To accourdrfthe lack of regular gas calibrations during the Arctic

deployment, this 10 % is further included as potential bias for this deployment.

For the air measurements, the widely usedcRtalyst represents a very accurate
background and is not expected todidubstantial bias to my ambient air measurements.
The choice of background, however, is very important for the seawater measurements but
at time ambiguous. To estimate the potential measurement bias from the choice of
background, | have calculated the stidved gas concentration from the Antarctic

deployment using different choices of backgroundal{e3.3).

Table 3.3 Mean underway surface water concentration from the Antarctic deployment
computed using different backgroundsBackgrounds indicated as subscriptThe percentage
difference is used to estimate the uncertainty bias in reporteconcentrations due to the
choice of background (for each VOC, top: alternative background: bottom: chosen
background for the Antarctic deployment) .
are computed using the zero air blank and the experimentallgetermined humidity
dependenceAc et al dehyde concent2edfiech® habkbekbe
accounting for the influence of CQ on the signal as explained in the text.

R(difference)/%
C(DMS/et equilibrator)/(nm0| dm3) 2.93 11
(DM Scatays)/ (Nmol dnt3) 2.60
c(isoprengero ai)/(Nmol dnt) 0.0170 23
c(isoprenccatayys)/(nmol dnr3) 0.0135
c(methanolero ai/(nmol dnr3) 86 ”
c(methanohumid ai)/(nmol dns) 67
c(aceton@ero ai)/(Nmol dn) 6.4 15
c(aceton@t.catays)/(Nmol dn®) 5.5
c(acetaldehyde; n v 3H4nmelidnT®) 4.3 65
c(acetaldehydee equiibrato)/(NMol dnT®) 2.6

Table3.3 shows that for most VOCs detected, choosing a reasonable alternative

background leads to a computed concentration that differs<B$ %In the case of DMS,
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these calculations possibbyverestimate the true biasAwealth of previous measurements
show that DMS concentration in deep water should be about zero (which the catalyst blank
yields for the Arctic deployment and the wet equilibrator yields for the Antarctic

deployment).

The largst uncertainty by far is in the acetaldehyde measurements. This is due to the small
signal to background ratio and relatively large differences between the backgrounds due to
the influence of C&on this compound. In this calculation, | try to accounttfar influence

of CQ on the background to the best of my abilities. | assume that the difference between
zero air and the Ptatalyst is entirely due to the influence of 81D the acetaldehyde
background. This G&ensitivity, scaled by the differencetbeen CQin equilibrator
headspace air (see Chapter 5 for seawates t@€asurements) and atmospheric £@

added to the zero air value to give a&frrected background. This calculation assumes

full equilibration of C®@in the equilibrator and accoustfor purging and headspace

dilution. Previous measurements of acetaldehyde in seawater using equilibrators coupled
to PTRMS potentially possibly also suffer from the same artefact to a varying d¢Besde

et al., 2013; Kameyama et al., 2009; Yang et al., 20THis) uncertainty limits my ability to
accurately estimate the saturation and gisea fux of acetaldehyde. As a consequence,

most of my discussion of these measurements will focus on relative distributions and
ranges. Additionally, G@bundance is much higher in deeper waters/below the mixed

layer at the high latitudeBeauprélLaperriere et al., 2020; Shadwick et al., 20Kk a

result, the shape of acetaldehyde depth profiles measured using this method could be
impacted bythis CQinterference. The implications of this are discussed in the relative

chapters where the depth profile measurements for acetaldehyde are presented

The equilibrator is operated at slight overpressure compared to ambient pressure (Sect.

3.2). From water displacement in the-dlhaped drain, | calculate that the etjbrator is

operated at0.98 mbar above atmospheric pressudacluding this in the ideal gas law

conversion factor ifegn.3.2, | calculate that by using ambient pressure, rather than the

slightly higher true pressure in the equilibrator, | underestimate seawater concentrations

08 F nodm 23 g KA Okntpréssuré 8 Aldo expécted tdvary. THe Stantlakdo
deviation in ambient pressure during the deployment in the Antarctic was 15 mbar, which
introduces an uncertainty df.5%assuming the ambient pressure was about 1000 mbar

Given the much larger sourceguncertainty elsewhere (e.g. due to background

O2NNBOGA2Yy 0T AdQa NBI az2yl oftthelom2enyréménlOd G KA &
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concentrations encountered heréhereis no evidence in literature to suggest that these

VOCs dmot follow ided gas law.

3.9.3 Overall measurement uncertainty

Using error propagation, the total uncertainty in the seawater measurements is computed
and presented imable3.4. For thiscalculation, the measurement precision is converted to
a percentage by dividing it by the cruise mean concentradiomole fraction This total
measurement uncertainty takes into account the measurement precigiahlé3.2) and

potential biasesTable3.3).

Table 3.4 Potential overall measurement mcertainty for both deployments.

Arctic Antarctic
compound  U[c(VOGeawate)]/(%6) | U[C(VOGeawate)]/ (%)  U[X(VOGmbient ai]/(%6)
DMS 18 15 7
isoprene 27 25 15
methanol 30 27 29
acetone 23 20 11
acetaldehyde 69 67 28

Table3.4 illustrates that the overall uncertainty of the seawater measurements is largely
dictated by the background choice, as the estimated background bias isrgurtitee

overall uncertaintyTable3.4 confirms that the largest relative uncertainty is probably in

the acetaldehyde seawater measurements. This large uncertainty is perhaps not surprising
as the only direct aig sea flux measuraents of acetaldehyde did not agree well with the
computed flux using sea and air atmospheric acetaldehyde concentrgiamg) et al.,

2014c) This implieshat the acetaldehyde seawater measurements using-RiBRcould

have beerbiased.

3.10 Conclusion

Thischapterpresents a shifpbased equilibrator system coupled to a PWIR for

measurements of a wide range of VOCs in seawater. Its main advantage lies in its unique
designyielding a high degree of equilibration and a fast response time (less than 1l min)
find that with a 10 m segmented flow tube, the SFCE fully equilibrates for gases of similar

or higher solubility than toluenand DMS

Both invasion and evasion calibrations were carried out. Matching up the derived solubility

from these two calibration methodsrpvides an independent estimate of the gas solubility

108



at environmentally relevant concentrations in seawater. This approach enables me to
determine the most appropriate solubility for isoprene, acetone and methanol out of

literature values.

The largest ucertainty in the VOC measurements is due to the choice of background,
which is often overlooked by previous investigators. | made several types of background
measurements and discuss the rationale of my background choice for each deployment.
This represers one of the novel, rigorous aspects of this work aiming at improving
dissolved gas measurements using MR The chapter is rounded up with an estimation

of the uncertainty of the measuremerithe potential overall air and seawater

measurement uncertairptis generally less than 30 % and similar for both cruises.
Uncertainty is lowest for DMS, while acetaldehyde measurements are highly uncertain
(more than 60 %jlue to an unquantified interference of @ith the backgroundThe
discussion of this influemcon the acetaldehyde seawater measurements represents one of

the novel aspects of this work and should be addressed by future investigators.
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4 Sea iceoverimpacts dissolved organic gases in the

Canadian Arctic

In the Arctic, sea iceovervaries seasorly. Waters influenced by sea ice tend to display
higher biological and photochemical activity durx\gnmer The Arctic is undergoing rapid
climate change, leading to rapid reduction in seacoeer. It is currently unknown how the
biogeochemical processin the sea ice zonmfluence dissolved concentrations of
dimethyl sulfide isoprene, methanol, acetone and acetaldehyldegely due to a lack of

measurements.

To address this, in this chaptgpresentVOC concentration measurements from néze
surface to60-m depth These measurements were maitlethe Canadian Arctic Archipelago
duringthe summer Using a combination of underway measurements and a large number
of depth profile measurements at diffemé sea icecover, Isuggest thapartialice cover

leads to higher surface seawater concentratiofishese gases. The mean underwd@yd m
depth) seawater concentrations from this deploymeare 38 nmol dn1® methanol, 89

nmol dm?® acetong 4.6nmol dm? acetaldehyde0.062 nmol dm? isopreneand 1.42 nmol
dm® dimethyl sulfide Depth profiles reveanhance concentrationdor many of these
compoundsn the top 10 to 20 m of the water columespecially in partially ieeovered
waterswhere concentrationsend to be the highestThis is the first comprehensive data
set for the simultaneous measurement of methanol, acetone, acetaldehyde, DMS and
isoprene which will help us better understand their distribution and the potential sources

and sinks in the seaa zone

4.1 Introduction

The sea ice zone is characterised by unique seasonal biogeochemical processes. Their
effects on the dissolved concentrations of VOCs are poorly known due to a lack of in situ
measurements, which are required to pave the way for a npyoeessbased

understanding. The Arctic Ocean and the sea ice zone represent particularlysampled
regions with no existing measurements of seawater concentrations of methanol, acetone
and acetaldehyde particularly in partial sea ice cover. Basedroaspheric

measurements, the Canadian Arctic sea ice zone in summer has been shown to be a sink
for methanol and acetonéSjostedt et al., 2012and a source of dimethyl sulfide (DMS
(Abbatt et al., 2019; Jarnikova et al., 2018)d other oxygenated VOQdungall et al.,
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2017, 2018). Boudries et al2002)found that methanol, acetone and acetaldehyde

represent about 90 %fall the detected oxygenated hydrocarboinsthe atmosphere

during a campaign in the high Arctic in spring at Alert. Snowpack photochemistry appears
to be a source of acetone and acetaldehyde to the Arctic atmosphere in g@awmet al.,

2012; Kos et al., 2014yleasurements of the seawater VOC concentrations will help to
constrain the oceanic sources of these compounds. In the Arctic, the marginal ice zone can
be 1.52 times more biologically productive than thpen ocean due to frequent ieedge
blooms in summe(Perrette et al., 2011)which makes summex key time of year and

location to sample for biogenic VOCs. Missing this seasonal pulse in productivity could lead
to underestimations of the annual biogenic VOC emissions of this régibatt et al.,

2019; Arrigo et al., 2011Furthermore, seasonal sea ice melt leads to stratification in near
surface waers, which in turn allows for very different biogeochemical conditions at

different depths(Ahmed et al., 2020; Shadwick et al., 20M¢asuring VOCs at different

depths could reveal the importance of different productiand consumption processes.

In this chapter, | present depth profile-@D m) and shipborne underway seawater
measurements of methanol, acetone, acetaldehyde, DMS and isoprene in the Canadian

Arctic Archipelago during boreal summer (dalygust 2017).

4.2 Cuise and sampling overview

In this section, | provide an overview for this Arctic deployment.

Underway seawater and depth profile concentrations of VOCs in the sea ice zone of the
Canadian Arctic were measured on board the Ice Breaker B@G&IsenThe
measurements were taken between 17/07/2017 and 08/08/20CTujse 1702eg 2b
(Figured.1).
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Figure 4.1 Cruise track of the sampling undertaken in the Arctic sea ice zone coloured by se
surface temperature (sst)Sampling dates are indicated as hollow circles marked with the
date. The location of each CTD station where samiplg was undertaken is indicated as a
black closed dot. The CTD stations highlighted in this chapter are indicated as orange close
dots and labelled(Amundsen Scence Data Collection, 201 7)nterruptions in the cruise track
and underway auxiliary data are due to failures in the ship underway logging system.

The research vessel travelled from Igaluit northwards through Davis Straight and Baffin Bay
to reach Smith Sound. In this area, more intense depth profile sampling was carried out.
The vessel then travelled to Pond Inlet and Resolute. Sampling ended south of Resolute in

Peel Sound.

I measured the VOC depth profiles from the near surface (2 m) to 88pthat a total of

21 stationsWhen logistically feasiblen station a handheld vertical 5 dhiNiskin bottle

was deployed off the front starboard side of the ship to sample approximately the top 30
cm from the ocean surfac@his was done by bringirige Niskin bottle up from

approximately 3 m and firing it just before it reached the surface. The auxiliary data for the

depth profiles were measured using sensors mounted on the CTD frame listatle#.1.
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Table 4.1 Sensors mounted on the CTD Roseti@mundsen Science Data Collection, 2017)

Parameter Sensor
Oxygen concentratior Seabird 43
Conductivity Seabird 4
Chla Sea point Chlorophyll Fluoromete
PARrradiance QCP2300 Biosherical
Temperature Seabird 3plus
Pressure Paroscientific Digiquartz

The SFCETRMS system was set up in one of the labs located near the front of the ship
gAGK | O0S&aa (G2 +y dzyRSNBlF & gl GSNI G LI FNRY
SFCE nominally sampled from the bottom of a glass bottle, which was rapidly weekflo

i K

GAGK (GKS AKALIQ&A dzy RSNl & ¢l G§SNWP 5dzNAyYy 3 LISNA 2
aKALIQa ONBg>X (KS dzy RSN depth) wds turfedlofi The SiG 6t 2 OF (

dzy RSNB I & 6l GSNI Ft2¢6 NIGS g1 & O2y (sddyodrhtdza f &
quality control. A range of biogeochemical parameters were monitored continuously,
including sst (monitored usingea Bird SBE 3&rmosalinograph), sea surface salinity (sss)
(monitored using Sea Bird SBE 45 MicroTSG Thermosalinograph)l arftb@iescence
(monitored usingNVetlabs WET Stafluoromete}.

4.3 Seaiceover

This section describes how underway seacimeer(SIG) is obtained from satellite data.

Before | dive into this, | would like to clarify that by seaciaeer, | am referringo the

fractional sea ice covdr.e., in %) | acknowledge thahe satellite sea ice product | use

here uses the term sea io®ncentration instead of sea ice cover. | decide to use the term
sea ice cover throughout this thesis to avoid confusion withdctual concentrations of
dissolved gases presented in this chapter. This leads to improved compliance with the true

S| (nternational System of Unitglefinition of a concentration.

The AMSR2 passive microwave SIC satellite product (daily, 3.125 km res@lutdway et

al., 2019; Spreen et al., 2008)used to create a time series of SIC along thesernack.

This product is chosen due to its high spatial and temporal resolution as well as for
complete coverage of the cruise track. For each daily satellite image, the SIC of the grid cell

where the ship was located during that hour was used in the senies Figure4.2 shows
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the underway SIC deduced from the AMSR2 satellite product and infrequent visual
observations from the ship. The mean differetegtween these two SIC estimates is only 6

%, suggesting there is no major systematic bias. Visual SIC observations were made during
CTD casts and thus | use those estimates to interpret my vertical profile measurements. |
use the satellite SIC estimates fnalysis of underway VOC measurements because of its

wider spatial coverage

(a) 100 ® Ship-based observation

—— AMSR2 Satelite
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8888 ©
L1 1

T T T T T T T T T T T
17/07/2017 21/07/2017 25/07/2017 29/07/2017 02/08/2017 06/08/2017

Figure 4.2 (a) SIC during the cruise estimated from satellite and shifpased observationsand
(b) the difference between two efmates. SIC were taken from the AMSR2 satellite (daily,
3.125 km resolution) and ship based observations.

In the analysis below, | mainly assess how the underway seawater VOC concentrations and
depth profiles vary with SIC. These depth profitggresent measurements at different

times and locations. Thereforeifférences between these casts are possibly not only due

to sea ice alond.recognise that sea ice is a very heteogenous environment with respect to
ice thicknesgHayashida et al., 202Ghe presence of melt pond§&ourdal et al., 2018)

and types of sea ice (e.g. first year vs. multiyeafliceotte et al., @20) This heterogeniety

likely leads to very dfferent biogeochemistry, affecting trace gas cycling. The analysis
presented here does not explicitly take into consideration this variability, which I think is

worthy of future research.

4.4 Analyticamethods specific to this deployment
The SFCGETRMS method was deployed in the field for the first time during this Arctic
cruise. Here, | provide a brief recount of the analytical chemistry specific to this

deployment.

To calibrate the PFRIS,a gas phase calibration using a certified gas standard was carried
out two months prior to the cruise when the PPMS was first installed on board. Results

from this calibration, similar to those from pestuise gas calibrations, were applied to the
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cruise measurementgsee Sect2.4.2.]). Postcruise water phase calibrations of the SFCE
(seeSect.3.5) in the lab have shown that the equilibrator fully equilibrates for the soluble
gases DMS, acetone, acetaldehyde and methanol, and has a mean equilibration efficiency
of 68% for isoprene. The concentrations reported here were cledlusing my

experimentally determined solubility and equilibration efficiency where appropriate.

Water phase calibrations of the SFCE during the cruise would have been useful. However at
the time | decided to focus more on making depth profile measumrevhich was very

labour intensive and time consuming. | also measured the VOC backgrounds daily with
several approachesé¢eSect.3.8.1). Later analyses suggest that my decisions were

justified, as postruise gas and waterside calibrations were veapke (varied by up to 10

% over 5 weeks), but VOC backgrounds varied by much more over the same time period (by
up to 50 %). Similar to the deployment here, Kameyama €2@09)carry out gas pase
calibrations of the PTRIS in the field and use equilibration efficiencies determined in the
laboratory to calculate dissolved concentratiohsould like to reiterate here that

acetaldehyde concentrations from this deployment are highly uncertagtduan

unquantified interference of CQvith the backgroundgeeSect.3.8.1). Discussion of the
acetaldehyde concentrations in this chapter thus largely focusses on the shape of the depth
profiles and the range in underway measurements. The concentrafi@Q within the 60

m near the surface is not expected to vary drastidg@lyauprélLaperriére et al., 202@nd

should thus not impact the shape of the acetaldehyde depth profiles during the Arctic

campaign.

Because this deployment was carried out during the earlier stages of the method
development, a more limited range of blanks was collected compared toritercic
deployment. However, knowledge gained from later deployments and comparison to
bottom water samples allowed me to choose a reasonable blank. As nogetit8.9, the
background value for seawater acetaldehyde measurement is quite uncertain. Thus the
qualitative shapes of the acetaldehyde vertical profiles are of value, but the absolute

concentrations are very likely biased.

Comparisons betwen nearsurface CTD and underway measurements suggested an initial
acetaldehyde contamination in the CTD rosette bottles due to the use of an air duster
aerosol spray used near the rosette. The other VOCs were not affected. After use of the
spray was stoppd on 26/07/2017, the acetaldehyde contamination in the CTD

measurements immediately disappeared. VOC measurements from the underway system
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(2 h either side of the CTD cast) and from the near surface CTD (5 m depth) cast agree well
overall. | calculate meudifferences £ std. error) of (@3) nmol dn? for methanol,

(0.5+1.2) nmol dmfor acetone, (0.5+1.0) nmol défor acetaldehyde, (0.005+0.005) nmol
dm?for isoprene and (0.13+0.10) nmol drfor DMS

4.5 Depth profiles reveal a unique influence sda ie cover

The aim of this section is to investigate the effecsed icecoveron the depth profile of

these VOCs. To provide context, | share overview plots displaying the shapes of all the casts
collected with some auxiliary data (Se€15.1). The trends in VOC profiles as a function of

SIC are discussed in the second part (€612 and illustrated with selected casts along

with more detailed auxiliary data

4.5.1 Overview plots

Overview plots are shown to display the shapes of all the depth profiles collected. All
profiles and corresponding auxiliary data have bgesuped by Si®lotted in sampling
orderand staggered along theaxis for ease of viewing heprofileshave been &set
against each othefor the sake of visibilityA scale bafor VOC concentrations and auxiliary
datais shownto compare casts. Pfites highlighted in the second part are highlighted in

the overview plots using hollow circles.
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Figure 4.3 Overview plot displaying the shape of all methanol and densitylit) depth profiles grouped by SICand staggered along the axis for ease of viewing

Labels indicate the SIC bin.The scale bardor methanol and densityin panel (a) appl also to panels (b) and (c)Profiles with hollow markers are highlighted in
Figure 4.8.

117



—e— c(acetone)/(nmol dm’s)

E 20+ =i 5 nmol g:lm’3
< 304 ---- o7/(kgm’)
Q -3

S 40 F4 1kgm

(b) 0

I(depth)/(m)
T

—_
(2]
-~
o
1

I(depth)/(m)

0% SIC

Figure 4.4 Overview plot displaying the shape of all acetone and density«() depth profiles grouped bySIC and staggered along the saxis for ease of viewing
Labels indicate the SIC bin.The scale bardor acetone and densityin panel (a) apply also to panels (bjand (c).Profiles with hollow markers are highlighted in
Figure 4.8.
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Figure 4.5 Overview plot displaying the shape of all acetaldehyde and densityr() depth profiles grouped bySIC and staggered along the saxis for ease of viewing
Labels indicate the SIC bin.The scale bardor acetaldehyde and densityn panel (a) apply also tgpanels (b) and (c). Profiles with hollow markers are highlighted in

Figure 4.8.
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Figure 4.6 Overview plot displaying theshape of all DMS and Chla depth profiles grouped bySIC and staggered along the saxis for ease of viewingLabels
indicate the SIC bin. The scalédars for DMS and Chl ain panel (a) apply also to panels (b) and (c). Profiles with hollow markers are highlighted Figure 4.8. One
of the Chl a profiles is cut off in panel (c) for scale prposes.
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