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Abstract

The aim of my thesis projet was to investigate the variability of atmospherie &d CQ
observations made at Baring Head, New Zealand, for the period20929 to make deductions on

the temporal and spatial variability of the Southern Ocean carbon cycle. This was achieved throug
the identification of the carbon cycle processes of marine NPP and ventilation of dedphCQO,
deficient water masses in the derived atohospher
52 NPP and 26 ventilation events were identifiedha tlata set. These were found to accurately
depict the seasonal cyctd APO at BHD, but not the inteannual variability.Additionally, inter-

annual vaability of APO observations could not be explained by the SAM and ENI8ate
indices. The difference in the mean APO recorded by the events was found to be significantly
different (P = 0.001; <0.01) between the autumn and spring months, further confirming the capture of
the APO seasonal cycla the identified events=urthermore, the events veecharacterised by the

rate of APO change over the duration of the event. NPP events slyg\ir€dl/t values of ~3 per

meg hi* compared to ventilation events which typically displagaPO/t values of <1 per meghr

This was interpreted to reflect théfdrent spatial scales that these events occur gverommon

APO exchange ratio for the carbon cycle was suggested from the data, but not firmly ascéuaine

the paucity of sample pointé simple conceptual model of e&ea gas exchange was consgddo
recancile satellite NPRand pQ concentrations at the MLD with éhatmospheric APO observations.

The model consistently overestimated both the NPP and magnitude afaB®ge resulting from
ventilation compared to satellite NPP and, mOncentrationsat the MLD. The limitations of the
parameterizations used were therefore discussed and further analyses were proposed using different
suites of data. Finally, an assessment of the glcdrdon sink wasalculatedfrom the CQ, O, and

APO observationsThe global oceanic and terrestrial carbon sinks were calculated to be 2.7 and 2.3

Pg C yi', respectively for the study period 192012
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1 Introduction
The simultaneous measurement of atmosphexiggen(0O,) andcarbon dioxidgCGO,) has become an

important tool for studying the global carbon cycle in recent decades (e.g Keeling and Shertz, 1992;
Keeling et al., 1996; Bender and Battle, 1999; Tohjima et @052Manning and Keeling, 2006). By
combining these species to form the atmospheric tracer atmospheric potential oxygen (APO, see
Section 2.3 which is conservative with respetd terrestrial biosphere processes (Stephens et al.,
1998), one can discernformation on oceanic processes that exert a critical control on the carbon
budget of the atmosphere,cbuas marine net primary prodion (NPP) (Nevison et al., 2012nd
ventilation of ypwelling water masses (Hamme and Keeling, 2008 The Eacurénfys ocea
provide an important a r b o n abn®3$pinekd@O, released as a result of human activities and, as
such,this sink hasbeen increasing in response to the atmospheric growth rate p6veOrecent
decadesl(e Quéréet al., 2009). There is roh scientific debate however, as to whether the efficiency

of the ocean carbon sink is now beginning to decrease as our climate system dieaqesdet al.,

2007; Watson et al.,, 2009). The magnitude of the Southern Ocean carbon pantidgalar has
caused much controversy (d.g Quéréet al., 2007 2008 Zickfield et al., 2008; Law et al., 2008;
Lovenduski et al., 2008) due in part to the difficulty in making observations in this isolated region.
Baring Head(BHD), New Zealand( 4 1 A256 S, protided dnlealblocafignto assess
Southern CGcean carbon cycle variability due to the persistence of siythir massesarriving at the

site (Fig 1.1) (Stephens et al., 2013LontinuousatmosphericCO, measurements were established

here in 1974Lowe et al., 1979whereascontinuousatmospheric @measurernts were established

in 1999 (Manning, 2001)

Although the CQobservations from BHD have been recently publishe@tayisford et al., (2012)
andStephens et al., (2013), thg,@nd henc&PO observations have not been analysed or presented

in peerreviewed literature. This project will therefore investigate the variability of atmospheric O

and CQ observationsfor the period 1992012 from BHD and use them to make important
deductions orthe regional and temporal variability of Southern Ocean carbon pyotesses. As

such, this will be the first study to attempt this using the BHD datachieve this, | will use a range

of data products and data analysis software packages that caadasutools to study carbon cycle
processesindare freely available on the internet. For example, studies of marine NR® last 15

yearshave made usef remotdy senseddata derived fronsatellites (e.g. Balkanslet al., 1999;
Yamagishiet al., 2008; Nevison et al., 2012)Vhilst oceanic data such asdepth profiles of
temperature and salinityderived from the Argo floaprofile fleet have become essential for
characterising the vert i @Hasbda stialr, @) tind have tloefefore he wo
aided investigations of thglobal meridional overturning i@ulation- the mechanism by which heat

and biogeochemical species, such as,COar e di stri buted across t he

Heimbach, 2006; Talley, 2013jurthemore, the use of aimass baclkrajectory models, such as the
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Hysplit_4 model of Draxler and Hess (1998]Jows one to determine the origin of air masses arriving
atany location in the world. Therefqrthis model carbe used to determine the history @if masses
arriving at BHD and hence ascertain whether the atmospheaadCQ observations are recording
gas exchange between the ocean and atmospheeemotivation of this project is to therefore
reconcile these freely available datasetd analyis toolswith the atmospheric observations made at

BHD to determineavhat can be learnt about the Southern Ocean carbon cycle.
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Figure 1.1 Map showing clustered results of 20 years of twice daily-day back-trajectory calculations from Baring
Head. Colour shading indicates a logarithm of the percentage of trajectories crossing a given latitude/longitude
square. The scale bar on the right spans the rang&.1 to 2.5l0g10(%). The plus sign refers to an aalysis done in the
original research paper that this plot appeared in(Stephens et al., 2003 For the purpose of this paper it can be
ignored. The plot clearly shows the persistence of southesterly air masses arriving at Baring Head.



2 Background andaims of the project

2.1 The global carbon gcle
The global carbon cycle consists of four major reservoirs: the atmosphere, the oceans, the terrestrial

biosphere and the geosphérég 2.1) Carbon exchanges between these reservoirs on timesicate

range from between a felours (e.g photosynthesi®) many millions of yearée.g. sedimentation of

organi c mat

ter on the

seabed

and

its subsequent

The carbon cycle is intimately linked to gldladimate due to the properties of the major atmospheric

carbon species: primaril€0O, and to a lesser, but still significant extent, methane,J@Hd carbon
monoxide (CO)Svante Arrhenius (1895) was the first to consider the radiative effe€S,pthat is,
its ability to absorb and subsequently-erait longwave infrared radiation upon the surface

temperature of the Earth. This is commonly nefed

t o

as

t he

andis ase cahsedu s e 0

and amplified by other atmospheric constitupmsmarily water vapour, ClHand nitrous oxide

(N2O). The greenhouse effect is critical to the habitability of Earth and results in an average surface

temperature of ~I'&; without it the surface temperature would be closerl&C (Hansen, 1984

The averagesurface temperature of the Earth throughout geological history however, has been far

from constanie.g. Zachos et al., 2001tven miniscule variations in the relative abundance of the

major greenhouse gases have the abilisigaoificantlyalter the terperature of the planet.
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Figure 2.1. The global @rbon cycle and the relative fluxes of carborfC) between the reservoirs in Gigg10°) tonnes
of C (equivalent to Peta(10) grams of C)per year. Reservoir size (numbers inside the boxes) is given in GtBlack
arrows and numbers indicate natural fluxes whilst red arrows and numbers indicate anthropogenic fluxes. From

IPCC AR4 (2007).
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Analysis of te core records fromie Vostok ice core, Aarcica, have shown the egariation of CQ

and temperature through the gladigerglacial cycles of the Quaternary period (~2.8.01 Million

years ago (Ma))(Petit et al., 1999; Siegenthaler et al., 200Bpth temperature and GO
concentrationdluctuated with a period between approximately-200 kys as a resulbf natural,

orbital induced changes to tkemo u n t of solar radiation reaching
initial change in temperature was forced by <chan
magnitude of the total temperature change between these cycles cannot be éddooumiess they

are amplified by changes to the relative abundance of greenhouse gases, controlled by complex
carbonclimate feedback mechanisitisr a review see Sigman and Boyle, 200}, concentrations

were low during the glacial periods (18fpm) and high during the integlacials (280ppm)
(Siegenthaler et al., 2005Jhe Southern Ocean particular is believed to hawexerted a critical

control over these glaciaterglacial atmospheric G@hangegWatson and Garabato, 2006)

Following the endbf the last glacial (~11ky) CO, concentrationgemained relatively stable at 280
ppm until the beginning of the industrial era (~1&BQ, at which point they began to rise. €0

concentrationare now ~400 ppm (May 2018ttps://scripps.ucsd.edu/news/7992imarily due to

the burning of fossil fuels, cement production and land use change, such as deforestation, biomass
burning,crop production and conversiof grassland to croplandPCC, 2007). These egptionally

high (relative to the last few million years) €&ncentrationtiave been unequivocally warming our
climate over recent decades (Hans¢ral, 1997;Solomon et al] 2007) and will continue to do so

unless the above anthropogenic activitiesaurtailed (IPCC, 2007).

Despite continuous warnings from the scientific community on the potentiattehmrit centennial

scale consequences of rising LOmMi ssi ons to the Earth&7),ovei mat e
appear to be stubbornly stickihgo t he fibusi ness,emissionssn2@lD59Rgcenar i
C yr* (Peters et al., 2012)) first set out by the kgevernmental Panel on Climate Change (IPCC) in

1992 (predicted emission rate of 8.7 Pg Cfgr 2010 based on 1S92a scenario (Repet al., 1992)).

The expected atmospheric increase in, €@ncentrabns however, is less than that predicted from

that of fossil fuel burning alone (approximately 58¥%the expected trengGloor et al., 201Q) This

is because CQOs removed fromthat mosphere by the Earthés terres
(1.2+ 0.8 Pg C yr* and 1.9+ 0.6 Pg C yr', respectively for the 10 year period 198000) (Sabine et

al., 2004; Manning and Keeling., 2006). If we are to reliably predict future climatigebamitigate

and adapt to them, it is essential that we characterise and monitor the efficiency of both the terrestrial
and oceanic carbon sirikability to withdraw anthropogenic GA@rom the atmospheravhich may

change in the futurd_é Quéré et al2007).


https://scripps.ucsd.edu/news/7992

2.2 Estimating the terrestrial and oceanic carbon sinks
Different techniques have been employed to estimate the uptake of anthropogetg Kth the
terrestrial and oceanic carbon sinksheBe include the use of surface ocean pddda (Takahaslet
al., 2006),*CO,/**CO, data (Gruber et al., 1999) and the application of inverse atmospheric transport
models [e Quéréet al.,2007). One of the more unique approaches to this problem invihlees
simultaneous measurement atmosphericO, and CQ concentrationss first outlined byMachta
(1980) Ralph Keeling advanced these techniques in his first paper on the subject (KeelingntP88)
in those that followed (e.g. Keeling and Shertz, 1992; Keeling et al., 1993; Keeling et al.,R.996)
Keeling demonstrated the insight atmospherig @easurements could give to global carbon cycle
studies by highlighting the fact that the sources and sinks ga@{DQ to and from the atmosphere,
are stoichiometrically linked through the oxidation and reduatibarganic matter, whereby a sink
for O, will have a corresponding GOsource and vice versa: firstly through the processes of
photosynthesis and respiration:

60 O0P 6™ U
WhereCH,0 is the approximate composition of organic matied secndly through combustion of
fossil organic matter (i.e. coal, oil and gésgeling, 1988)

50 p Lo 060 gas'ots
The ratio of the exchange (moles of €@@nsumed to moles of G@eleased (@CO,)) depends on the
oxidation state of the organinatter (Keeling, 1988). For photosynthesis and respiration this ratio has
value of 1.10+ 0.05 (Servinghaus, 1995) whereas for fossil fuel combudtiegnglobally weighted

average isl.39 (Manning and Keeling, 200&)ut varies depending on the fossil fuel used (1.95 for

gaseous fuels to 1.17 for solid fuels).

Both G, and CQ exchange between the atmosphere and ocean too, however the stoichiometric
coupling breaks down due to differences in their seawater cherargdiiyn the timescale of aisea
exchange (see Keeling, 1988, Keeling et al 1993 and Bender and Battle,1999): whissal@es in
seawater it rapidly reacts with water to form carbonic acid which then dissociates into bicarbonate and
carbonate ions accamd to the following equation:

60 P 60 ‘06 P 060 PO OBD P CO 60

This reaction, specifically the production of igns, is the reason for ocean acidification as a result of
increasing atmospheric GOorcentrationgDoney et al., 2008). Importantly, this sink for C@does

not have a corresponding source of &d the lack of a similar seawater chemistry fpre8ults in a
much smaller effective solubility in seawater than for, 8 oecker and Peng982; Keeling, 1988).
Although CQ and Q are stoichmetrically linked in marine biological production:@®, = 1.4,

(Anderson, 1995)), the resulting change in seawateri€@eavily suppressed due to the carbonate

10



chemistry reactionMoreovet the decoufhg between these two species insga exchange is further
exacerbated by differences in their equilibration timescales. This is approximately 1 year,for CO

whereas @equilibrates much faster on timescales of aveeks (Broecker and Peng, 1982

On longer timescales0, measurements can be used to estimate the relative magnitude of both the
terrestrial biosphere sink and oceanic sink (Keeling, 1988; Keeling and Shertz, 1992; Keeling et al
1996). Although the increase in atmospheric, @xing ratiosdue to fossil fuel burning drives a flux

of CO, into the ocean, as described above, the corresponding decreasmixing ratios does not

drive afluxofQo u t of the oceans bec asteosmdlllsiece e efdhe s 6 c a
total amoun of G, in the atmospherecean system resides in the atmosphere (Keeling, 1988; Bender

and Battle, 1999).

Hence, by removing the fossil fuel component from the long smospheri®, signal, one knows

that the residual signal must be due terrestrial biosphere exchange. One can then estimate the
correspondingterrestrial CO, sink from the oxidative ratio of 1.1 for the terrestrial biosphere
(Severinghaus, 1995) and hence, by deduction, estimate the oceanic carbon sink (Keeling, 1988;
Keeling and Shertz, 1992; Keeling et al., 1993, 1996; Bender et al., 1998). Kaatirghertz (1992

were the first to attempt this analysis and estimated that the oceans and terrestrial biosphere each
removed approximately 30% of fossil fuel €Qable 2.1shows more recent studies based on this

method of the global land and oceanic carbon sinks.

Table 2.1 Recent estimates of the land and ocean carbon sink.

Study Land Carbon Sink Ocean Carbon Sini Time period | Stations

(Pg Cyi" (Pg C yr")
Bender et al., (2005) 1.0+0.6 1.7+0.5 19942002 Barrow, American Samoa, Cape Grim|
Manning and Keeling, (2006)| 0.5+ 0.7 22+0.6 19932003 Alert, La Jolla, Cape Grim
Tohjima et al., (2008) 1.0+0.9 21+0.7 19992005 Hateruma Island, Cape Oelshi
Ishidoya et al., (2012) 0.8+0.9 2.9+0.7 20012009 Ny-Alesund, Svalbard, Syowa

On seasonal timescaleatmospheric observations of g@oncentrationsare characterised by a
seasonal variation dn by theterrestrial biospheréVhereas atmospheric,@bservations have a
seasonal variation driven by both the terrestrial biosplasie: oceanic exchangeinfluenced by
spring/summer marine biological production, winter ventilation of deepleficient carbonrich
subsurface waters as theasonal thermocline breaks downd a seasonal thermal component
(Bender and Battle, 1999). Therefore, on seasonal timescales, one can remove the seasonal component
of the terrestrial biosphere from the, Observationsby comparison with the CQOobservations,

leaving a residual ©Ocomponent that is driven solely by oceanic processes (Keeling 1988; Keeling

and Shertz, 1992; Bender and Battle, 1999%ing threeyearsof O, flask sample data from Alert,
Canadala Jolla U.S.A, and Cape GrimAustraliafrom 1989 to 1992Keeling and Shertz (1992)

11



discovered that the residual seasonasignal (after removing the terrestrial biosphere influence) was
largely driven by marine biological production (85%) in the summer \aitsmaller but still
significant thermal outgassing signal (15%), and driven by the seasonal break down of the
thermocline in winter months, leading to ventilation of @ficient waters This work was later
corroborated by Bender et al., (1996) onfl@sk sample data from Cape Grim, Tasmania and Baring
Head, New Zealand.

2.3 Atmospheric Potential Oxygen
Stephens et al., (1998grivedthe atmospheric tracer Atmospheric Potential Oxygen (AR@D=+

1.19C0,). The factor 1.1 accounts fdine O,:CO, stoichiometic ratio for land biotic photosynthesis

and respiration $everinghaus1995) and henc&PO, by definition is conservative toetrestrial
biosphere influences (Stephens et al., 1998jiahility in APO is thereforenfluenced byfossil fuel
combustion, which drives a decrease in APO values since the oxidative ratio for combustion is >1.1
and oceanic processes, which drive the seasonal variability in APO (Stephens et alInli9@8).
analysis, Stephens et al., (1998) calculdtes interhemispheric gradient in APO from sevstations
recording atmospheric@and CQ observations and compared the results to an duegeochemical

modek of air-sea fluxescoupled toan atmospheric transport model. They discovered the model
significantly underestimated the intbemispheric gradient of APO and proposed that the models
must be underestimating the net southward oceanic transport of pattd @Q. Conversely, Gruber

et al., (2001) performed a similar study but used an invergeliitgy technique that is independent of
air-sea gas exchange parameterizations. Through their analysis, Gruber et al., (2001) discovered the
inter-hemispheric transport of ;Ocan be described by the existence of two closed asymmetric
circulation cells ofO, transport from the mido-high latitudes towards the tropics, wherg i© out
gassedrom the ocearat the equatoand transported back to the poles through the atmosphere. The
northern hemisphere cell is stronger than that in the southern hemisgseftng in increased O
uptake in northern temperate regions (Gruber et al., 2001). This asymmetry in the two circulation
cells, combined with the asymmetry in fossil fuel emissions (greater in the northern hemisphere) can
accountfor the interhemisphe APO gradient more accurately than the analysis proposed by
Stephens et al., (1998) (Gruber et al 2001).

Themodeling studies of Stephens et 81998 and Gruber et a{2001) imply a strong equati@ out
gassingof @ hat producesgadm iemuAaPOrt Rat Aibadl d not be
observations in this region. Tohjima et al., (2005) subsequently confirmed this prediction using
shipboard flask measurements of &d CQ collected across the western Pacific Ocean between
Japan anthe United States and Japan and Australia. For a review of the current state of global APO

distributions and variability see Battle et al., (2006), who presented the first global observations of

12



APO for the period 1998003 with a comprehensive review hbw they compare to current

atmospher@cean modelling approachekglobal APO distributions.

Although these initial studies have been useful in determining global andhértéspheric trends in
APO, very little work has been done on constraining i@gonal, seasonal and intannual
variability, with the exception of thetudies that | will discuss below. Investigations at these spatial
and temporal scales are critical if we waotassess the finer details of the oceanic carbon sink,
particularlyas some studies are now pointing toward a weakening of thislenRyéréet al., 2007,
Watson et al., 2009) and hence there is a clear need foim&teatmospheric observations.

Yamagishi et al., (2008) present the only study to date of tempgtaily (daily) variations of APO

from in-situ measurements of ,@nd CQ at Cape Ochishi, Japan. Their analyses focused on
explaining peaks in APO values recorded between April and July, 2005 by computingsaiback
trajectories to determine the paththe air masses arriving at Cape Qugtii and by comparing these
paths to monthhaveraged marindlPP estimates derived from satellite observations of the Okhotsk
Sea and the western North Pacific (Yamagishi et al., 2008). Their results indicated®@aies

were high (low) when aimasses had passed over productive (unproductive) regions of the ocean,
corroborating the fact the APO variations are largely driven by marine biosphere processes
(Yamagishi et al., 2008)'he analysis presented in my prcf will therefore be similar to that of
Yamagishi et al. (2008), except | will also identify ventilation events in addition to NPP events and

analyse a much larger APO dataset from BHD for the period-2099.

2.4 The Southern Ocean
The Southern €ean isa critical component of the global carbon cyaarrently accountingor ~40%

of the global ocean uptake of anthropogenic, G0.7 PgC yr'') (Sabine et al., 2004ylikaloff
Fletcher et al.2007. When attempting to undstand the Southerndg®@an carbon @fe however,one

needs to consider oceanic transport within the region. Strong westerly winds that encircle the
Antarctic continent exert a significant stress upon the surface of the ocean centred along the axis of
the eastward flowing Antarctic Circumpal&urrent (ACC)(Rintoul et al., 201). To the south of the

ACC, Ekman transport creates a divergence that allows the upwelling of deeprighterslissolved
inorganic carbon (Rintoul et al., 201 Degassing of these waters therefore constitutes Hicagn
sour ce of ,t0theatmospleie Mik&ldif Fletcher et al., 2007rtN of the ACC, Ekman
transport is convergent and surface wagme subductednto the ocean interior as Suimtarctic

Mode Water and Antarctic Intermimte Water (Rintol et al., 201). It is the formation of theseater
masses @it constitute the largest contributionth® uptake and storage afithropogenic COwithin

the Southern Oced.42+ 0.2 Pg C yr) (Sabine et al., 2004, Salle et, 2012)

13



Monitoring the variability of these processes is an inherently difficult task given the scarcity of
observations in this isolated region and consequently, is the source of much recent scientific debate
(e.g.Le Quéréet al., 2007, 2008; Law et al., 2008ckfield et al., 2008; Roy et al., 2003; Metzl et
al., 2006).Le Quéréet al., (2007), using an inverse method combined with observed atmosphgric CO
concentrations, concluded that the overall Southern Oceaffosi@O, had declined by 0.08 Rgyr

! deade' for the period 1982004 relative to the trend that would otherwise be expected from the
increased atmospheric Gurden. Thenodelof Le Quéré et al., (20073uggested this was due to an
increase in the degassing of natural carbon south of ti@ &eCa result of strengthening winds over
the Southern Ocean that are thought to be the result of human activéigduéréet al., 2007;
Thomspson and Solomon, 2002; Shindell and Schmidt, 2004). HovibtbrLaw et al., (2008) and
Zickfield et al., (208) contested these findings. The former suggested thaesdults were very much
dependat on both the choice of ocean model and the network of obsmrsaimployed (Law et al.,
2008). Hence, if there such a bias dui the choice of sites uséaen nore atmospheric observation
sites such as those at BHmill surely reduce this bias. The lattergued that the altered Southern
Ocean winds, coincident with rising atmospheric,@els will likely increase the Southern Ocean
sink in the 21 century Zickfield et al., 2008). Lovenduski et al., (2008%ing output from hindcast
simulations of an ocean circulation model with embedded biogeochenfistng a similar decrease

in the efficiency of the Southern Ocean carbon sinkddQuéréet al., (2007)and also concluded

strengthening of the westerly winds were a likely cause.

The increase in the westerly wind strength has been attributed to a trend towards a more persistant
positive phase in the Southern Annular Mode (SAM) (Thompson and Solomon, 2@@2h is
characterised by a trend toward falling atmospheric pressure of the pole and a corresponding rise in
pressure over the miatitudes Furthermore, atmospheric inverse models (Butler et al., 2007) and
ocean biogeochemistry models (Lenton and Isiate2007; Lovenduski et al., 2007) suggest
anomalous Southern Ocean C@utgassing of 8.1 PgC yr* per standard deviation of the SAM

index. One aspe®f this project will thereforenvestigate whether aimcrease in the frequency of
ventilation eventsidentified in the atmospheric Gand CQ data, is observed duringeriods of a
partiaularly strong positive phase of the SAMwill also investigate whether a similar correlation can

be observed with BNino-Southern Oscillation (ENSQ)iven that previoustudies (Le Quéré et al.,

2003; Verdy et al., 2007) have shown that tiso influences the Southerrc€an westerlies and

hence the upwelling and ventilation of carbon rich deep waters

According to Takahashi et al., (201tRe regions of NPP within éhSouthern Ocean are centred along
thelatitude of 30S. On the other handggions of upwelling and hence ventilation of O@h, O-
deficient waters are located further squatongthe latitudeof 50°S (Takahashi et al., 2012). This

project will therebre determine whether air masses arriving at BHD are sampling the regions defined
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by Takahashi et al., (2012) by performing an air mass-tragctory analysis. If sahen | will
attempt to answer the following questions: What are the general characteristics of the APO
observations when air is being sampled from these particular regions? Do theba&@ationyvary

on annual and seasonal timescales when air is beimpled from these regions?an the APO
observations be reconciledth satellite NPP estimates and proxies for the ventilation gfre®, O,
deficient water masses in the regions identified in the air mass history? Filtathyigh the primary

goal ofinvestigationsassessinghe state othe global carbon cycls to determine thgear to year
variations in atmospheric GQ&inks, it is notthe main objective of thisrpject Instead | seek to
determine whether curredatasets and analys@olsused n investigations of the carbon cycle can be
reconciled andfurther assess what can be achievdough studyat the spatial and temporal

resolution discussed

2.5 Aims of this research
The aim of this project is tmvestigate the spatial and temporal valigbbf carbon cycle processes

in the vicinity of the Southern Ocean using observations of atmosphganddCQ from Baring
Head, New Zealand. This will be done by achigwthe following work packages

Work Package 1(WP1): Investigate the overall chacteristics of theatmospheric @ and CQ
observatios recorded at BHD for the period 192012and determine the int@mnual variabilityin
APOQ, assedsg whether acorrelation can be found wittihe dominant modes of climate variéip

within the Southern Ocean.

2.5.1 Specific bjectivesof WP1
1. Perform & Hpsplineanalysis(see below) to break down the €@, and APO signalinto

the following components: a). Overall trend; b). Seasonal; c). Deseasomisedded and
d). The residual
2. Determinewhether a correlation exists betweesaid components and the ENSO $AM

indices.

Information discerned iVP1 will then be used to aid in the interpretation of Work Package 2.

Work Package 2(WPZ2): Characterisation of the variability and origin of carlmyele process on

weekly timescales.

2.5.2 Specific djectivesof WP2
1. Identify the signal of). Ocean primary productivity; and bOcean entilation within the

continuous BHD APO dataset for the period 1299 2.

15



2. Assess whether a common atmosphertCO, ratio can be observed from the recorded
ocean primary productivity and ventilation events.

3. Determine the origin of said processes throughmeiss footprint analysis aidrough the
investigation of satellite ocean productivity data, Argo float profiflata and depth
profiles of dissolved @concentrations in the Southern Ocean.

4. Develop a simple conceptual mod#l air-sea gas exchange to determine whether the
independent datsets in (3.) can be reconciled with the atmospheric observations at BHD.
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3 Data and Methods

3.1 Work Package 1
Investigate the overall characteristics of the atmosphegiar@ CQ observations recorded at BHD

for the period 1992012 and determine the intannual variability in APO, assessing whether a

correlation can be found with the dominant modes of climate variability within the Southern Ocean

3.1.1 Atmospheric @and CQ observatbns

3.1.1.1 The Baring Head Atmospheric Observatory

Atmospheric measurements were collected from the atmospheric observation site located at Baring
Head, New Zealand (41.23, 174.87E), ~10km southeast of the city of WellingtdRig 3.1)for the

period 19992012 The Q and CQ measurement system is housed Bnall concrete building close

to the edge o& south facing coastal cliff, approximately 240from the ocean at a height of &5

above sea level (Stephens et 2013. Air is sampled from a pair of aintakes at the top of a 1@

tall tower adjacent to the building. The air is subsequently dried and held at a constant temperature
and pressure before being fed in to the respectjvan® CQ analysers. C@was measured using a
nondispersive infrared (NDR) anal yser, established at the sit
Scripps Institubn of OceanographySIO), Californig in collaboration with the National Institute for
Water and Atmospheric Research (NIWA), New Zealamdl972 (Lowe et al., 1979) O, was
measured using a paramagneticaDalyser established at the site by Andrew Manrtingn at SIO,

in 1999 (Manning, 1999).

Figure 3.1. Location of Baring Head (BHD) at the southern tip ofthe North Island, New Zealand.
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The level ofrelativeprecision required foatmospheri®©, measurements igery high since one needs
to detect changes in,Qartial pressure on the order of 1 irf Iifence, changes in the partial pressure
of other gases in thair will affect the Q measurement (Keeling and Shertz, 1992)c@hcentrations
are therefore reported on a relative scale calculated as the change in the ratio nit©gen (N)
relative to a standard,@o N, ratio. This value is subsequently mplied by 16 and expressed in

Aper megod units so as to amOzmmenvation e t he mini scu

(¥ 0 70
0 70

1. @p T

Measurements are made every 5 minutes. The resulting data are then run throughadivéniata
Language (IDL) routine which removes any erroneous data points, such as when there were known
problems with the analyse calibration proceduresas noted by the site techniciaf$e IDL

routine also produces an array of ploghowingC0O,, O, and APO (G+1.1CQ) concentrations at
different temporal scales: yearly, monthly, weekly and daily weitiditional plots showing the

meteorological conditions recorded at the site at the time of saniplung.2).

The IDL routine for filtering and plotting data was written by my supervisor, Andrew Manning, and
other members of his group. My contribution was to produce new pldds v CO, concentrations,
colour-coded to represent the time of measuremehiistvatempting to develop a methodology for

the identification and characterisation @vent$ (top right hand ot in the images-& in Fig 3.2.

The aim of doing this was teventuallyproduce a leastquares linear best fit to the data to ascertain
the ratioof the Q to CQ, concentrations and so determine whether a common exchange ratio could be
found in oceanic carbon cycle events like those found for fossil fuel burningir{ge1993) and
terrestrial biosphere exchange (Severinghaus, 1998gastsquars linear best fit is calculated based

on the error in bothhe x and y direction, whereastypical line of best fit calculation, such as those
used in Excel, only lz@ the fit on the error in thedjrection and hence would not result in the correct
0,:CO, exchange ratio. Unfortunately, developing this particular bit of IDL code proved both difficult
and timeconsuming and therefore had to be omitted from this thesis. This work is an ongoing process

however, and will be developed fptanned follow up wdd to thatpresented in my thesis.

The second plot | developédottom right hand plot in the imagesanFig 3.2 is a histogram of the

molar Q:CO, ratio and was produced for the same reasons as above. Unfortunately, as the data
analysis progressethese plots were not relied upon to determine the molar exchange ratio of oceanic
carbon cycle events. Instead | opted for a simpler method where the ratio was determined based on the

difference between the start and end point concentrationsafddCQ (see Section 3.2.1)
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Figure 3.2 . The array of plots used to visualise the BHD C®(red data), O, (blue data) and APO (green data)
atmospheric observations at different temporal frequencies: (a) = yearly; (b) = monthly; (c) = weekly; (d) = daily. Plot

(e) displays the meteorological variables (panels 2 and 3) recorded simultaneously vilie atmospheic observations.
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3.1.2 Hpspline curve fitting procedure
The Fortran procedure consists of fitting data to a harmonic function antf ar@er polynomik

equationplus a cubic spline (Reinsch967). The procedure was provided by Penelope Pickers, a PhD
student of my supervisor, Andrew Manninghe Q, CO, and APO data were run through the
procedure using a harmonic function consisting of 4 haresoiiihe procedure then generatteel de
seasoalised trend component, the-tlended seasonal component andesidual, representing the
inter-annual variability, for each of the atmospheric species.

3.1.3 ENSO and SAM Climate Indices
The interannual variability m APO was then comparedagainst the Souéitn Annual Mode (SAM)

index, using data provided by David Thompson and Jonathan Woodwotthof Colorado State
University, U.S. (http://www.atmos.colostate.edu/ao/Datd/he SAM ischaracterizedy changes in

atmosphericmass between 20°S and 90°S, and is defined by the pressure differeomed at
observationstations at these two latitude barfds each month of year for the period 198®12
(Marshall, 2003)

The APO data will then be congred to a mnthly Multivariate ENSO index (MEI), using data
provided by the United States National Oceanic and Atmospheric Administr@NQAA)
(http://www.esrl.noaa.gov/psd/data/chirindices/lisy. The MEI is based on 6 observed variables

over the tropical Pacific: sdavel pressure, zonal and meridional components of the surface wind, sea
surface temperature, surface air temperature and total cloudiness fraction of thigodtey and
Timlin, 1998). The MEI is then calculated as the first Principal Component of all six observed fields
combined for each of twelve-hionthly seasons (Dec/Jan, Jan/Fatb). All seasonal values are then
standardized with respect to each seaaod to a 195@®3 reference period (Wolter and Timlin,
1998).

3.2 Work Package2:
Characterisation of the variability and origin of carbagcle process on weekly timescales.

3.2.1 Identifying carbon cycle events from &hd CQ observations for the period 1999
2012

Using the plotgenerated byhe IDL routine(Fig 3.2) | visually identified potential oceanic carbon

cycle events for the full record period of 199@12.1 identify two types of oceanic eventsased on

the discusen in Section 2 and iflable 3.1 which displays the expectelirection ofAPO change for

the respective carbon cygbeocessesNPP events are defined as those with a positive excursion in
APO and ventilation events are defined as those with a negative excursion in APO. Furthermore,
evens were selected based on time periods when the winds were from a consistent direction for at

least 1 hour. For each event identified, the start and erah@® CQ concentrations were recorded
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(and hence APO) along thi the event start and end tinfieig 3.3. As eventidentification work

progressed, it

was cl

ear

dgitirena NPP teeventation avent. A

such, the events recorded varied in both duration iantheir characteristic shape of the APO

excursion. For examplEig 3.3 shows the identification of the start and end point of two events,

defined by the red dots: there is a short term excursion in APO over a period of a few haars and

longerterm excursion over geriod of a few days. In this cadeoth excursions areecorded as

events. This strategy allowse to identify a range of events that may be influenced by a short term

signal but contribte to an overall larger signdiat may be more easily reconciled with satellite NPP

estimategSee Section 3.2.4ndp0, estmatesat the depth of the mixed layEee sections 3.2.5 and

3.2.6)

Table 3.1 Displaying the expected trends in atmospheric observations with regards to carbon cycle processes

addressed in this project.
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CO, trend

O, trend

APO trend

Ocean Primary
Productivity

T

Ocean Ventilation

3

Land
Biosphere

Photosynthesis

No Change

Respiration

AL AR

== . )

No Change

100 T T 1

-150

—
A

-200 FAAPO

-250

v

-300

T

APQ (per meg)

-350 |

'400 1 1 1

Day
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3.2.2 Conceptual model of aisea gas exchange
For eachevent identified in the atospheric @ and CQ observations| set out to determine an

oceanic region of influence that could explain either the NPP signal or the ventilation Sigraxd.
this, | computed a 4lay air mass baekajectory, using the Hysplit_4 model of Draxler addss
(1998) (see Section 3.2.3As a first approximation, the region of influence was compared to both
satellite NPP estimatdsom thevertically generalised production model (VGPbf)Behrenfeld and
Falkowski(1997) andpO, estimates (Garcia et ak010)at the MLD (Hosoda et al., 201Gyom the
Argo float profiling network(see Sections 3.2.4 to 3.21®) determine whether the observed APO
signal could be explained by either NPP or ventilation of deep waldrs.methodology developed
for reconcilng these various suites of dataedin this project is entirely my own. Much of my
research time was spent investigating various-dagdysis packages, downloaded from ititernet,
which would help me achieve the aimsmoy analysis. The research metbtmtyy described herés
therefore an entirely new approach applied to the investigation of carbon cycle proctsses

from in-situ atmospheric observations.

To aid in the reconciliation of the various datasets used | found it useful to corstsmple
conceptual model of asea gas exchange over the region of influatefened by the Hysplit4 air-
mass backrajectory analysigFig 3.4). This model views aisea gas exchange in an atmospheric
@uff modeb described by Jacob (1999) and subsequargéd in studies of a similar nature to the
analysis performed here (Lueker et al., 2003; Thompson et al., 2007; Yamagishi et al., 2008). In this
model, | presume the change in APO concentrations recorded over the event are gtieixtesO
either into (vatilation signal) or out of(NPP signal)the oceanAs described in Section ),
exchanges between the ocean and the atmosphere on much quicker timescales comparauadio CO
given the timescale of exchange considered here (4,diigs)easonable tosaume that the NPP and
ventilation signals recorded in the APO observations are due ftax@s aloneEquation lestimates

the flux of Q going into/out of the ocean integrated over the region of inflyetefmed by the back
trajectory over the durabn of the event:

”n g
@) Equationl

Where F is the sea to air flux of,0, 3 density of air in thglanetaryboundary layer (PBL) of the
tropospherghere assumed to be 409 mol§;pC i s the change in APO co|
vertical mixing height; L is the wind fetch, u is the average wind speed over-dag period
estimated from blended and gridded high resolution global sea surface winds from matéfikes

(Zhang, 206) (ftp://eclipse.ncdc.noaa.gov/pub/seawindg{3i/is assumed to be the top of the PBL

over the ocean in the vicinity of New Zealand, assumed to benvVB@sed on the estimates of

Denning (2038); L is estimated from the approximate path lengtthefbacktrajectory calculation by
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importing an image of the badkajectory track into Google Earth and then using the path measure
tool provided in the sofvare;t is the time taken for C to reacteldf its total change over the duration

of the eventhence t is defined as:

L

\ 7
0 B Equation 2

D

Where tis the duration of the event.

Using the Q@ flux estimation F, | then calculated thpO, concentratiorrequired to ascertain this flux
due to a ventilation evebised on the formulation of gagchange velocity of Wanninkhof, (1992):

O U Equation 3

Where F is the sea to air flux ob;GC,, is the pQ concentration and K is the transfer velocity defined

by:
0 ™o — 8 Equation 4.

Where Sc represents tiehmidt numbefor O, in seawater at a temperature d9°C anda salinity
of 3 sher@aken to bd.9216x 10° (no units) The derived pQ concentration was then compared
to the difference between the pi@ surface waters and that at the MLD based opqepth profiles
of Garcia et al. (201(Q)See Sections 3.2.5 and 3.2.6)

For those events identified as a productivity sighalQ flux, F, was converted to PP estimate in
mg C m? yr', based on the molar exchange ratio of t& CO, for photosynthesis in marine
phytoplankton, here assumed to beCD, = 1.4 (Anderson, 1995)and compared to satellite NPP
estmates based on the VGPmodelof Behrenfeld and Falkowski (1997).

3.2.3 Air mass bachrajectory analysis.
Once all the potential carbon cycle events had been indentified from the atmosphand OQ

observations at Baring Head, | set out to determine the origin of the aircor@asming a particular

event signal and hence determine a region of influence that could be responsible for the atmospheric
observations. To perform such an analysis, | used the HYSPLIH¥br{d SingleParticle
Lagrangian Integrated Trajectory) model ($fen 4) of Draxler and Hess (1998). THgplit 4 model

uses previously gridded meteorological daBed Section 3.2.3.20 determine simple particle
trajectories, run either forward or backward, from a particular starting location and time (Draxler and
Hess, 1998). Although the model is capable of computing complex dispersion and deposition
simulations for the emissions of pollutants (Draxler and Hess, 1998), here | use the model to compute

a simple backrajectory analysis of air particles arriving at thbservation station at Baring Head. As

23



such, | only consider particle advection rather than particle dispersion and deposition within the

modelled back trajectories.

Conceptual model of air-sea gas exchange

= Path of back-trajectroy across the ocean to the
sampling site (yellow tower). Each square represents
a latitude-longitude data point taken every hour of the
4-day back trajectory.

L(m) = Wind fetch - The approximate distance the 4-day
back trajectory covers.
u (m/s) = Average of the wind speed determined at each

hourly data point covering the 4-day back-trajectory.

t = event duration AC =AAPO

Productivity Signal Ventialtion Signal
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= Vertical mixing height, here assumed to be the top
of the PBL = 750m

= Satellite NPP (green arrow) and MLD (orange
arrow) determined at each hourly data point covering
the 4-day back trajectory.

= Air-Sea Flux of O2 (blue arrow) and CO2 (red
arrow). Size of the arrow represents the approximate
magnitude of the flux (O2 will always be larger than
Co2). Shape of the arrow gives the direction of the
flux.

Figure 3.4. Diagram depicting the parameterization of the conceptual model developed in this project. Symbols are

defined in the figure and relate to equation 1.
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3.2.3.1 Advection of air particles
The advection of a particle is computed from the average of thedhmeasional velocity vectors

(U,V,W), contained in the meteorological data (see below) for the ipibisition P(t) and the first
guess position P' (t +ot) (Draxler and Hess, 19¢

interpolated in both space and éinwhere the first guess position is:

P'"(t+pt) = P(t) + V(P,t) ot

and the final position is:

P(t+qd) = P(t) + 0.5 [ V(P,t) + V(P',text) ] i (Draxler and ldss, 1998).

3.2.3.2 Meteorological Data
The meteorologicaldata files were obtained from the United States National Oceanic and

Atmospheric Administration (NOAA) Air Resources Laboratory (ARL) analysis data archive
(http://ready.arl.noaa.gov/archives.phpsing odput from the Global Data Assimilation System

(GDAS) (Draxlerand Hess1998. The GDAS operational system is a meteorological model run by

the U.S. Nati onal We at her Serviceds National C
contains basic informath fields of U and V wind components, temperature and humidity
(http://ready.arl.noaa.gov/gdasl.phphe model is run four times a day (Midnight, 6AM, Noon and

6PM) and outputs 3, 6 and 9 hour forecagtich are then processed by the NCEP to create global 1

degree latituddongitude grids of the meteorological data on pressure surfBbhesdata are put into
weekly files and made available online at AL server

(ftp://arlftp.arlhg.noaa.gov/pub/archives/gdasbm which | subsequently downloaded the files from.

The meteorological data files at this resolutiordébree, global coverage) are only available from
2006 to present. Hence, onlget events identified in the 20@®12 period had a batkajectory

analysis performed on them.

For each event a-day air mass back trajectory was calculated using the ensemble form of the
Hysplit_4 model to determine the air mass history and hence degetine region of influence upon

the atmospheric signal. This methadtomatically starts multiple trajectories from the starting point

of the Baring Head atmospheric observatory (4654174.8@&). Eachmember of the trajectory

ensemble is calculated lmffsetting the meteorological data by one meteorological grid point in the
horizontal and by 0.01 sigma units in the vertical, resulting in 27 members-fmsaible offsets in

X, Y, and Z. This method gives aareb®thateomputed er vi e

for a single particle trajectory.
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Because the offset is computed in both directions in the vertical from the starting location, a starting
location at the ground would not provide an optimal configuration for this type of simulBtiaxier

and Hess, 1998 Furthermore, Draxler and Hess (1998) discovered that the model struggles to
recreate accurate trajectories at ground leveltdwemplicating turbulere effects as a result of the
interaction of the overlying atmosphere with theface. Hence, for this type of model run, Draxler
and Hess (1998uggest a minimum starting height of 250m above ground level, significantly higher
than the 10m air inlet tower at Baring Head. Given that the physical boundary layer height in the
vicinity of New Zealand and the Southern Ocean is approximately 750mifi2er2013), | took a
trajectory starting height of 500m, between the minimum height required by the model and the top of
the PBL. In doing this | assume that air in the physical boundary layer is well mixed and that air
arriving at Baring Head at a heighit 500m is therefore representative of air arriving at the 10m inlet
tower and hence has the same air mass history.

The model computes the 27 particle locations every hour over the period efldlyebdckirajectory
and outputs both a postscript fiteap projectionFig 3.5)and a text file containing the latitude and
longitude of each particle point, resulting in a total of 2592 particle locations fordhg dir mass
history. These hourly latitudielongitude points are then importeddrdata anaysis softwardor use
with satellite NPP and Argo MLD data.

NOAA HYSPLIT MODEL
Backward trajectories ending at 1400 UTC 07 Jan 06
GDAS Meteorological Data

Source * at 41.41S 17487E

Meters AGL

Figure 3.5. Displaying the output generated from the Hysplit_4 airmass back trajectory analysis.
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3.2.4 Satellite Net Primary Productivity Estimate
For those events identified as potential primary productivity signals (positive excursions in APO) the

4-day back trajectories were incorporated into global satellite marine net primary productivity (NPP)
estimates for the region of influence in orderdiermine whether the excursion in APO could be

reasonably accounted for by observed NPP.

To do this | used data initially collected from thderate Resolution Imaging Spectroradiometer
(MODIS) instrument on board the Aqua Earth Observing Systemitatbkit was launched in May
2002. Specifically, this instrument estimates surface chlorophstincentration (Ckd) as a function

of measured water leaving radiances. From the surface €ktimates one can then derive NPP.
However, to derive this vady further information is needed about the vertical distribution ofaChl
over the depth of the euphotic zone. Here | use the Vertically Generalised Production Model (VGPM)
of Behrenfeld and Falkowski (1997) to determine this. The auihwdel derives NPP based on Chl

a using a temperatudependent description of chlorophgipecific photosynthetic efficiency and is
therefore a function of Chd, available light, and the photosynthetic efficiency of the phytoplankton.
This model, when aopared to a global dataset of measureditun values of daily integral
production, is able to account for 86% of the observed variability (Behrenfeld and Falkowski, 1997).
It is therefore a useful tool in deriving estimates of NPP from satellite measusewie Chia
concentration and has been widely used in studies of this nature (e.g. Lueker, 2004; Yamagishi et al.,
2008; Nevison et al., 2012).

The productivity data were downloaded from the Ocean Uetodty Data Website run byregon

State UniversityU.S. (ttp://www.science.oregonstate.edu/ocean.productivity/standard.prodict.php

Datasets were downloaded agd/ averages of NPP at a grid size of 1080x2166dhformat and
i mported into the SeaW FS Data Analysis System
Project Qttp://seadas.gsfc.nasa.gowor each event the-day file was chosen as that covering, or

closest to, the preceding 4 days before the event (the time period over which the event signal has been

assumed to have been accumulatéd) 3.6)

Using the SeaDAS image analysis software the latitoidgitude data points derived from the back
trajectory anajsis (a total of 2592 particle locations) were imported and overlaid onto-tlag 8
average NPP estimate imaffeig 3.7). The software then derived statistical data, iditlg mean,
maximum and minimum NPP values over the 2592 particle locations, omdttinglata points that
occurred on landFig 3.8).Both the mean and maximum NPP estimate were recorded for each event
(in mg C/nf/day). These estimates were then compared to those calculated from the simpte air

flux model defined irSection 3.2.2.
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Net Primary Production [mg C /m*2 /day]
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A A A
[ [
8452 14059 196.66 252.73 308.81 364.88 42095 477.02 533.09 589.16 64523 70131 75738 81345

Figure 3.6 Global NPP estimates derived from the VGPM model of Behrenfeld and Falkowski (1997).

Net Primary Production [mg C /m*2 /day]

A A A A A A yAy yiy A

A
50.2 112.18 174.15 236.12 298.09 360.06 422.03 484.01 54598 607.95 669.92 731.89 793.86 855.84

Figure 3.7 Displaying the results of the air mass back trajectory analysis overlaid onto satellite NPP data.
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Figure3.8 Displaying the statistics generated from the satellite MRepixels that intersected the airass back
trajecotry analysis results. Data displays NPP in nigiay”.

3.2.5 Argo Float Profile Mixed Layer Depth Estimates

For those events identified as potential ventilation signals (negative excursions in APQJahe 4
back trajectories were incorporated into a map projectiodldD. In doing this, | asseed whether
the region of influence for the event is charactertsed deep mixed layer and herisendicative of
regions where dee|C-rich, O,-poor waters are mixingvith surface waters and subsequently

exchanging C®and Q with the overlying atmosphere.

In determining the MLD for a particular region | use data obtained from the Argo float profiling
system, launched in 2000. Argo floats measure both temperaturalaity sf the water column and

thereforeallow one to determine the depth of the mixed layer. The dataset used in this study was
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provided by the Japan Argo Delayed Mode Data Base
(http://www.jamstec.go.jp/ARGO/argo_web/MILAGPV/index_e.Htmbf the Japan Agency for
Marine-Earth Science and Technology (JAMSTEC) (Hosoda et al., 2010).

As of the 38 July, 2013 there are 3525 floats covering the global oc&ath float descends to a

depth of ~1002000m (the parking depth) where it then floats freely. Every 10 days the float ascends

to the seaurface making measurements of temperature and salinity as it rises (Dong et al., 2008).
The data are then averaged at a resolution of 10imeitop 200m of the water column; below this

depth the spacing of the averaging increases linearly to a resolution ~100m at 2000m depth (Dong et
al., 2008). At the surface, the data are transmitted to satellites and the Argo float descends and repeats

theprocess.

From the temperature and salinity profiles MLD is calculated agayCaverages using the threshold

finite difference methodology of Hosoda et al., (2010). This method determind4_ibebased on
threshold criteria of temperature and density where the MLD is defined at the point where either the
temperature or the density difference between overlying and underlying water masses is greater than
T =0 . ahdgli d = 0 . Br8skegtivaty (Hosdo et al., 2010). This method has the advantage of
giving both an improved representation of the MLD vertical change due to high vertical resolution
and gives a better representation of temporal changes compared to that of monthly averaged Argo data
(Hosada et al., 2010).

For each ventilation event identified, the-dély average MLD depth data was chosen as that covering
all, if not most of the 4lays preceding the start of an event (the time period over which the
atmospheric signal is assumed to havenbeecumulated). The data were imported into the Ocean
Data View (ODV) data analysis package, which then projected MLD onto a map of the ocean
surrounding New Zealan&ach float profile was then interpolated over a 40 mile radius of the initial
data point. The latitudelongitude hourly data points derived from the b#éig§ectory analysis (a total

of 2592 particle locations) were then imported and overlaid onto toey ®ILD estimatesKig 3.9.

In doing this, an assessment was made as to whether tba wginfluence defined by the back
trajectory displayea deep mixed layer. If this wetlee case then the event signal was presumed to be
recoding a region where deepri€h, O, deficientwaterswere upwelling and exchanging with the

atmosphere.

3.2.6 Dissoled Q depth profiles for the Southern Ocean
Dissolved Q profiles for the Southern Ocean were downloaded from the World Ocean Atlas, 2009
dataset Ifttp://odv.awi.de/en/data/ocean/world_ocean_atlas_P0@¥rcia et al., 2010). The data

were downloaded in an ODKkéady format and therefore immediately imported into this data analysis
software package. The data are derived from historical oceanogcapisies from around the globe.

Data are presented as typical monthly depth profiles across a latitudinal section of the Southern Ocean
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and are shown ifFig 3.10) T h e ,cpgti@ates were derived from the difference between surface

pO, and that at the MLDor the latitude of the event defined by air mass back trajectory analysis.

Mixed layer depth.(dbar) [decibar] @ Dummy=first
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Figure 3.9. The plot on the left displays the region under investigation. The plot on the right displays the MLD at the
Argo float profile stations where each station is represented by 4 dots in a square. The air mass baejectroy is
shown by the bold black dots
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Figure 3.10. Displaying pO, depth profiles for a latitudinal section across the Southern Ocean for the month of
November.
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4 Results and Discussion

4.1 Introduction
In this section | present the results of my analyisjr interpretation and a discussion of their

significance simultaneously. Firstly present thatmogpheric Q, CO, and APO observations from
Baring Head for the period 192®12 including an analysis of the overall trends observed in the
data, the seasonal variation of £&h G and the inteannual variabilityof APO, which iscompared

to the SAM and BISO indices. | then go a discuss the characteristics of the carbon cycle events
identified in the study periodincluding their annual, monthly and seasonal distribution, the
magnitude of APO change recordeder the event periedand the @CO, exchame ratice.
Following this, | present the results frolretconceptual model defined $ection 3.2.2nd discuss its
limitations. | will end this sction by presenting twevents, one for NPP and ventilatioespectively
with a full work up of the data #t fed intomy conceptual model, including the aitass back
trajectory analysis, satdéé NPP estimates anpO, concentations displayed at the MLOn my
interpretatbn of the results | try to comparehere possible, to peesviewed literatureHowever,

this is not possible for the ajority of my results since themethodologydeveloped herés unique
Furthermore, | am analiygy urpublished atmospheric ;Cand APO dataand as such my results
represent the firgiresentation of these observations.

4.2 Atmospheric O,, CO, and APO Observations 1992012

4.2.1 General Trends
The atmospheric @ CO, and APO observatiornter the study period 19992012 areshown inFig

41.The o6éclean upd of this dmy aswepgeri\si Soup@shagrod snega rp
such there are still a few time periods where erroneous values are still present, such asritrede

around 2005 and towards the beginning of 2009. 2005 was a particularly bad year for data collection

with regards to @ measurementslue problems with the air inlet tow€A. Manning personal
communication).Subsequently, this year was omitted from the event identification aspect of this

projed.

Through inspection dfig 4.1,one can clearly discern an increasing trend in @fdcentationsover
thestudyperiod anda decreasing trend in both,@nd APO concentrationsurthermore, @and APO
display a clear seasonal cycle in comparisoiC@,, which displays arsaller, less obvious seasonal

cycle.

To examine the § CQO, and APO datdn more detail the resultswere fed into the curve fitting
program Hpspline (See Section 3.1.2)o decompose the observed signal into its constituent

componentsthat isthe desesonalised trendrFig 4.2),the detrendedeasonal componenfFig 4.3A

32



C) andthe detrended, deaonalised componentFig 4.3DF) which representshe interannual

variability of the respective species
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Baring Head, New Zealand (41 .41°S, 174.87°E): CO O, and APO concentrations
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Figure 4.1. The full atmospheric observation record of CQ (red points), O, (blue points) and APO (green points) from July 1999 through to the end of 2012, at Baring Head, New

Zealand.
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CO, concentrations increased from a value of 367.1 ppm in July 1999 to 391.5 ppm in July 2012
corresponding tanaverageatmospherigrowth rate of 1.9 ppm yrandequivalent to the addition of

4.0 Pg C yt (assuming anolar mass for carbon of 12.0 g Mphandthe total moles of air in the
atmosphere = 1.77 x fmols). Over the same time period, the average carbon emissions from fossil
fuel burning, cement mafacture and gas flaring were 8Pg C yi*, (Boden and Andre2013).
Following the methodsral assumptions of Manning and Keeling (2006), specifically using equations

10 and 12 from their paper, | calculate the global terrestrial and oceanic carbon sinks using the rate of
APO decline from my dataX1.2 per meg y1). The oceanic and terrestrirbon sinks were found

to be 2.2Pg C yi* and 1.9Pg C yi' respectively for the 1992012 study period.

4.2.2 Seasaal variability
The seasonal variability a£0,, O, and APO are displayed iRig 4.3AC. The amplitude of the

seasonal cycle for GOs 0.9 pm, whereas for @t is 54 per meg. The seasonal amplitude of €O
influenced by seasonal gas exchange between the tetrddtsmhere and the atmosphesad
between the oceans and the atmospficeeling and Shertz, 1992)his signalis largely driven by

the Northern Hemisphere terrestrial biosphere, which, given thenenh mixing time between
hemispheres acts to reinforce the small terrestrial biosphere signal of the Southern Hemisphere.
Photosynthesis dominates the signal during the southermsptegme spring and summer months,
absorbing CQ driving CQ, concentrations dowmand emitting @ driving O, concentrations up.
Respiration dominates in the southern hemisphere autumn and winter months, releasarg CO
consuming @ In addition to the teestrial biosphere signal, the, @easonal cycle is also influenced

by seasonal gas exchangvith the oceans driven by NPP and the seasonal breakdown of the
thermocline, allowing mixing and ventilation of, @eficeint waters (Keeling and Shertz, 199R)is
component is captured by theasenal APO cycle (amplitude = fér meg) which, by definition, is

conservative to terrestrial biosphere process (Stephens et al., 1998).

4.2.3 The nter-annual variability of APO
As set out in WP1, one of the aims of thiady was to investigate the iri@nnual variability in APO

and determine whether any of the variability can be explained by correlation with the climate indices
for the SAM and ENSO. Although an analysis of &@d Q inter-annual variability was beyoritie
scope of this study, they are includedig 4.3for completenessAn analysis of these dataptanned

in thefollow up work to my thesis

4.2.3.1 Main featuresf the data
Fig 4.F displays the inteannual variability in APO. The most prominent featuféhe interannual

variability is the large decline in APO (~125 per meg) during 2005. As disc&sssibn 4.2.1his
year was a particularly bad year for data collection due to issueaiwitihet towerthat resulted in @
observations reported well lbg&v what was expected for the generalt@nd. Hence, this feature can

be ignored since it is not related to carbon cycle prosesse
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Other prominent features in the data indicate relatively large increases in APGO(p&) meg)

during 2000, 2004 and 200These features are presumed to reflect increases in NPP during the years
mentioned, since higher NPP will result in an increase in thi#uf out of the ocean, leading to a
corresponding increase in APO. In the subsequent analysis of WP2, | will semkfirm this
hypothesis by examining whether there is either an increase in the number of NPP events recorded or

an increase in the magnitude of APO change recorded over the event period in these particular years.

Furthermore, Fig.4.3F displays thre@minent decreases in APO (~80 per meg) during 2003, the
beginning of 2006 and the beginning of 2009. These features are presumed to reflect an increase in
the ventilation of deep water masses depleted,ian@ so driving a flux of @into the ocean frm the
atmosphere leading to a corresponding decrease in APO. Again, | will examine this hypothesis in
WP2 by examining whether there is an increase in the number of ventilation events recorded, or

whether there is an increase in the magnitude of APO chlrangeded over the event period.

4.2.3.2 APO interannual variability and the SAMnal ENSO indices
The results of the comparison of the APO irgenual variability with the climate indices of the SAM

and ENSO are displayed in Fig 4.4. | found oorelation between the data. This is in contrast to the
study presented by Verdy et al., (2007) who concluded, based on their own phiggiealchemical

model of airsea gas exchange, that a significant proportion of theantaual variability of aisea G,

fluxes within the Southern Ocean can be explained by the SAM and ENSO. Hence, by deduction the
indices should also correlate with APO variability. The discrepancy between their model results and
my atmospheric observations may be partly explained byitleeat time periods of study, although
there is a /ear period of overlap. Furthermore, the results of Verdy et al., (2007) will be influenced
by their model parameterizations, which may not representwadd processes correctly.
Additionally, my resllts are sensitive to the choice of cufiting program used on the atmospheric
data (Hpspline) (Pickers, 2013) and in the choice of the SAM and ENSO indices which are defined
slightly differently by different authors and research groups (Wallace andngdum, 2002).
Therefore in the planned follow up work to this project, | intend to investigate the sensitivity of my

data to different curvéitting procedures and also to different climate indices datasets.
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Figure 4.2. Results from the Hpspline curvefitting procedure displaying the overall trend in the CO, (A), O, (B), and
APO (C) observations for the study perios, 1992012. Input data represents the monthly means of the atmospheric
concentrations.
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Figure 4.3. Results from the Hpspline curvefitting procedure displaying firstly the de-trended, seasonal component of the CQA), O, (B) and APO (C) observations, and secoriyl
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4.3 Identifying NPP and ventilation events from atmospheric observations

4.3.1 Annualvariability of identified events
A total of 78 events were identifigdroughout the 19992012 periodFig 4.5),corresponding to an

average of 6 recorded events per year. However, the recorded events were not evenly distributed
throughout the study pedaas displayed ifrig 4.6A. For example, in 2007, 21 events were recorded,

the most of any year within the study period. This contrasts with the following year (2008) when only
one event was identified. Consequently, when attempting to interpret theodakes fwhole study

period, some years will have a greater influence on the final result compared to others and therefore
caution must be taken when drawing conclusions about the full dataset. As such, a year with a
particularly large number of events reded does not necessarily mean that oceanic carbon cycle
processes within the vicinity of Baring Head were more active during this period, although this is one
interpretation, but rather that more events wereorded and may therefore be down to more
favourable identification conditions.
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Figure 4.5 Total number of NPP (green) and ventilation (blue) events identified in the study period (199812).

The number of events recorded that were assumed to be reflecting NPP (52 eventsice/¢hatteaf
those assumed to be legdting ventilation (26 events) (Fig 4.b)interpret this to indicate that the
atmospheric @and CQ observations at BHD are more greatly influenced by regions of NPP than
regions of ventilation. This reflects the @ogproximity of BHD to regions of the Southern Ocean
where NPP ishigh (3°S) compared to regions ofentilation (50°S) (Takahashi et al., 2012).
Furthermore Nevison et al., (2005) showed that the seasonal cycle, at Gape Grim, Tasmania,
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after removilg the terrestrial biosphere component, is more influenced by NPP than it is by
ventilation of Q poor deep waters. Therefore, given the proximity of BHD to Cape Grim, one would

expect a stronger NPP signal in the APO observations.
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Figure 4.6. Frequency of NPP events (green) and ventilation events (blue) identified by year (A) and by month (B). In
plot B, the frequency of events is displayed as a positive number for NPP events to represent the increase in APO
over the event period and @éplayed as a negative number for ventilation events to represent a decrease in APO over
the event period.
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One of the major difficulties in identifying events was the variabdityhe wind direction at BHD

Fig 4.7shows that-56% of air arriving aBHD is from a northerly direction 3440°, with air having

to cross the North Island before reaching BHD and will therdfeiafluenced by gas exchange with

the terrestrial biosphere. Only 35% of the winds arrive from a southerly directior2{D2)) which

from the point of view of iderfiying events, means that only %@5of the record is sampling clean
ocean air originating from the Southern Ocean. Nonetheless, the distribution of wind directions did
vary from year to year and as such, some years werefaxangrableto event idetification due to air
masses originating me frequently from areas of tleeean. For example in 2007, the yearhilie

most events identified (21wind distributiors displayedan increase in the frequcy of winds
arriving from 270-360° which covers the area of the Tasman Sea (19%) compared to the full dataset
(119%).Whereas for 2008, when gnbne event was identified the majority of the wir{@6%) came

from 0-20°, deriving from the North Islanénd had a higher occurrenoé carbon cycle events
relating to terrestrial biosphere gas exchange.

Wind Direction Of Air Arriving at Baring Head, 1999-2012
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Figure 4.7. Wind direction of air arriving at Baring Head for the period 1999-2012. Wind direction is displayed in
degrees (°) and the frequency from each 10° bin éisplayed as a percentage

The interannual variability of APO(Fig 4.3F) suggested tha@iPP in 2007 was particularly
productive. As shown in Fig 4.6/2007 was the year with the most NPP events identified (16) and,
considering that more air was beiraggpled from the Tasman Sea, a particularly productive region of
the ocean surrounding New Zealand (Baird et al., 2008), this appears to explain the increase in APO
observed in this year. However, the irt@mual variability of APO did not display any psak 2009

and 2010, the second and third most freqidPR event identificatiogears and so caution must be
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taken with the above interpretation for NPP event frequency in 2007. Additionally, there is no
indication in the ventilation event frequency tltain explain the troughs in the APO intamual

variability in 2003, 2006 and 2009. There is a relatively even spread in the ventilation events
identified across the study period with 2006, 2007, 2010 displaying the most identified events.
However, givenhie small sample size of ventilation events (26) it is perhaps not surprising that the

inter-annual variability in APO is not captured.

4.3.2 Monthly and seasonal variability of identified events

Fig 4.6Bdisplays the frequency of the respective event typexrded in each month of the year. In
contrast to theesults for events recorded lygar, no sampling bias is thought toiséXfor those
recorded by month. Although samplingnditions conducive to event identificatioray be variable
between thesame morits of different years and from month to month of the same (ger to the
variability of winds deriving from oceanic regionshe results presented by month are averaged over
the full 13 year dataset and so it is presumed that any sampling bias isbieeghg such the
frequency of a particular event in a particular maetassumed toepresents true seasonal variations
in oceanic cartin cycle event activity. Howevga bias is introduced by the fact that twice tiuenber

of NPP events wenecorded ompared to ventilation events and hence the seasonal variation is better
represented ithe NPP events compared to vertiiten events.

The highest number of NPP events were recorded in January and March (8 events each) and the
lowest in June and Septemb@r event each). The highest numbers of ventilation events were
recorded in Octodr (7 events). No ventilation events were found in March, April or June. Again, this
distribution may be reflecting the deficiency in the number of ventilation events féotedowest
number of events identified for both event types were recorded in June. This may reflect the fact that
this time period is during the southern hemisphere winter and thus light available for photosynthesis
will be low. Furthermoreseaice aroundAntarctica begins to fornduring this period (Takahashi et

al., 2012) potentiallovering regions of ventilation and therefatgpressing aisea gas exchange.
Furthermore there is an increase in the number NPP events recorded between September and
October. This could plausibly be driven by the spring phytoplankton bloom due to both an increase in
light availability andin the nutrients supplied by mixing afeep vater with surface waters during the
previous winterThe ventilation signal is consistenith this interpretation (highest number of events
recorded between September and November), and althaugigrns assumed to occur in the winter,
air-sea exchange does not occur until the spring due to the persisieribe sedce larrier
(Takahashi eal., 2012).

To investigate the seasonal variability furthebinned the number of eventdentifiedinto 3 math
seasonal bins, whereby DecembBanuaryrebruary (DJF) represents theuthen hemisphere

summer, MarckApril-May (MAM) represents autumn drso on(Fig 4.8A).1 took the mean
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magnitude of APO change over t he dinreach season, of t h
where positive values indicate NPP and negative values indicate ventilation. The highest number of
NPP events were recorded in the summer months (DJF) (n=17) whilst the lowest were found in the
winter months (JJA) (n=9). hiis is consistentvith the seasonal cyclef NPP within the region

(Nevison et al., 2005)Ihe highest number of ventilation events were recordedeirsphing months

(SON) (n = 15)whereas the lowest number of events were fountlearattumn months (MAM) (n =

1). This alsoagrees well with the ventilation seasonal cycle in the Southern Ocean derived,fbom N
measurements made by Nevison et al., (2005).

To determine the significandethed i f f er ence bet ween the mean @APO
a twotailed statisticht-test, assuming unequal sample variances. The results for each seassn ver
another are shown in Table 4Tlhe most significant difference, at the 9%¥%nfidencelevel, was

found between MAM (autumn) and SON (spring) (P = 0;680.01). This further @roborates the

fact that Dboth the event frequency and event @A
seasonal cycle in APO that typically shows a peak in late summer, early autumn and a trough in late
winter early spring for theouthern hemidgere (Nevison et al., 2005).

Table 4.1. Results from the twotailed statistical t- test, assuming unequal variances. The seasons are represented by 3
month bins where DJF = summer, MAM = autumn, JJA = winterand SON = spring.

Season MAM JIA SON

DJF P =0.023 P =0.963 P =0.053
MAM NA P=0.144 P =0.001
JJA NA NA P =0.199

4.4 Characterising NPP and ventilation events

4.4.1 Magnitude of APO change®lPO)
When seeking to characterise the carbon cycle events under investigation | decided to investigate

whether the events recorded displayed a typeePO. The results are displayed kg 4.9A Both

NPP and ventilation events displayed similar values for the rmapdrstandard deviation gfAPO:

50.1+ 33.9 and 49.7+34.0 per meg respectively. The total rangdR® recorded was 2.8 to 149.6

per meg for NPP, whereas for ventilatimalues ranged between 11.4 and 164.0 per meg. The fact
that the meampAPO for both NPP and ventilation are ~50 per meg is an interesting reisik it

opens up the opportunity to develop a programming routine that automatically selects for events.
However, the magnitude ofAPOis controlled by the event duration, which is typicallyiuehced

by the variability of the wind direction of air arriving at the site.

A more convenient midc to characterise the carbagycle events, therefore, is by the rate of APO
change over the event periagPO/t) (Fig 4.9B) The rate of APO change is neodirectly related to
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the dissolved @concentration within the ocean, whereby hjgb, concentationswould drive an
increase in theate of APO change compared to that of low dissolvedddcentrations (assuming a

constant wind speed and therefore gasdfer velocityWanninkhof, 1992)

The most commopAPO/t value for ventilation events was <1 peggthr, accounting for 26.9% of
the events recorded with a range between 0.1 andpet.fmeghr’(Fig 4.9B). NPP events on the
other handdisplayed a typicalpAPO/t value of between 2 and 3 per meg/hr accounting for 19.2% of

the events recordedith a range between 0.2 and 24.7 per meg. hr

| believe the difference in thepAPO/t between the two event types reflects the differing spatial scales

for gas exchange between the ocean and atmosphere for the respective carbon cycle processes. NPP is
focused inthe euphotic layer of the ocean, typicallytire top 10e200m.O, produced as a result of

NPP will therefore be concentrated in #gphotic zone and will thudrive a relatively large flux of

O, to the atmosphere. Conversely, mixing and ventilation epdeater masses occurs over the full

MLD, which can vary betweefl and 1500 m Hence, a decrease in @riven by ventilation of deep

water masses will occur over a larger depth compared to changes in dissptirae®by NPP. The

relative flux of Q into the ocean from the atmosphere will therefore be less for ventiledimpared

to NPP.

4.4.2 0,:CO, molar exchange ratio.
One of the primary aims of this study wagletermine whether a common:00, gas exchange ratio

could be found for gas fluxes between the ocean and atmosphere driven by NPP and ventilation. If a
common exchange ratio could be found then it would aid in the identification of carbon cycle events

found in other atmospheric,@nd CQ observations from across the globe.

Fig 4.10Adisplays the full range of £CO, ratios found in this study. Since the exchange o

CO, are presumed to be occurring in opposite directitims exchange ratio should begaéve.
However, as shown blyig 4.10A many of the events recorded displagifige values as a result of
O, and CQ changes occurrgnin the same direction. This result is not surpridiogiever, since the
exchange time for C{between the atmosphere is much slower than that féB@ecker and Peng,
1982; Keeling, 1988; Bender and Battle, 1988) so over these short event periods (hours to days)
the Q and CQ exchange becomes uncoupled. Hence, thedb@nge recorded over the event period

is not necessayi reflecting changes @utocarbon cycle process.

Fig 4.10Ashows that the majority of events display a ratio betw2érand 20. | therefore examined

this subpopulation further for each respective event type and further converted all ratio values to
positive numbers to detmine if a common exchange ratio could be found for each particular event

type (Fig 4.10B).For NPR the largest number of events (9) displayed a ratio between 2 and 4, with a
mean for this suipopulation 0f6.8 4.3 andwith a range between 0.7 and 19.1hékeas for
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ventilation the largest number avents (12) displayed a rati@tween 210, with a mean of 7.5%2

andwith a range between 2.5 and 16.0. The mean ratios found for NPP and ventilation represent 23%
and 46% of the events identified, respectively, and are therefogestiug of a common exchange

ratio for these processes. However, at this level of analysis | cannot firmly conclude there is a
common exchange ratio. The sample sizes of the events recorded are too small to deduce this (52 NPP
events; 26 ventilation events-urthermore, the differing timescales of exchange would suggest that a
common ratio cannot be found for these events. Nonetheless, this analysis is suggestive of a common
exchangeatio and so with further analysesn a larger dataset,®mmon gas exXmange ratio may

indeed bdound.

4.5 Conceptual model of airsea gas exchange
The purpose of my conceptual model iasletermine whether the carbon cycle events identified in

the atmospheric £and CQ observations could be reconciled with external datdsatslso have the
potential to characterise carbon cycle processes. Hence, NPP events, defined by an increase in APO
over the event duration in the atmospheric observations, were compared to satellite estimates of NPP
derived from the VGPM model of Belmield and Falkowski (1997). Ventilation events, defined by a
decrease in APO over the ewv@erved fdlommp@rafilesnnthewe r e
region (Garcia et al.,, 20108s a result of mixing of dedp,-depleted water masses with more
oxygenated surface watemshich wasdefined by areas of ocean exhibiting a deep MLD estimated
from Argo float profiles (Hosado et al., 2010). The conceptual model was only tested on events
identified in the period 2008012. Before this period, a differenesof meteorologicalnput files had

to be used in the Hysplit_4 model bachjectory analysis and would have therefore introduced an
unnecessary error in my analysis. Consequently, 43 NPP events (83% of total) and 15 ventilation

events (58% of total) werused in this section of the analysis.

4.5.1 Origin of ar masses arriving at Baring Head

To display the results of the Hysplit_4 air mass Baajectory analysis, | divided the oceanic regions
surrounding BHD into 4 sections: Tasman Sea, Pacific Ocean, -Bfgh Southern Ocean and
SouthEast Southern Ocedfig 4.11A) The majority of the air masses arriving at BHD originated
from the Southern Oceaaccounting for69.8% of NPP event trajectories and 86.7% of ventilation
trajectories(Fig.4.11B) This confirms the idealocation for atmospheric sampling of the Southern
Ocean that BHD provides. Furthermore, it is interesting to note that 18.7% of NPP trajectories
originated from the Tasman Sea compared to ventilation trajectories (6.7%) and thegdflighthi

the importance of this region with respect to NPP (Baird et al., 2008), as discussed previously in
Section 4.3.1.
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4.5.2 Testing the conceptual model

4.5.2.1 Net Primary Productivity (NPP)

The results of the conceptual model estimate of NPP, derresad the change in APO over the
duration of each event, compared to the observed NPP derived from the satellite NPP estimate from
the VGPM of Behrenfeld and Falkowski (1997) are displayeBign4.12 My model overestimated

the mean NPP by laast one ordenf magnitude. Despite this clear overestimation in the mean NPP,
there should still be a positive correlation in the data, assuming that the change in APO over the
duration of the event reflects the mean sea to air flux,oht®grated over the distanoé ocean that

the air mass baekajectory covers (the wind fetch, L #quation 1)That is to say, that a larger
PAPO wi || result in a | arger mo d e | NPP esti mat e
derived from satellite observations. Howeveis ttloes not appear to be the case as shown by the
weak positive correlation R= 0.0011) inFig 4.12A.To see if this correlation coefficient could be
improved, | removed 4 data points that displayed the highest overestimate of mean NPP, these were
taken to be values >50000 mg Cir™. This only improved the correlation slightly however (R

0.0043).

To examine the reliability of the model furthécompared the model NPP estimate to the maximum
NPP values recorded by satellite observations within the oceanic region defined bynthesabrack
trajectory analysidrig 4.12CGD show the results of thisomparison for all of the data and with the 4
anomalous data points, defined above, removed. The correlation between the model and the maximum
observed satellite NPP values is greatly improved, compared to that for mean, when all of the data are
considerd (RP= 0.35) and further improved by removing the anomalous pofs(B9). This implies

that the change in APO recorded over the duration of an event reflect the sea to air flonlyfi®

the region of maximum NPP, rather than the meanfl@ estimded across the entire area of
influence defined by the badkajectory analysis. This interpretation is intuitive because in regions of
high NPP the sea to air flux of,@ill be greater than in regions of low NPP since the sea to air flux

of O, is proporional to its dissolved concentration (Wanninkhof, 1992). This insight has important
implications for the parameterization of the conceptual model. It implies the wind fetch (L) used in
the flux calculation should be estimated only from where the air nadsttajectory intersects the

region of maximum NPP, defined by the satellite observations, rather than those estimated over the

entire kength of the backrajectory.

4.5.2.2 Ventilation
The results of t he c ony,ceoprtpuaa le dma doe;lvalbessderivedkadt e pock

from both pQ depth profiles and MLD estimates are displaye&im4.13 As mentioned, a total of
15 ventilation events were identified in the period 20062. However, 3 of these events were

discarded when the results of the baeedory analysis indicated that the air mass arriving at BHD
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Figure 4.12 Results of the conceptual model test for NPP events. Plotisplays the model NPP estimate compared to the mean satellite NPP estimate for all events in the 22
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had not travelled over regions of ocean exhibiti
ventilation processes. Theseeats are not included g 4.13.

My model consistently overestimates the observed decrease,idugCto ventilation (Fig. 4.13).
Further mor e, no correl ati on,estimate ahdethe bhsarved If rhye t we e
model was parameterizexbrrectly, then one would expect to see a positive correlation between the

mo d e | e st i naadthe obsaervied sipge ©ne would expect ventilation of-@egeficient

waters to drive a flux of &from the air to the sea and théore a decrease in AR@uld be observed

as the air mass arrives at BHD. There are two interpretations that could explain this lack of correlation
within the data. Firstly, the dateet is too small, with only 12 events being used in the analysis. This

is not a large enough @eset to assess correlations within the data. Conversely, it could be that the
conceptual model is not parameterized correctly. The flux calculation used my (Eqgdation 1)

assumes that the change in APO concentration is being influencedssaajas»xxhange across the

entire length of the trajectory, as it is in my NPP model. As with the NPP model, this is not a correct
representation of what is actually happening in the real world. The air parcel recording the decline in
APO will be more influencedybspecific regions where ventilation is occurring, rather than being
influenced by the entire area of ocean defined by the-trajgctory analysis. Therefore, as was
discerned from analysis of the conceptual model for NPP, it seems more applicabledatdetvind

fetch (L) only over the region where the-aiass bacitrajectory intersects the region of deep MLD.

Furtherdiscussion on the limitations of my modebisen inSection 4.5.4

Model ApO, Estimate Due to Ventilation vs Observed ApO,
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Figure 4.13. Displaying the modetpp &2 st i mat e from ventil ation ewvwletweesthe ompar ed

surface and the MLD at the assumed region of ventilation.
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4.5.3 Example NPP and ventilation events
The following section displays an example of a NPP and a ventilation event idewntthedmy data

analysis. | will provide evidence of how both events were identified, followed by the results of their
air mass backrajectory analysis displayed over a map projection of satellite NPP and MLD data. |
will then show how the data fed into ngonceptual model. As defined iBection 3.2.2 the
conceptual model was based on the atmospheric
similar analysis to mine blueker et al.,(2003, Thompson et al.(2007 and Yamagishi et al.,
(2008):

C

O Equation 1 (for a definitioof the variables refer back to Section 3.2.2

Fig 4.14displays the NPP and ventilation events identified from atmospheric observations of APO.
The NPP event begins at 12:42 on tfleBNovembe, 2010 and ends on the"at 10:37, giving an
event duration of 69.9 hours. The magnitude of APO change is observed to be 100.9 per meg. The
ventilation event begins at 10:20 on thd'2uly 2006 and ends, on the same day at 23:47, giving an
eventduration of 13.5 hours. Thedhy air mass baekajectory begins half way through the event
duration and therefore begins at midnight on tH&Ndvember for the NPP event, and at 5pm on the
27" July for the ventilation event. For the NPP event, tiselts of the back trajectory analysis were
imported into an image of thediy average satellite NPP estimates spanning the pefidd™3
NovemberFig 4.15A For the ventilation event the results of the back trajectory analysis were
imported into an imag of the MLD for the period 24 July to 2° August, derived from Argo float
profile data (Fig 4.15B)As was defined in Section 3.2 Restimated the wind fetch, L, from the path
length of the entire air mass baitkjectory. The wind fetch for the NPRemt was therefore 4339km,
whereas for the ventilation event it is 2775km.

For the NPP event identified, the flux of @om the ocean to the atmosphevas0.61 mol Q m?

day'. Assuming this @flux is entirely due to NPP, | convert the flux to a flux of carbon, assuming

an exchange ratio ¢CC) for phytoplankton photosynthesis of 1.4 (Anderson, 1995). Hence, | derive a
result of 0.43 mol C thday", which corresponds to a mass flux 5190 mg €day'. The mean
satellite productivity estimate foné entire region of influence defined by the air mass back trajectory
is 588492 mg C fhday", significantly below my model estimate. However, the maximum satellite
productivity estimate derived from the region of influence is 3137 m¢@ayi', whichagrees better

with my model flux estimate and is the same order of magnitude. As was discussetian 4.5.2

the maximum satellite NPP estimate is a better metric to compare my model to becaisésass

will be more greatly influenced by regioashigh NPP.
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For the ventilation event identified, the flux of fftom the atmosphere to the oceanli$ mol Q m?
day’, the value is negative because the flux is into the ocean. However, unlike the NPP calculation,
the ventilation @ flux has to be converted to pOrhe flux of aparticularspecies into the ocean is

related to its dissolved concentration by thetgassfer velocity:

& +# Equation 2 (se8.2.2for a definition of the variables).

Using this equation, | obtain &p for the ventilation event 065.83 ml I'. This value is assumed to
represent the change in the surface watergs( result of the upwelling and ventilation of a d@gp

hTais valae wastliee dirfdgeampared to the p O
difference between the p@t the surface and at the depth of the mixed layer through examining a

deficientwat er mass and i s

crosssection of typical monthly pOprofiles, derived from the World Ocean Atlas, 2009 (Garcia et
al., 2010) across the region of inflwer(Fig 4.19. Fig 4.15Bdisplays that the deepest MLD is at 657

deci bar s, equi valent to 670m, at a latitwde of ¢
in the pQ plot shown inFig 4.16.At the MLD, pQ, = 5.51 ml I', whereas at the surfap®, = 6.35
mil', correspopa-D®aniit o Asps®ated before, mby model
just under 1 order of magnitude.
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Figure 4.14. Identification of a NPP event during the week starting on the'5November 2010 and of a ventilation
event during the week startingonthe2fJ ul'y 2006. The ®APO and t values used in
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Figure 4.15. Results of the airmass back trajectory analysis for the NPP ever(A) and the ventilation event (B)
overlaid onto a map projection of satellite NPP estimates (mg C fiday™) (A) and of MLD estimates (dbar) (B).
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