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Zusammenfassung:

Die Eigenschaften des Meerwassers im Ozean sind nicht gleichmalig védmikmale in
verschiedenen Regionen und Tiefen unterscheiden sich erheblich. Das Verstandnis der Verteilung und
Variation von Meerwasser spielt eine wichtige Rolle bei der Untersuchung der thermohalinen
Zirkulation des Weltmeers oder der Vorhersage von &inderungen. Ein Meerwasserkérper, der aus
einem bestimmten Gebiet stammt und eine gemeinsame Formationsgeschichte aufweist, hat immer
ahnliche Eigenschaften, und ein solcher Wasserkorper wird als Wassermasse definiert. Der
Quellwassertyp definiert die Egschaften der urspriinglichen Wassermasse im Formationsbereich.
Die Eigenschaften der Wassermassen bleiben nicht konstant, sondern verédndern sich entlang des
FlieRweges aufgrund biogeochemischer Anderungen und auch aufgrund der Vermischung mit
umgebenden \Assermassen, so dass @igtimal Multiparameter@MP)-Methode zur Untersuchung

der Verteilung der Wassermassen erforderlich ist. Bei der -OM#hode werden die besten
Komponenten und Anteile von mehr Wassermassen berechnet, indem die Wassereigenschaften
(potentielle Temperatur, Salzgehalt, Sauerstoff, Phosphatnitrat und Silicat in dieser Studie) analysiert
und die Gleichungen des linearen Mischens ohne Annahmen gel6st werden. Mit den Anwendungen
von transienten Tracern (wie: CHAR und SE) kbnnen Wassermasn markiert und ihr mittleres Alter
(Zeitaufwand wahrend des Pfads vom Formationsbereich) berechnet werden. Durch die Kombination
der Verteilungen und des Durchschnittsalters kdnnen die Transportzeit und die Geschwindigkeiten der

Wassermassen geschatzreen.

Das Hauptziel dieser Arbeit ist es, die Verteilungen und Transporte der Hauptwassermassen im
Atlantik in den letzten Jahrzehnten auf der Grundlage der Beobachtungsdaten dishkEnOcean

Data Analysis Projectersion 2 (GLODAPvV2) Datensatzabzubilden und so den hydrologischen
Hintergrund und die theoretische Grundlage fir weitere biogeochemische Forschung (z. B.) zu
schaffen : der Luftungsprozess oder der anthropogene Kohlenstoffkreislauf) im gesamten atlantischen
Mal3stab.

Im Allgemeinen sid die Wasserséulen im Atlantik in vier vertikale Schichten unterteilt, basierend auf
der potentiellen Dichte. Die obere Schicht hat die niedrigste potentielle Dichte von weniger als 27,0
kg - m® und enthalt vier zentrale Wassermassen, daruBtest NorthAtlantic Central Water
(ENACW), West North Atlantic Central Waten\NACW), East South Atlantic Central Water
(ESACW) und West South Atlantic Central WateWWSACW). Die zentralen Gewasser werden
wahrend deSubduktionim Winter gebildet und dominieren diebere Schicht mit der linearenS
Beziehung als gemeinsames bemerkenswertes Merkim&aFormationen und Transporte werden von
den Stromungen in der flachen Schicht beeinflusst und bilden schliel3lich innerhalb von 1200 m ein
relativ ausgepragtes Gewasskn. Allgemeinen sind zentrale Gewasser in den Regionen naher an

ihren Formationsgebieten verteilt, und in der vertikalen Skala haben &stliche zentrale Gewasser



(ENACW und ESACW) eine relativ hdhere potentielle Dichte und liegen unterhalb der westlichen
zertralen Gewasser (WNACW und WSACW). In Bezug auf die Zeit haben Zentralgewéasser auch das
niedrigste Durchschnittsalter innerhalb von 50 Jahren. Das bedeutet, dass sie wahrend ihrer
Formationen und Transporte keine komplizierten Ausbreitungsprozesse dunenmagssten.

Die Zwischenschicht befindet sich unter der oberen Schicht mit potentiellen Dichten zwischen 27,0
und 27,7 kg - m. Ahnlich wie bei zentralen Wassermassen stammen auch die intermedigren
Wassermassen aus den Subduktionen, aber tiefer inadie Ziischen 10602500 m und Strémungen

in dieser Schicht haben offensichtliche Auswirkungen auf die Verteilung und den Transport. Im
Atlantik werden zwei Hauptzwischenwassermassen defirsetharctic Intermediate WateBAIW)

aus dem Norden unéntarctic Inter Mediater WaterAAIW ) aus dem Siden. Beide Wassermassen
bilden sich in der Oberflache der subpolaren Region und sinken auf ihrem Weg in die unteren Breiten.
Neben AAIW und SAIW wirdViediterranean Overflow WatéMOW) aufgrund der ahnlichen Dichte

und Tiefe auch als intermediare Wassermasse definiert. Die MOW stammt aus dem Osten des Golfs
von Céadiz und breitet sich sowohl nach Norden in das westeuropaische Becken als auch nach Westen
aus, um den Mittelatlantikkamm zu passieren. Im Vergleich zu detralen Gewassern weisen
Zwischengewdasser mit ~ 400 Jahren ein viel hoheres Durchschnittsalter auf. Dies zeigt, dass sie viel
langer brauchen, um sich vom Formationsbereich bis zur endgultigen Verteilungsposition zu

verbreiten.

Die tiefe und Uberlaufschithiegt unterhalb der Zwischenschicht mit einer Potentialdichte zwischen
27,7 und 27,88 kg - 8. North Atlantic Deep WaterNADW), die vorherrschende Wassermasse in
dieser Schicht, wird hauptsachlich im Labra@ee und im IrmingeBecken gebildet. Die Bildung

von NADW ist das Mischen vohabrador Sea Water.§W), IcelandScotland Overflow Water
(ISOW) und Denmark Strait Overflow WateDSOW). In dieser Studie wird zwischen oberen NADW,

die von LSW stammen, und unteren NADW, die \&®OW und DSOW stammen, unterschieden.
LSW ist in der Mitteltiefe zwischen 1000 und 2500 m in der Labr&dmRegion vorherrschend,
wahrend sowohl DSOW als auch ISOW aus dem arktischen Ozean und den nordischen Meeren
stammen. Nach der Bildung breiten sidie oberen und unteren NADYBebiete entlang des DWBC

im Stden und die Wirbel im Osten aus. Der Transport von NADW ist ein langer Prozess mit einem

Durchschnittsalter von ~ 500 Jahren.

Die Bodenschicht, die von Bodenwassermassen eingenommen wird, ishtdistar Schicht der
Wasserséaule und ist mit potentiellen Dichten von mehr als 27,88 k@ definiert. Die unteren
Wassermassen in dieser Schicht haben ihren Ursprung im Stdpolarmeer und zeichnen sich auch durch
ihre hohen potentiellen Dichten und Silikkahzentrationen augntarctic Bottom Water AABW),

das in der Weddell Sea Region gebildet wird, ist die Hauptwassermasse des Bodens durch das
Mischen vonCircumpolar Deep WateilCODW) und Weddell Sea Bottom WateW(SBW). Nach der

Formation breitet sich AAB/ nach Norden aus und leidet nach dem Uberqueren des Aquators an
v



einer starken Abnahme der Silikatkonzentration. Dies ist der Grund, warum AABW, der den Aquator
hinter sich hat, als neue Wassermagetheast Atlantic Bottom WateiNEABW) definiert wird.
AABW und NEABW dominieren die untere Schicht des Atlantiks und bedecken den grofiten Boden
des Sud und Nordatlantiks. Der Transport von AABW in Richtung Norden sowie von NADW in
Richtung Suden ist ein weiterer langjahriger Prozess mit einem Durchsclenittsalt~ 500 Jahren.
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Abstract:

Properties okeavater in the ocean are not uniformly distribut€tharacteristics imlifferent regions

and depths are significantly differeltnderstanding of the distribution and variatiorsefater plag

an important role in investigating the thermohaline circulation of the world ocean or predicting climate
changesA body of seawaterthat originates in a particular area and shares a common formation
history always has similar properties and such a water body is defined as a watSauesswater

type defines the properties of the original water mass in the formationTéiegropeties of water
massesio not stayconstantout change along the flow path due to biogeochemical changes and also
due to the mixing with surrounding water masseghat the OMP method is required to investigate
the distribution of water mass@die OMP methd is to calculate the best components and fractions of
more water masses by analyzing water properties (potential temperature, salinity, oxygen, phosphate
nitrate and silicate in this study) and solving the equations of linear mixing without assumpfitbns.

the applications of transient tracéssich as: CF2 and SE), water masses can be labeled and their
mean ages (consuming time during the pathway from formation area) are caldd@atddning the
distributions and mean ages, the transport timevalatities of water masses candstimated

The main goal of this work is to map out the distributions and transportations of main water masses in
the Atlantic Ocean in the past few decades based on the observational daB@dbamOcean Data
Analysis Projectversion 2 GLODAPvV2) dataset thus providing the hydrological background and
theoretical basis for further biogeochemical research (for instance: the ventilation process or

anthropogenic carbon cycle) in the whole Atlantic scale.

In general, the wat columns in the Atlantic Ocean are divided into four vertical layers based on
potential density. The upptayer haghe lowestpotential densityower than 27.0 kg-fMand ontains

four central watemasses, includm East North Atlantic Central WateENACW), West North
Atlantic Central Water WNACW), East South Atlantic Central WateESACW) und West South
Atlantic Central Water WSACW). The central watersare formed during winter subduction and
dominate the upper lay®ith thelinear T-S relationshipmsa common remarkable characterisfitieir
formations and transports are influenced by the currents in the shallovatad/&nally forma relative

distinct body of watewithin 1200m In generalcentral waters are distributed in the regions closer to
their formation areaandin the vertical scalegastern central wate(ENACW and ESACW) have
relative higher potential density and are locateglow western central waterVNACW and
WSACW). From the time perspective, central waters also have the lowest mean ages within 50 years.
That means they did not experience complicate spreading processes during their formations and

transports.

The ntermediatedyeris located below the upper laywith poterial densities between 27.0 and 27.7

kg-m®. Similar with central water masseset intermediate water massalo origins from the
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subdudibns but deeper into intermediate depth between -1800mand currents in this layerlso

have obvious impacts dhe distribution and transport. In the Atlantic Oceavo main intermediate

water massesre defined Subarctic Intermediate WateSAIW) from the north andAntarctic
Intermediate WaterAAIW ) from the southBoth water masses are formedtire surface fosub-polar

region andsink during their way towards the lower latitudeBesides AAIW and SAIW
Mediterranean Overflow WateMOW) is also definedas an intermediate water magsge to the

similar density and deptihe MOW originates from the east in tBeilf of Cadizandspread$othto

the nortlwvardinto the West European Basindwestvardto passthe Mid-Atlantic-Ridge.Compared

with the central waters, the intermediate waters have much higher mean ages with ~400 years. This
shows that they take a much longer time to spread from formation areas to the final distribution

position.

The deep and overflow layées below tle intermediate layer with potential dendigtween 27.7 and
27.88 kgm™. North Atlantic Deep WaterNADW), the dominate water mass in this layisrmainly
formed in the Labrador Sea and Irminger BaSihe formation of NADW is thenixing of Labrador
SeaWater (SW), IcelandScotland Overflow Waterl$OW) and Denmark Strait Overflow Water
(DSOW). In this study,a distinction betweempper NADW, which origins from LSW,and lower
NADW, which origins from ISOW and DSOW4 taken LSW is predominant in midepth between
1000 and 2500m in the Labrador Sea region while both DSOWS@OW originate fromArctic
Ocean and the Nordic Seas. After formation, upper and IBA&W spreadand dominate the most
area of the deep Atlantic Ocean along Breep Westeroundary Current@WBC) to the south and
eddies to the east. The transport of NADW is a long process with mean ages of ~500 years.

The bottom layer that occupied by bottom water masses is the lowest layers of the water column and
defined with potential desities higher than 27.88 kg-inBottom water masses in this layer have an
origin in the Southern Ocean and are also characterized by their high potential densities and silicate
concentrationsAntarctic Bottom Water AABW) formed in the Weddell Sea regios the main

bottom water mass, through the mixingGQifcumpolar Deep WateCDW) andWeddell Sea Bottom

Water WSBW). After the formation, AABW spreads northward aswdfers from a sharp decline of
silicate concentration after crossing the equakbat is the reason whpABW that past the equator is
defined as a new water mallertheast Atlantic Bottom WateNEABW). AABW and NEABW
dominate the bottom layer of the Atlantic Ocean and cover the most bottom area of south and north
Atlantic respectively. Theorthward transport of AABW, as well as southward NADW, is another

long time scale process with mean ages ~500 years.
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Chapter I: Motivation sand Scientific Background

1. Introduction
1.1 Scientific Background of Water Mass

1.1.1Cognition Progress to Marine Science

The vast and deep oceas a familiar but still mysterious topicThroughout the ages,
countless seafareragdventures and scientists spent tihdifelong effortin hoping to conger

the ocean or to experience itg/steries Early understanding of the ocean can be tracazk ba

to the ancienHoly % L E @ikl Gogl called the dry land Earth; and the gathering together of
the waters calledhe Seas: and God saw that it was ghdd *H Q H V L ®Bincéoth&O H
curiosity to the ocaahas never stopped and for a long tiemthusiasnirom human for the
exploration did notsubsided, bugrows with each passing dayhroughout the history

developmenbf marine science can be roughly divided ifalhowing three periods
Period 1: Acient times to the end of th&th century

The first period can be traced backrh ancient times to the end of th8th centuryHuman
accumulatedknowledgeand experience to the marine in this tibeie to the limitations of
navigation technologyundestanding of the marine during this period is confined to only
exterior observation and simple logical reasonimg.about the sith century BC,ancient
Greek philosopher Thales of Miletbglievedwater as a first principlandthe earth floats in
the vastsea.In the 1st century ADWang Chongphilosopherin Han Dynasty ofChina
history, pointed out the correspondence between tidal movement and moon operation
scientifically. During the Aye of Exploration(from the 15thto the end of the 18th centyry
with the development of navigatioand natural scienceshe accumulation of marine
knowledge has been rapidly develop€xhe of the representative example€aptain James
Cook From 1768 to 177%e made he first batch of data on searfacetemperature$SST)

currents and sea pias, and coral reefs during his three Pacific cruises
Period 2: Bginning of thel9th century anthe middle of th&0thcentury

The second period is betwe#re beginning of thd9th century andhe middle of the20th

century when oceanography was establishdd. this period navigation and observation
1



technology have strongly promoted the establishment of ocesptogwith the development

of machine industryBetween 1872 and876, ChallengeExpeditionwas consideredsthe

real beginnig and the foundation of modern oceanograpftye Challenger made a mulilti
disciplinary and comprehensive ocean observation over more than 120,000 km of voyage and
made a great deal of achievements in ocean meteorology, ocean Geaeatsrtemperature,
chemical compsition marine oganisms and seafloor sedimen@hallenger Expedition
differentiates oceanography from the traditional field of physical geography and gradually
forms itself into an independent disciplirf®ince then, from 19281927,German research
vessel "Meteor" made scientific investigation in the South Atlantic. During this cruise,
electronicacousticsounding methoavas firstly used andheasured more than 70,008ta of
ocean depthandrevealingthatthe botton of the oean is not flat, butariedassurface of the
continent Numbers ofresearch ddevements and publications also came duting this
period. The most classiaeferenceis so-called punsurpassefl JLY H®ver@rup (1942)
(Warren, 1993) This literature made aomprehensie and profound summanyf marine
scienceandis considered as a symbol of oceanography

Period 3: Aftermiddle of the20thcentury

The establishmerst of Scientific Committee on Oceanic Resea(@COR) in 1957 and
Intergovernmental Oceanographic Commisgi@C) in 1960 mark a new/the third period
the development of marine scien@&multaneously, maturity of the detection technology
provides strong technical suppotb oceanographyFor instanceU.S. nuclear submarine
"Nautilus" crossed the North Pole from ice in 1958 US submersible "Trieste 11" dived
deep into the depths 0DP19 meters of the sea in 1960, indidhiat anypart of the ocean
could beconquestby human However, theoo many unknown truthsf the fact also prove
that marinds gill impossibleto grasp by humandhe development adceanography inthis
new period has the followinfeatures Firstly, generalresearch on specifiobservational
phenomena or specifiareasdevelops fromtraditional static qualitative description and
simple causal analysis toward the development of dynamic quantitative angbsisdy,

the combination and penetratiobetweenbranches ofoceanography, even between other
relatedscienceqsuch as rateorologyor geology, come nore frequeny and inevitably and
finally formed series of interdisciplinary highly integrated research topi€kirdly,
tremendous progress has been madthé modernization of marine survey methods and in
the international cooperation imceanographyJust asGLODAPv2 usedin this study, the
datasets composed afiuge numbers ofxpeditiors from multiple countriesln the meantime,

2



the traditionalqualitative description is replaced bgithulated quantitative analysisThe
specific and complex natural entitiase reflected bgimplify and appoximate the simulation
or numerical modelSimulationincreaseghe uncertainty of the resultsut the adantage is
that timeand cost required bgbservation are greatly reduced this study, we also use the
simulation to interpolatealues betweerdata at relativelylong distances to displathe

distribution of key parameters thewhole Atlantic Ocearscale

1.1.2 Classic Investigatiorio the Water Massbased on Physical Oceanography

With the development of observation technology, we faimatipropertiesof seawatem the
ocean are not unifory distributed waters in differentegions and depthare characterized

by different properties like temperatures (T) or potential temperatujessdlinities and
nutrients (for instance Nitrate, Phosphate and Siliceé@ever, similaproperties in a range

of variables can be found arounghrticular regiors or deptts. Water boy of similar
properties and formation areften referred to asa water mass Understanding of the
distribution and variation of water massesthe ocearplay an important role in several
disciplines of oceanography. For instanghile investigating the thermohaline circulation of
the world ocean or predicting the climate chanfgeeg. Haine and Hall, 2002; Poole and
Tomczak, 1999)Particularly important is the concept of water masses for biogeochemical
and biologicakpplications where the transformation of properties over time can be viewed in
the water mass framgork. For instance, the formation of Denmark Strait Overflow water in
the Denmark Strait could be described using mixing of a large number of water fnasses
the Arctic Ocean and the Nordic S€dasinhua et al., 2009)n a more recent worlGarcia
Ibanez et al. (2015¢onsidered 14 water masses combined with velocity fields to estimate
water mass in the north North Atlantitullion et al. (2017used water mass analysis in the
Mediterranean Sea together with measurements of dissolved Barium to better understand the
dynamicsof dissolved Barium. In this paper we use the concepts and definitions of water
masses as given Byomczak (1999jhat reviews the theoretical and applied aspects of water

mass analysis.

The definitionof awater masss the whole body oivaterthatoriginates in a particular are of
the ocean with a common formation history. Th& Biagraminvented by HBandHansen,
was recognized for a long time as the most important tool and the most effeethadnfor
analyzing water masSeawater fromhte same ater masshares common properties such as

temperature (T) or potential temperaturg dnd salinity (Sthatis distinct fromsurrounding



bodies of wate(HellandHansen, 1916)And a water mass l&a measurable extent both in
the vertical and horizontal, and thus a quaatife volume. Sincea water masss always
surrounded by other water mass#égere will be mixing (both along and across density
sufaces) between the so that away from the formation regions one tend to find mixtures of
water masses with different propertie@mpared to the ones in the formation area. Early
work by Jacobser(1927)andDefant (1929)llustrated the application of-B relationship in

the oceanographyn particular Defant (1929¥urther clarified the definition of "watenass"

by reference to the definitionf "air mass'in meteorology According to his definition, water
mass is alimited or unlimited volume of water that containkar and constan{or

conservative) physical and chemical characteristics (syd¢braperture and salinity).
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Fig 1.1 FSdiagram of water sampldsased on cruise frorA16 section in 2003
(Expocode: 33R0O20030604n)the NorthAtlantic Ocean

With the continuous deepening of understanding and research, the definidevatdrmass

is also constantly improvingn the history of researcko water massthe predecessors
provided us with many precious experiences and the sethulseare still of great reference
value For instance,Wist and Defant (1936and Wist and Defant (1936)lustrated the
stratification and circulation of water masses in the Aita@cean based on the observational
date from Meteor Cruise 1928927. h 6Y HU G lxet&Ur4/ physical, chemical and
biological propertiesn the ocearare described in detalater mass refers to a relative large
body of watefformed in a defined ase(formation areeof the ocean ahhas unique physical,
chemicaland biological properties. These propertiemainalmost constardnd continuously
distributed for a long periodndspread with tts water mass aan important featureandsuch
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properties are defined as the Source Water Type (SWT) of this water maskardvital
role in thefollowing investigations.The detailsabout relationship between water mass and
SWTwill be described in the negéction

In the meantime, howevegverdruppointed out in his literature that it was still difficult to

define surface water masses by applying the above properties even in the relatively stable
open ocean area, due to the wide ranges of temperature and salinity in surface seawater. To
make up for this regret, plenty of work has been done in the following decades. The concept
of water mass has been redefined over time arktimary and Meincke (1986jor instance,

the water masses were divided into upper, intermediadedeep/abyssal layers including the

depth to the IS relationship.

1.1.3 Limitation of Classic Investigationto Water Mass and Combination of Physical

and Biogeochemical Parameters

During the last decades, the classater mass analysisased orphysical properties (T and S)
formed a complete theoretical systdrAowever, the limitation islso obviousat the same
time. When thenumber of water masses exceeds more than,tbreke definition of water
mass is a range of values (for instance, Géntvaters) rather than a point, this classic
analysis method cannot perform accurate analysisshown in Fig 1.2, ixenthere are only
three water rasses Antarctic Intermediate Water (AAIW), Subarctic Intermediate Water
(SAIW) and Mediterranean Overflow Water (MOW¢pntributions from each water masm

be inferredwithin the trianglearea. However, when more water masses exist, such as
NEABW, especiallywhen the water mass is defined by a range of valuesEldst North
Atlantic Central Water ENACW) or East South Atlantic Central WatdESACW), the
composition betweerthem cannot be inferred by the clas3iemperature(TFBalinity(S)
Pressure(P)elation$ip. In this situation, more additional properties/parameters are required

to solvethe equations of linear mixingithout additional assumptiorf$omczak 1981)
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Fig 1.2 T-Sdiagram based on A10 cruise with definition of water masses

With the development of observational capacities for a range of variables, definition of water
masses is not onlymited by the FS-P relationship. New physical and chemical parameters,
both conservative and namonservative, are added in the concept él@mczak, 1981;
Tomczak and Large, 1989bYhese additional variablesxhibit different importance in
defining a water masses but ammplementaryto each otheand providea more solid basis

for the water mass definitiorBasedon researchs in last decade3omczak summarized the
history of the water mass research andkéabforwardto the evolution ofesearches water

mass in the futuréTomczak, 1999)With the consummatiorof this theoretical systenthe
Optimal Multi-parameter (OMP) analystsame into beingandwas applied tacalculatethe
contributionfrom each water massvhen multiple water massémore than threegoexist
Besides abovementionedohysical parameters (potential temperature and salinity), more
biogeochemical parameters (oxygen, silicate, phosphate and nitrate in this study) are added in
OMP analysis, so the number of water masses that can be calculabee OMP run

increases to five. Detaitd OMP analysisvill be displayed in the Data and Method Section

1.2 Significance of Water Mass to Biogeochemical Oceanography

As described in the last sectjosarly researason the water masare maity done in the
physical oceanography anabsty of around the TS-P relationshipWith the development of
oceanographic research and the rnovement of survey techniquegjirections in
oceanographyphysical, chemical or biological oceanographg@ve brokenher traditional

boundaries anttave morecombinationand cooperationBiogeodhemical methods are often
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used toinvestigateand analyze the physical processes in oceanograplaysient tracers
(CFCs, SFK or helium isotopes becomeimportant toa to measure upwelling velocities
(Rhein et al., 2010; Tanhua and Liu, 2Q1Bhysical oceanography, on the other hand, can
also provide biogeochemistry with effectigsepport For instanceduring the investigation of
nitrogen cycle physical khowledge about eastern boundary upwelling systEBiJS) @n
provide corresponding helpypwelling brings NO, which isa potent greenhouse g&om
intermediate layer, where,N is produced, to the surfgcefluences theemissionsto the
atmosphere and has further impacts on the nitrification and denitrifiqaibocessegAlvarez
et al.,, 2014) The same reasoningnderstanding aboutirentshas also significance to the
biogeochemical oceanograph®@ne of the typical examples that he zonal equatorial
currentsin Pacific Ocean affedhe distribution oflOMZ and finally change theentilation of
W KH RFHD QfdbidgeputieiithlRYdledarstensen et al., 20Q8)

Recent developments of sensitive, autonomous and environmental friendly measurement
techniques have createdmerous datasets with large spatial and temporal resolution, which

foster interdisciplinary collaborations among physical, chemical and biological oceanography.
Physical processes, such as the variability of coastal upwelling, can be quantified by
monitorLQJ WKH GLVWULEXWLRQ RI WUDQVLHQW WUDFHUV &)
and chemical interactions (temperature, nutrients and solar radiation) fundamentally
determine the timing and magnitude of spring phytoplankton bid@mwnsend and Spinrad,

1986) These examples highlight the importance of water mass characterization (temperature,

salinity and other variables) in understanding the ocean biogeochemistry.

Water masgstraditionally defined by physical oceanographigh (potential) temperature and
salinity, has alsextensiveapplicatiors in contemporarybiogeochemicabceanographylin
the Atlantic Ocean, arm water masses in the upper/central layer are transported northward
into high latitude region in North Atlantic, wheceld deepwater is formed. After formation,
cold deep water with high density sinks, spreads southward acrosqudi®reinto South
Atlantic (Zickfeld et al., 2007)During this processransportof surfacewater masses has
certain impacion SeaAir carbon exchange, whileofmation of deep watenassesn north
Atlantic transports carbon from surface to the deep ofegnDuplessy et al., 1984; Tanhua
et al., 2013)Distribution of oxygens also influencedWarm surface water with relative low
oxygen spreads to the north, where cold deep water with high oxygen is formed, and further
influence the distribution of biogehemical elements, such as carbon or nitrogen, and
biological densities in the Atlantic Oceéag. Keeling et al., 2009; Stramma et al., 20A0)
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of these studies show that the study of water masses plays not only an importamt role

physical oceanographiut also irreplaceable role in biogeochemistry

1.3 Water Masses and Source Water Types (SWTS)

After we realized thesignificance of water mass to biogeochemical oceanography, we also
found that the oceans thus composedf a large number oflifferent water masse Water
masses, however, are not simpiled upin the ocean like bricks; in fact there are no clear
boundaries between them so that thisra graduabnd mixed process between water masses
(Castro et al., 1998)in order to quantify how water masses are distributed and how they are
being mixed we use the concept of Source Water Types (S\SW&)s describe the original
properties of water masses in their formation area, and can be considered as the original form

of water masse@omczak, 1999)

1.3.1 Definition of SWTs

It is important to realize that water mass hsa defined volume and extenthile a Source
WaterType isonly a mathematical definition that does not have a physical extent. A SWT is
defined based on a number of properties and their variance, or standard d¢Vaticrak,

1999) Knowledge ofthe properties othe SWT is essentialin labeling a water masses,
tracking their spreading and mixing progresdesother wordsthe SWT isjust like the
fingerprintof a water mass andrmatter howa water masspreads, it can be recognizeyl

its own SWT. So ancauratedefinition to all the SWTs is an ssential stefor performing

OMP analyss (Tomczak and Large, 1989)r any other water mass mixing investigation. In
practice though, defingn source water types is often a difficult and tiommsuming part of

water mass analysis, particularly when analyzing data from a particular region of the ocean
distant from the water mass formation regions. In order to facilitate water mass analysis we, i
this paper, use the GLODAPV2 Atlantic data to identify and define source water types for the
most prominent water masses in the Atlantic Ocean based on 6 commonly measured variables.
The aim of this work is to facilitate water mass analysis and unddmstafor particularly
biogeochemical and biological oceanographic work in a broad sense. We realize that the
SWTs that we define here are static, i.e. they do not change with time, and are relatively
course so that we do not consider subtle differenciegela closely related SWTs but rather
paint the picture with a rather broad brush. Studies looking at temporal variability of water

masses, or water mass formation processes in detail, for instance, may find this study useful



but will certainly want to use more granular approach to water mass analysis in their

particular area.

1.3.2Water Masses in the Atlantic Ocean

As early as the beginning of 20th century, Bjerknes &ahdstromproposed, both
theoretically and experimentally, the existence of heat source into the deep Atlantic Ocean
and opened up tHarge scale research beattransportand water mass in the Atlantic Ocean
(Bjerknes, 1920; Sandstrom, 1908, 191\8)ith the development of the research, the fact is
gradually realizedhatin the Atlantic Ocean tlie arefour processes, anore specifically a
completelarge sale cycle that composeby four partsl. Surface watersre transport by
surface currents northward until high latitude in the North Atlantic; 2. Deepsaatformed

and sink near Labrador and Irminger Sea region, wherface water becomes derzes to

low temperature and high salinity. 3. The formed deep water spreads southwards with Deep
Western Boundary Curren(BWBC); 4. Upwelling of deep water to the surface takes place
in the Southern Ocean. This cycle also constitutes the main part of ttadimeatirculation

and AMOC(e.g. Bryden et al., 2005; Hall and Bryden, 1982; Kuhlbrodt et al., 280%pst

all main water massen the Atlantic Oceaare involved in the above cycle order to better
define and distinguish water masst#g Atlantic Ocearcan beroughly divided into four
layers fom the vertical directiorbased on potential densityé(). The shallowest layer is
defined as the upper/central layer wigh<27 kg/ni. There are four main water masses
formed in this layer, including East and West North Atlantic Central Water (ENACW and
WNACW), East and West South Atlantic Central Water (ESA@W WSACW). Below the
upper/central layer, there is the intermediate layer wittbetween 27 and 27.7 kgim
Antarctic Intermediate Water (AAIW), Subarctic Intermediate Water (SAIW) and
Mediterranean Overflow Water (MOW) are main water masses indies.| The deep and
overflow lies below the intermediate layer wiéh between 27.7 and 27.88 kginLabrador

Sea Water (LSW), Icelar8cotland Overflow Water (ISOW), Denmark Strait Overflow
Water (DSOW), they finally form upper and lower North Atlantiedp Water (UNADW and
INADW), are located in this layer. The bottom layer wah>27.88 kg/ni contains Antarctic
Bottom Water (AABW), Northeast Atlantic Bottom Water (NEABW), Circumpolar Deep
Water (CDW) and Weddell Sea Bottom Water (WSBW).

1.4 TransientTracers and Water Masses

1.41 Transient Tracers(CFCsand Sk)



Concentration ofransienttraces in the atmosphere increases (or decreases) monotonously in
the history, and their surface concentration depends on(kme, 2011) From measuring
thar conentratiors in the water masses, we can calculate that, to whedr from the
atmospheric history it is equilibrium, and how many years did it take to move from surface

into the deep ocean.

CFCs: Chlorofluorocarbor{CFC) is a group ofhalogenated paraffisompounds composed
by carbon chlorine andfluorine. CFCs are widely used inindustry and daily life
asrefrigerants propellantsor solventsdue totheir low activity, norflammability and non
toxicity. As theincreasing of atmosghnic concentratiorsince early 195Qghe accumulation
(or solution) of CFCen seawaternlsoincreasecontinuously This situation, althougarmful

to the ozone layeprovidesa new usingdf CFCsas traces (e.g. Bullister and Weiss, 1983;
Gammon et al., 1982)n Warner and Weiss (1985)neasurement and calculation of CFC
solubility in seawater arariproveandelaboratedandsince thenCFCsare more widelyised

as traces in the oceanic measuremenialker et al. (2000)econstructed the atmospheric
history of CFC groups andr@vides basis for calculation of mixing ratio and transit time
distribution (TTD) in the ocearSince thenCFCs arerequently useas tracers, for instance,
to measureEast Greenland Curren{Olsson et al., 2005and owerflow water from the
Greenland to the Labrador S@eanhua et al., 2005alpichlorodifluoromethan¢CFC12) is
the most common representatieé Chlorofluorocarbong§CFCs)and used together with §F

to label water masses inigtstudy.

SFs: As mentionedthe reduction of CFCs in the atmosphemece late 1990s makdbke
demand for neviracersappearo be concernedsulfur hexafluoridgSFe) is an anthropogenic
and extremely stablérace gas produced and released during the development of the
electronics industry since 196Q8laiss et al., 1996)As early as inWatson and Liddicoat
(1985) the application of Sk as a new tracer wabBustrated. In this aticle, practicdity of
using Sk as tracer waslemonstratg and a primary profile decreased with depth in the
Atlantic Oceanwas displayedAfter that the operability of Sk was further elaborateahdan
experimentin Santa Monica Basiwasenumeratd as examplefurthermorethe prospect of
using Sk was alsopredicted(Watson et al., 1988As a new transient tracesidvantage®sf
Sk are obvious Besideschemical and biological inerthessid harmles$o the handlers or
environment, an importamauredifferent from CFCG12 is that itsatmospheric concentration
of is still increasingso far(Fig 1.4) And meanwhile the increase afoncentration in seawater
and the develapent ofhigh sensitivity of the electrocapturedetector (ECD) t&Sk make
10



the accurag of Sk measurement greatly increas@chw et al., 1994) This development
reduced the original disadvaage (relative higher standard deviationdue to low
concentration).Since then Sk bemmes another significant tracer and measurementsn
different sea areamreavailabk. Sk was used to labehe seawater transport Rersian Gulf
Water(Law and Watson, 2001in the SouthernOcean(Tanhua et al.2004)andin the North
Atlantic, from Greenland to Labrador S€eanhua et al., 2005aAnd Sk; wasalsoused to
estimatebiogeochemical process likenthropogenicCO, in the upper ocea(lanhua et al.,
2008) Figure 14 provides the basis for thehoiceof tracers.Concentration of CFE2 in
atmospheric historincreased until early 1990s, and decreased from 200@auncertainties
of mean ages based on GEE increases$or the recently formed water masses (pEEC>
450ppt). For the deeper water massbs, relative error will increasdue tothe pretty low
absolute concentration of §FAs a result, mean ages are calculated bas&ikdor pCFG
12> 450ppt, while CFEL2is the better choictor pCFG12 < 450ppt(Tanhua et al., 2008)
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Fig 1.4 Atmospheric history of CFT2 (blue) and Sg{red) in ppt

1.4.2Application of Transient Tracers in Water Mass Analysis

As mentionedabove distributions ofwater masses the Atlantic Ocean areoh stati¢ but
constantly varying with the passage of éirand changes of currents. Key propertiestlaee
main basis to findthe formation area and SWTs, furthermddP analysis can be used to
display thedistribution of the water masdHowever, here arestill many interesting or
meaningfulinformation like the age of water masses or theationof transports, cannot be

measured or quantifiedirectly. In this situation, we need to resort to transient tracers.
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In a broad sense, property that can prowddmals to reflect the physical or biogeochemical
processes in the ocean can all be recognized as tracers. So from this aspect, 6 key properties
used to define SWTs are albelongs to tracecategory.Tracers with no sources sinks in

the oceand.g. T andS) are distingished as conservative from noonservativethose are
involved in biogeochemicactions (oxygen and nutriefptsransient tracers (e.g. CFCs or

SFKs) are conservative tracergith a time varying source or sink the atmospherdearly use

of transient tracers wasssociatedair movements(Lovelock, 1971) With the seaair
exchangeand accumulation of tracers in the seawatese of transient tracersn the
oceamgraphyalso becamextensive As transient tracers used to label the water pmss
following additional features are required. The concentration of them in the atmosphere
increases (or decreases) monotonously in the history, and their concentration in the surface (in
formation area) depends on tirffeine, 2011) On this basis, by measog the concentration

in each water mass, we can clearly know that, to which year it is equilibrium to the
atmospheric history (or in other words, in which year the water mass is formed in the
formation area) and how many years were taken to spread fmahelistribution location.

Among the transient tracers, following two of them are chosen in our study to label water

masses in the Atlantic Ocean.

2 Data and Methods
2.1 GLODAPV2 data set

As mentioned in the introduction sectiomgsearchof marine sciencéhas entered a new
historical period since the late 1950&eathe establishment of the Scientific Committee for
Marine Research (SCOR) under the Council of the International Union of Science in 1957
and the Intergovernmental Oceanogiapgbommission (IOC) of UNESCO in 1960. Besides

the widely using omodern stereoscopic observation technglsgstems, the other feature of
this period is that marine surveysfrom various countriesare actively organized and
coordinatedand meanwhileacalemicexchanges between world countreexiorganizations

becomérequent angbopular.

The Geochemical Ocean Sections Program (GEOSHKWS8hg the 1970s is the earliest
global data set that included tlessentialchemicalparameters in thecean especially for
studyingdistribution and cyclingf carbon(Craig and Turekian, 1976; Craig and Turekian,
1980; Kroopnick and Craig, 1972; Pearson, 19Af)er entering the 1990sprogramsin

purposes obetter understamalg of circulation or biogeochemical processes in the qcaan
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air-sea exchangéurther developedAnd meanwhile,numerical models are developetb
determinefuture chagesin the ocean and to preditte impacts from changingf parameters
or anthropogenic dctors. WOCE (World Ocean Circulation ExperimgntJGOFS (Joint
Global Ocean Flux Stuglyand OACESOcean Atmosphere Carbon Exchange Study the
three most typicatepresentativeduring this period. These prograrage often initiated by
different countries,and with their respective backgrounds and goatsordination and
collaborationbetween them are necessary dweheficial GLODAP (Global Ocean Data
Analysis Prgect) is such a datasétat came into being in this contekt.addition to creata
global dataset based on above progragmls of GLODAP include also to describe
distribution and biogeochemical processes in the global ocean and to make data publicly
available(Key et al., 2004)

GLODAP dataset showsgood start for global data sharihgwever the shortcomings also
camot be ignoredFrom the spatial scale, few data in high latitude region, rmfr@® °N or

in the Arctic region, are collected in this dataset, and meanwhile, data from Mediterranean
Sea are also not includebh the termof time, GLODAPvV1.1 containglataonly until1999.

The updated and expanded data&tODAPv2 siccessfully mee up for the above
disadvantagedn addition to the intemtion of the other two datasetCARINA (CARbon
dioxide IN the Atlantic Ocean) and PACIFICAPACIFic ocean Interior CArbgn
GLODAPvV2 also includes and 168 additional independent cruises tbuse lbea collected

by any dataset3.hus the coveragef GLODAPv2is almost globa(Lauvset et al., 2016)

2.2 Key variables

In this studysix keyvariablesare usedo define source water types (SWTSs) in Atlantic Ocean,
LQFOXGLQJ WZR FRQVHUYDWLYH YDULDEOHV SRWHQWLDO
conservativevariables, silicate, oxygen, phosphate and nitrate. We utilize the GLODAPv2
data producfLauvset et al., 2018p quantify the properties and related standard deviation of
these variables for Atlantic Ocean SWTs. The GLODAPvV2 data product is a compilation of
interior ocean carbon relevant data from dbgsed observations @émcludes data on oxygen

and nutrients. The data in the GLODAPVZ2 product has passed both a primary quality control
(aiming at precision of the data) and a secondary data quality control (aiming at the accuracy
of the data). The data product that we usthis work thus uses adjusted values to correct for
any biases in data. The methodologies for the QC processes in GLODAPvV2 are similar to
those used for the CARINA data product and are described in defBilninua and Pérez

(2010) Through these QC routines, the GLODAPv2 product is unique in its internal
13



consistency, and is thus an ideal product to use for this aioring at definitions of major

water masses and source water types in the Atlantic Ocean. Armed with the internally
consistent data in GLODAPvV2, we utilize previously published studies on water masses and
their formation areas to define areas and dep#msity ranges that can be considered to be
representative samples of a SWT. As a second step we characterize the SWT in a 6 parameter
space by quantifying the concentrations of these variables and use the standard deviation as a
measure of the variabilityf each SWT and variable combination.

Source Water Types (SWTSs) in the Atlantic Ocean

In line with the results fronkEmery and Meincke (198&nd from our interpretation of the
observational data from GLODAPvV2, we consider thatthter masses in the Atlantic Ocean

are distributed in four main vertical layers (Figure 1) roughly separated by surfaces of equal
density. Potential density is the main basis to divide the shallow layers whereas the
concentration of silicate is used totdiguish deep and bottom layer. In this concept we do

not consider the mixed layer as the properties of that tend to be strongly variable on seasonal
time-scales so that other methods to characterize the water masses is needed, mostly based on
geographic @gion. The Upper Layer is the shallowest layer (i.e. lowest density) under
consideration is located within upper 50000m of the water column but below the mixed
layer. The Intermediate Layer is located between ~1000 to 1500/2000m, below the Central
Layer. The Deep and Overflow Layer occupies the layer roughly betweenr4Z@@n of the

Atlantic Ocean. The Bottom Layer is the deepest layer distributes and transports below
4000m and is often characterized by high silicate concentrations. In this sectiofll we w
identify key SWTs in each of the four layers. Table 1 lists the four layers and the water
masses that we consider in this study. The table also lists the selection criteria that we used to

define a Source Water Type in pressure, potential temperatdemsity space.

During our narrative of each SWT we will display four figures that will guide us to a more
intuitive understanding of the SWTs: 1) maps of all GLODAPV2 station locations marked as
light gray dots where stations within the area of formation that we coreiglenarked in red

and stations with any samples within the desired properties as defined by a water mass in blue
sampling stations, 2) the-3 relationship with the same color coding, 3) depth profiles of the

6 variables under consideration (same cotating), and 4) bar plots of the distribution of the
samples within the criteria for a SWT. In the bar plot we have added a Gaussian curve to the
distribution derived from the average and standard deviation of the distribution (the amplitude

of the curvedefined as 2/3 of the highest bar). The plots of properties vs pressure provides an
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intuitive understanding of each STW compared to others in the same region. The properties
distribution and the Gaussian curve will help us to visually determine and cdh8r®@WT
property values and associated standard deviation.

2.3 OMP (Optimum Multi -Parameter) Analysis

2.3.1 Development and mathematic background of OMP analysis

Key properties of water massbased on th&SLODAPvV2 data are helpful to makeugh
estimaton for their distribution.But it is doviously not enough tanake accurate positioning

for water masses only by displaying key properties. In order to determimigsthbution of

water massesxactly,we have to resort to more accurate mathemataalilations Since the

first publication of ¢pbal distributions of water mass€Sverdrup, 1942)early studies on

water masses are mainly based on potential temperature and s&ingyy and Meincke
(1986)made on summary and review on this kind of analygis. limitation d this method is
thatdistribution of more (more than three) water massesa@ibe calculated at the same time

with only these two parameterSoduring the same time as the development of this theory
physical and chemical oceanographers also tried to add more parameters to the calculation

and theOptimum Multiparamete(OMP) analysiss one of the typical products

Base on above results, Tomczakendedhe analysis into more than three water masses by
adding more parameters/water properties (such as phosphate and silicase)vargl the
equations of linear mixingvithout assumptiondTomczak, 1981)In Tomczak and Large
(1989a) theysuccessfuy apgied this methodo the analysi®f mixing in the thermocline in
Eastern Indian OceaAs a summaryand practical useof the above result€)MP analysis is
developed by Karstenson and Tomcgikkrstensen and Tomczak, 1998@arameters (6 key
water properties in this study) from the water samplesxraactedand compared with SWTs

of each water masses to identify thengpositionstructureand percentage in detail.

Before westart the calculation of OMBnalysis, some basic definitions of SWieed tobe
reiteratel again SWTSs are the origin water masses in their formation area and carry their own
propertiePoole ad Tomczak, 1999)During transport and mixing on the pathwthe total
amount of water propertiegemains constantin a mixed product of two water masses,
contribution from each SWT can be calculated by using a linear set of mixing equations, if we
know one water property (such as salinity) in this mixed product and both SWTs. But only
one property/parameter becomes insufficient if there are three or more water masses mix

together. As a result, we can tell the percentages of each water mass imaxiuaaproduct
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with more water masses, withe essential prerequisite that the number of water masses not

larger than the number of key properties plus one.

The theory and formula in the OMP analysis amescribed in detaiby Karstenson and
Tomczakin their articlesand website(Karstensen and Tomczak, 1998a; Tomczak, 1981;
Tomczak and Large, 19896jttp://omp.geomar.de/Herewe make drief introductionto the
calculation of OMPcalculationthat related to our researd®@MP calculationis based ora
simple model of linear mixing, assuming that all kegpertiesof water masseare affected

by the same mixing process, atltento determine thealistribution and of water masses

throughthe followinglinear equations.
Gx-d=R;
WhereG is aparametematrix of defined sourcevater typeg6 key properties in this study)

X is a vector containing the relative contributiarfshe sourcewater types tohte sample (i.e.

solutionvector of the source water type fractipns

d is adatavectorof water amples(observational data from GLODAPV2 in this study)}dR
is a vector of residlia
The solution igto find out the minimum the residudR) with linear fit of parameters (key

propertiesfor each data potrwith anon-negative values.

Prerequisiteqor restriction)for using classic OMPis that souce water types are defined
closely enough to the observational water samples shtirt transport timesso that the
mixing can be assumedot influerced by biogeochemical processes (i.e. consadlethe
parameters as quasonservative).Obviously, this prerequisite does not apply to our
investigation for the entire Atlantic scale, so we use expand OMP analggad. The way

of considering biogeochemical processes is to convert -oonservative parameters
(phosphate and nitrate)to conservative parameters by introducing the "preformed” nutrients
PO and\O (Broecker, 1974; Karstensen and Tomczak, 1998b)

2.3.20MP runs in this study

As mentioned in the introduction section, SWT is the origin form of each water masses in
formation area and we grasp the properties of main SWTs in laeti&tOcean. In this study,
we show the distributions of water masses in Atlantic Ocean after their formation based on

OMP analysis.
16



In upper/central layer & < 27 kg/n? and most with pressure within ~50000m), central
waters are the dominate water masses in this layer, and we define four SWTs, ENACW,
WNACW, ESACW and WSACW. Bow upper/central layer lies intermediate layeg (
between 27 and 27.7 kglrand most wittpressures between ~1000 and 2000m). In this layer,
we have following SWTs, SAIW from the north AAIW from the south and MOW from the
east, in this layer. Deep layer is from ~2000 to 4000m &rizktween 27.7 and 27.88 kg/m
Upper and lower NADW are two am SWTs in mid and low latitude region in this layer.
And their origin, LSW, ISOW and DSOW will also be investigated in relative high latitude
region. Both bottom waters lie in the lowest layer below 4000m &ith27.88 kg/ni.
AABW and NEABW are two mai water masses in this layer and have similar properties,
especially high silicate. Traced back to the source, NEABW is a branch from AABW after
passing the equator. After spanning most Atlantic there is a sharp reduction of silicate

concentration this ithe reason why we define a new SWT of NEABW.

In this study, we analyze all the GLODAPvV2 data in the Atlantic Ocean with OMP method
developed by Karstenson and Tomczak. We have in total 6 key properties from each water
samples, including two conservativeotential temperature and salinity and for non
conservative oxygen silicate phosphate and nitrate. However phosphate and nitrate in some
water samples are too similar, so we have to control that in each OMP run we should have
less than 6 water masses. Soraegional factors should also be considered, as some water
masses mix and new SWTs are formed during their mixing process. For example, LSW,
ISOW and DSOW mix in the North Atlantic after leaving their formation area, as a result,
SWTs of upper and lower NAD DUH IRUPHG +HUH ZH VSHFLI\ VRPH puP
WKHVH ZDWHU PDVVHV %HWZHHQ DQG fl1 EéddpHILQH
formedthree water masses LSW, ISOW and DSOW and newly formed two new water masses
upper and lower NADWimultaneously existSo in this region, all these five SWTs are used
simultaneouslyn OMP runs. In south of 40 °N, only upper and lower NADW are used while

north of 60 °N, only LSW, ISOW and DSOW are used. In South Atlantic, the same situation,

we consider sowW K R | f6 DV D puPL[LQJ UHJLRQT RI ROG ZDWHU F
water mass AABW. So in this region, all the three SWTs are used in the OMP runs while in

north of 50 °S, only AABW is used.

Consolidate the above reasons, and also consider the distribfi all the water masses, we
firstly divide into North Atlantic and South Atlantic by the equator, since most water masses

distributes within the hemisphere of their SWTs (e.g. Central Waters), except some long
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transport water masses such as AAIW. Ramnore, North Atlantic Ocean is divided into
three parts. The region north of 60 °N contains the LSW, ISOW and DSOW in the OMP runs.
The second part, from 40 to 60 °N, mixing region of LSW, ISOW, and DSOW, all the five
SWTs should be contained in the OMIns. And the third part, from equator to 40 °N, only
upper and lower NADW are considered. The situation is similar in South Atlantic. Mixing
region south of 50 °S contains CDW, WSBW and AABW, while from 50°S to equator we
only use AABW. In addition, foralative special long transport water masses those across the

equator, AAIW upper and lower NADW, we dotnsubject tarestrictions of equator in this

case when analyzing. Additional OMP runs (from-122) are set in order to maintain the

consistencyf distribution.

50 °S Equator 40°N
#13 #6 #5 #1
AAIW AABW WSACW WSACW WNACW WNACW
CDW WSBW ESACW ESACW ENACW ENACW
AAIW AAIW SAIW
MOW
(& =27 kg/n)
#8 #7 #2
ESACW ENACW ESACW ENACW SAIW
AAIW AAIW MOW MOW
uNADW uNADW LSW
(& =27.7 kg/m)
#10 #9 #3
AAIW AAIW MOW SAIW
uNADW INADW uNADW INADW LSW
CDW AABW NEABW ISOW DSOW
NEABW
(& =27.88 kg/m)
#12 #11 #4
INADW INADW ISOW
AABW NEABW DSOW NEABW
50 °S Equator 40 °N

Table 2.0 schematic diagram of OMP runghe Atlantic Ocean

2.3.3Sensitivity of OMP

As mentioned aboveOMP analysis alculates the optimal fraction of water mass

configuration(minimum value of the residual)®ased on the six key properti@herefore,

18




Pressure (db)

-60

the results are more or less influenced by changekeiseproperties and thaccuracyof
measurementor some water massesl@lst change orgbtle errorcan result in &@ig change
in the result, but for some others, the resuttas obviou$y influenced.This mainly depends
on whether this propertyas diffeence with surrounding/ater massln A16 section (Figure
2.1), comparisons are made by increasing or decreasing key properties, potential temperature
with £0.5 °C salinity with 0.05 oxygen and nutrients with 2% (That is the original oxygen and
all nutriens, nitrate phosphate and silicake98% and 102%). Compared with the original
result, distribution of AAIW expands @hrinks slightly when the above properties change.
This is because more surrounding watercansistent with featureef AAIW and is
corsidered as AAIW by OMP.

There is not much erran the measurement of temperature or potential temperature. However,
there will becertainchange in temperature itselue to the certaimlifference inpotential
temperature between the water masgesOMP resuls will be affected by maximum20%
whenthe temperature changes by 0 although temperature is one of the most significant
properties Salinity is one iconic property to identify AAIW (low salinity) in the intermediate
layer. Similar with pantial temperaturethere are also certaimlifferences between
neighboringwater masses (e.g.34.05 for AAIW, ~34.9 for upper NADWand ~36.5 for
MOW). Therefore, errors or changes of salinity are also not sensitive to the results. As shown

in Figure 2.2 hanging 0.05 in salinity can lead to a difference result ab2@t6. The change

of oxygen and nutrients with 2% can lead to impacts on the results of &slisis with
+20%.

AAIW (PT - 0.5°C) AAIW (PT + 0.5°C)
A10 A10

100
e, o4 e
80
60
40
20
0
-30 0 30 60 -60 -30 0 30 60
Latitude (°N) Latitude (°N)

19



1000

2000

(8]

3000

4000

Pressure (db)

5000

-60

Pressure (db)

Pressure (db)

-60

2000

~
J

000

Pressure (db)

4000
5000

-60

Tl

by

(1-

=

3

AAIW (Original Data) 05
A

0
Latitude (°N)

30 60

AAIW (Salinity - 0.05)
A10 A05

AAIW (Original Data)
A10 A05

‘FJMM‘/PQ

7%

2

N4

-30

&

-

0
Latitude (°N)

30 60

s N,

0

0
Latitude (°N)

AAIW (Oxygen -

30 60

2%)
A05

0
Latitude (°N)

30 60

0 AAIW (Difference)

A1 . 20
=0 F
# 10
0
-10
=220
60 230 0 30 60

Latitude (°N)
AAIW (Salinity + 0.05)
A10 A05

IlOO

80
60

40

20

-60 -30 0

Latitude (°N)
0 AAIW (Difference)

30 60

-60 -30 0

Latitude (°N)
AAIW (Oxygen + 2%)

30

A:O — A0S 100
= e P oy ~
i £ Wo I
\/'-""ﬂ
60
40
120

0
-60

-30

0
Latitude (°N)

20



AAIW (Difference)

AAIW (Original Data)
A10 A05

20
1000
) 10
S 2000
g
5 3000 0
2
& 4000 -10
5000
=20
-60 -30 0 30 60 -60 -30 0 30 60
Latitude (°N) Latitude (°N)
AAIW (Nutrient - 2%) AAIW (Nutrient + 2%)
A10 A0S A10 A05 100
— 80
)
2
o 60
=
@ 40
2
P 20
0
-60 =30 0 30 60 -60 -30 0 30 60
Latitude (°N) Latitude (°N)
AAIW (Original Data) AAIW (Difference)
A10 A05 U U 20
o N
10
0
”“““\ﬁ--“’-"n--n-\- -10
-20
-60 -30 0 30 60 -60 -30 0 30 60
Latitude (°N) Latitude (°N)

Fig 2.1 Sensitivity ofhangingPotential Temperature by 0°& Salinity by 0.05 oxygen and nutrients by 2%
based on A16 cruise in 2013
Different distributions of AAIW are shown thgcreased key propertiy valuggper left),increasedupper right),
original data (lower left) and difference in % betweecreasedand decreased value@ower right). The solid
contourlines show fractions of AAIW by 20, 50 and 80%; dash yellow lines show four vertial layers of v
columns.

2.4 Transient Tracers and Transit Time Distribution

2.4.1Concentration, Partial Pressure anl Saturation

The concentration qolubility) of tracer gas in the seawates a function of potential
temperature , salinity (S). Slubility functions of CFG12 and Skis describedNarner and
Weiss (1985andBullister et al. (2002and follow:
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Z | = artar (S rarIn(Sra (o) HbrHoy (Z)bs (25)7)-S

F is the solubility of the tracers and T is the potential temperature and S is the salinity. And a

& ag by by bs are all constants based on tracers.

Due to thedifferent sampling time, seasonsregiors, the potentialtemperatureand salinity
of samples aralso very diffeent Concentration of tracers in seawater cannot be compared
directly. Partial Pressure isqeired to remove impacts from different potential temperature

and salinity. Partial pressure of tracers (EECand Sk follow (Doney and Bullister, 1992)

P _ B®vyiipv
tracer— I’ é
6' 1

P is the partial pressure of tracers in ppt. C is the tracer concentration in mol/kg and F is the

solubility function in mol/(kg-atm).

In the long time scale, concentrations of traceithe can also be very different in the history

it is also meaningless to compare partial pressure, for example in 1980s with A6k,
Therefore, saturation, which equals partial pressure divided by atmospheric concentration, is
required to remee the difference in the atmospheric history. Calculation of mean ages is

based on saturation of tracers.

Saturation =

2.4.2 Transit Time Distribution (TTD)

Due tothe mixingand diffusionin the ocean, it is difficult to measure thwole process in
one timescale andh¢transit time distributiofTTD) is a required and composed fojlowing

parametes (Waugh et al., @03}

Tracerage (c(t)) describes the time thetaterparticletakes from surface to the deeper layer

For water mass, tracer age means consuming time from formation areaéstihation

ct)=c: FI;
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Meanage ( ) shows he yearnn which the water mass is equilibrium to the atmospfiexeln

which year that water mass is formed).
i Li, A0 A&
Width ( 9 describes the ixing and the diffusion in the ocean
¢OL iy AE YA A

The relationship between all trebove parameters is often assumegd follow an inverse

Gauss distribution

;U ?i: ?';U_
G(t) = §Yét0 UeXp( IY¢UI );

In this equationt, and describes thdéracer age, mean agad thewidth of TTD. The
mixing ratio ( AeA) indicates the advective(low ratio) or diffusive (high ratio) situation in

the oceanln this study, a standard miximgtio ( AcA= 1) is considered.

3. Conclusion and Outlook

Understanding theharacteristicsdistributions and transports of water masses in the ocean
can provde the support of hydrological backgrountbr investigatingthe thermohaline
circulation or biogeochemical process in the world oceans. By analyzing the observational
data during the past few decades from GLODAPvV2 dataset, this study mapped out the origins,

distributions and transportations of main water masses ifttaetic Ocean.

This study mapped out main water masses in the Atlantic Ocean Avltyer vertical
stratification based on potential densitfhe upper layewith the lowest potential density
lower than 27.0 kg-i and contains four central water massdsich are formed during
winter subduction and with the lineard relationship The intermediate layer is located
below the upper layer with potential densities between 27.0 and 27.7 Kiwo main vater
massesSAIW from the Mrth Atlantic and AAIW fromthe Suth Atlantic, in this layerare
formed in the surface of syiwlar regionandsubductiondeepinto intermediate deptturing
their way towards the lower latitudes. MQWhich is also defined as intermediate water
mass dueo similar density and pressureriginates from the east in the Gulf of Cadiz and
spreads northward and westwaidhe deep and overflow layer lies below the intermediate

layer with potential density between 27.7 and 27.88 KgXADW is formed bythe mixirg
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of LSW, ISOW and DSOWnN the Labrador Sea and Irminger Basihdistinctionis taken
between uppeand lower portion based on the origins from LSW or from ISOW and DSOW
NADW spread and dominatethe most area of the deep Atlantic Ocean along the DV¥BC t
the south and eddies to the east. The bottom layer that occupied by bottom water masses is the
lowest layers with potential densities higher than 27.88 RgBottom water masses in this
layer have an origin in the Southern Ocean and are also chamdtbyi their high potential
densities and silicate concentrations. AABW formed in the Weddell Sea region is the main
bottom water mass, through the mixing of CDW and WSBW. After the formation, AABW
spreads northward and suffers from a sharp decline cétglconcentrain after crossing the
equator andedefined as a new water mass NEABWoO illustrate the situation of water
masses in the Atlantic Oceahedetailsaresplit intothree chaptersCharacteristic§Chapter

I), Distribution(Chapter Ill) andl'ransport Time (Mean Age¢hapter 1V)of Water Masses

in the Atlantic Ocean based on GLODAPv2 dataset

The main goal of thistudyis to map out the distributions and transportations of main water
masses in the Atlantic Ocean in the tpl@sv decades based on the observational data from
GLODAPvV2 dataset and furthermore to provitie hydrological backgroundr theoretical
basis for further biogeochemical research in the whole Atlantic s€ale.instances,

understandin@f water massshasapplicatiors in thefollowing research fields.

Water masses play indispensable role in investigatinthermohaline circulation and

Atlantic meridional overturning circulation (AMOC) .

The freat transport in the Attaic Ocean is in general northwarather thanpolarwardas in
the atmospherer in the Pacific OcearlThe AMOC, asa significant partthat impactsthe
European and Earttlimate exerts a strong control on hehstributionin the Atlantic Gean,
andthe water mass is thmain carrier of hedtansport Water masses those participatehe
four branche®f AMOC haveobvious impats on the heat distribution. The northward heat
transportin the shallowAtlantic is achieved by th@ropagation otentralwater masse2) In
the high latituderegion of North Atlantic near Labrador and Irminger Seaurface water
becomes dense and due to low temperature and high saloitfADWis formed and sinks
3) The formed NADWSspreads southwards with Deep Western Boundary Curf@sC).

2) and 3) formthe cold branch of AMO@nd make a&outhward cold flux of sea water in the
deep layer4) Upwelling of cold deep water to the surface takes place in the Southern Ocean
and close the cycle This closed cycle also constitutes the main part dkermohaline

circulation in the Atlantic Ocearthe deepsouthwardflow of cold water is matched by a
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surfacenorthwardwarm flow, thusa netheatflux is formedinto the North Atlanticwhich

moderateshe climate irEurope.
Water masshas impacts on oxygemlistribution and ventilation processesn the ocean.

Oxygenconcentration in the seawatasan indispensable element of life activitigdays an
extremely inportant role in biogeochemical processes ead berecognizedas a sensitive
early warning systm for global climatehange in the oceafhe oxygen distribution in the
oceanis determined byboth physical andbiological processesTherefore, changes in the
distribution of water massesan also lead to changes in the oxygen distributidm.the
shalow layer, oxygen is determined by temperature and salinity as wellurasns and
mixing, while in the deep ocean is thus determined by circulabbrwater masses. In
meridional scale, the highexygen concentrations are found at high latitudes, where the
ocean is cold, especially watlixed and ventilatedn mid-latitude regionoxygendeficient
zonesexist especially on the @stern coasts of the continertse tothe sluggish water
circulation In vertical scaleglevated oxygen consumption dweehigh biological productivity
leads to a oxygerrminimum zondn the depthrange between 100 and 1000 engt

Water mass and carbon cycle

Carbm playsimportantrole in theatmospheric regulator of D U W K  V as-@furel@ma/rital
componentand theoceans contair-60 times nore carbon than the atmospheBesides
photosynthesis fronphytoplankton, he ocean takes up carbon dioxidiso by simply
dissolvingin seavater. Carbonic acid isreatd andreleases hydrogen ions, which combine
with carbonate in seawater to form bicarbonrdeK DW GRHVQIW HVFD&HKIlyLQWR Wi
The carbon cycle in the ocean is also closely related to the charactenstitsansportef
water massMore carbonwould be absorted by the ocean whemore carbon dioxides
releasedinto the atmospherdor instanceby burning fossil fuelsThe carbonexchange
between the ocean and atmospherdeiermined directly from the (temperatutependent)
chemical interaction ratas the mixedlayer, using a standard G@ux relation at theair-sea
interface.In the surfacecarbon dioxide leaks out @eawater when temperatures rise, while
in thedeepof the oceanypwellingbrings cdd waters with higttarbonate to the surface. The
newy formed surfacewatermasses take umore carbon to match the atmosphere, while the

old deepwatermasses capture carbwro the ocean.
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Abstract: The characteristics of the main water masses in the Atlantic Ocean are investigated and
defined as Source Water Types (SWTs) from their formation area by six key properties based on the
GLODAPvV2 observational dat@hese includdoth conservative (potential t@erature and salinity)

and norconservative (oxygen, silicate, phosphate and nitrate) variables. For this we divided the
Atlantic Ocean into four vertical layers by distinct potential densities in the shallow and intermediate
water column, and additionallgy concentration of silicate in the deep waters. The SWTs in the
upper/central water layer originates from subduction during winter and are defined as central waters,
formed in four distinct areas; East North Atlantic Central water (ENACW), West Nolamtit
Central Water (WNACW), East South Atlantic Central Water (ESACW) and West South Atlantic
Central Water (WSACW). Below the upper/central layer the intermediate layer consist of three main
SWTs; Antarctic Intermediate Water (AAIW), Subarctic Interrageli Water (SAIW) and
Mediterranean Overflow Water (MOW). The North Atlantic Deep Water (NADW) is the dominating
SWT in the deep and overflow layer, and is divided into upper and lower NADW based on the
different origins and properties. The origin of bdtle upper and lower NADW is the Labrador Sea
Water (LSW), the Icelan&cotland Overflow Water (ISOW) and Denmark Strait Overflow Water
(DSOW). Antarctic Bottom Water (AABW) is the only natural SWT in the bottom layer and this SWT
is redefined as North Eastlantic Bottom Water (NEABW) in the north of equator due to the change

of key properties, especial silicate. Similar with NADW, two additional SWTS, Circumpolar Deep
Water (CDW) and Weddell Sea Bottom Water (WSBW), are defined in the Weddell Sea itoorder
understand the origin of AABW. The definition of water masses in biogeochemical space is useful for,
in particular, chemical and biological oceanography to understand the origin and mixing history of

water samples.

Key Words: Water Mass, Source Water Types, GLODAP, Atlantic Ocean
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1. Introduction

Properties of water in the ocean are, obviously, not uniformly distributed so that different regions and
depths (or densities) are characterized by different properties. Bodieseofwith similar properties

often share a common formation history and are referred to as water masses, or, more generally, sea
water types. Understanding of the distribution and variation of water masses play an important role in
several disciplines of eanography, for instance while investigating the thermohaline circulation of
the world ocean or predicting climate chandgesy. Haine and Hall, 2002; Tomczak, 1999)
Particularly important is the concept of water masses forebidgemical and biological applications
where the transformation of properties over time can be successfully viewed in the water mass frame
work. For instance, the formation of Denmark Strait Overflow water in the Denmark Strait could be
described using mirg of a large number of water masses from the Arctic Ocean and the Nordic Seas
(Tanhua et al., 2005bln a more recent worlGarcialbanez et al. (2015)onsidered 14 water masses
combinedwith velocity fields to estimate transport of water mass, and thus chemical constituents, in
the north Atlantic. SimilarlyJullion et al. (2017used water mass analysis in the Mediterranean Sea to
better understand the dynamics of dissolved Barium. Aidst and Defant (1936)lustrated the
stratification and circulation of water masses in the Atlantic Oceaedon the observational data

from Meteor Cruise 192%927. Based on research during last few deca@iemczak (1999)
summarized the history of the water mass research and provided an outlook for the evolution of water
mass research. In this paper we use the concepts and definitions of water masses ag gimenaky

(1999)

The definition of a water mass a body ofwvaterthat originates in a particular area of theacwith a
common formation history. Water masses share common properties such as temperature, salinity and
biogeochemical variables that are distinct from surrounding bodies of (eaterHellaneHansen,

1916; Montgomery, 1958nd have a measurable extent both in the vertical and horizontal, and thus a
guantifiable volume. Since water masses are surrounded by other water masses there will be mixing
(both along and across density surfaces) between the water masses, so tliedmalag formation

regions one tend to find mixtures of water masses with different properties compared to the ones in
the formation area. Early work t8chaffer and JACOBSEN (192@hd Defant (1929)llustrated the
application of TS relationship in the oceanography. This concept has been redefined over time and
Emery and Meincke (1986jor instance, the water masses were divided into upper, intermediate and
deep/abyssal layers including the depth to & rElationship. With the development of observational
capacities for a range ofaxiables, definition of water masses is not only limited by th&Pr
relationship. New physical and chemical parameters, both conservation awdnsenvative, are

added in the water mass concept €l@mczak, 1981; Tomczak and Large, 1989)ese additional
variables exhibit different importance in defining a water masses but are complementary to each other

and povide a more solid basis for the water mass definition.
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The ocean is thus composed a large number of water masses, these are however not simply piled up in
the ocean like bricks. In fact, there are no clear boundaries between them. Or, in other werdsathe
gradual and mixed process between water ma&astro et al., 1998)As a direct result another
concept was introduced: Source Water Types (SWTs). SWTs describe the original properties of water
masses in their formation ateand can thus be considered as the original form of water masses
(Tomczak, 1999)

It is important to realize that while water masses have a defined volume and extent, a water type is
only a mathematical definition that does not have a physical extent. A SWT is defined based on a
number of properties and their varianoe,standard deviatioiTomczak, 1999)Knowledge of the
propertes of the SWTs is essential in labeling water masses, tracking their spreading and mixing
progresses. Accurate definition and characterization of SWTs is an essential step for performing any
water mass mixing analysis, such as the Optimum Nbakltameter QMP) analysis(Tomczak and

Large, 1989h)In practice though, defining propertiessafurce water types and water masses is often

a difficult and timeconsuming part of water mass analysis, particularly when analyzing data from a
region distant from the water mass formation regions. In order fadteiwater mass analysis wiee

the Atlantic data from the data product GLODAP{2auvset et al., 201600 idertify and define

source water types for the most prominent water masses in the Atlantic Ocean based on 6 commonly
measured physical and biogeochemical variables. The aim of this work is to facilitate water mass
analysis and in particularly we aim at suppar biogeochemical and biological oceanographic work

in a broad sense. We realize that we define the SWTs in a static sense, i.e. we assume that they do not
change with time, and that our analysis is relatively course in that we do not consider subtle
differences between closely related SWTs but rather paint the picture with a rather broad brush.
Studies looking at temporal variability of water masses, or water mass formation processes in detail,
for instance, may find this study useful but will certaimlgnt to use a more granular approach to

water mass analysis in their particular area.

In a companion paper (Liu and Tanhua, 2018) we will use the here defined Atlantic Ocean SWTs to
estimae the distributiorof the water massas the Atlantic Ocean baseuh the GLODAPvV2 data.
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2 Data and Methods

In this study we use six key variables to define source water types (SWTs) in Atlantic Ocean,
LQFOXGLQJ WZR FRQVHUYDWLYH YDULDEOHVY SRWHQWLDO WHI
conservativevariables, silicate, oxygen, phosphate and nitrate. We utilize the GLODAPvV2 data
product (Lauvset et al., 2016)o quantify the properties and related standard deviation of these
variables for Atlantic Ocean SWTs. The GLODAPV2 data product is a compilation of interior ocean
carbon relevant data from sHyased observations @mcludes data on oxygen and nutrients. The data

in the GLODAPV2 product has passed both a primary quality control (aiming at precision of the data)
and a secondary data quality control (aiming at the accuracy of the data). The data product that we use
in this work thus uses adjusted values to correct for any biases in data. The methodologies for the QC
processes in GLODAPV2 are similar to those used for the CARINA data product and are described in
detail in (Key et al., 201Q) Throughthese QC routines, the GLODAPv2 product is unique in its
internal consistency, and is thus an ideal product to use for this work aiming at definitions of major
water masses and source water types in the Atlantic Ocean. Armed with the internally catesigtent

in GLODAPvV2, we utilize previously published studies on water masses and their formation areas to
define areas and depth / density ranges that can be considered to be representative samples of a SWT.
As a second step we characterize the SWT in ader space by quantifying the concentrations of

these variables and use the standard deviation as a measure of the variability of each SWT and variable

combination.

3 Source Water Types (SWTSs) in the Atlantic Ocean

In line with the results fromEmery and Meincke (1986and from our interpretation of the
observational data from GLODAPvV2, we consider that the water masses in the Atlantic Ocean are
distributed in four main vertical layers (Figure 1) roughly separated by surfaces of equal density.
Potential density is the an basis to divide the shallow layers whereas for the deep and bottom layers
the concentration of silicate is additionally used to distinguish these l&ydhés concept we do not
consider the mixed layer @s properties tend to be strongly varialole seasonal timecales so that

other methods to characterize the water masses is needed, mostly based on geographic region. The
Upper Layer is the shallowest layer (i.e. lowest density) under considematidis located within

upper 5001000m of the watecolumn but below the mixed layer. The@ermediate hyer is located
between ~1000 to 1500/2000m, below theper Lyyer. TheDeep and @erflow layer occupies the

layer roughly between 200000m of the Atlantic Ocean. THeottom Layer is the deepest layer
mostly locatedbelow 4000mand is often characterized by high silicate concentrations. In this section
we will identify key SWTs in each of the four layefable 1lists the four layers and the water masses
that we consider in this study. The tableodlists the selection criteria that we used to define a Source

Water Type in pressure, potential temperature or density Sipaa®me SWTkey properties such as
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salinity, oxygen or silicate are also necessary, in order to characterize the biogedghvepésties as

well.

During our narrative of each SWT we will display four figures that will guide us to a more intuitive
understanding of the SWT&) maps of all GLODAPvV2 station locations marked as light gray dots
where stations within the area of formation that we consider are marked in red and stations with any
samples within the desired properties as defionedable 1in blug (b) the T-S relatimshipwith the

same color coding, Jdepth profiles of the 6 variables under consideration (same color coding), and
(d) bar plots of the distribution of the samples within the criteria for a SWT. In the bar plot we have
added a Gaussian curve to the dsition derived from the average and standard deviation of the
distribution (the amplitude of the curve defined as 2/3 of the highest bar). The plots of properties vs
pressure provides an intuitive understanding of each STW compared to others in thegiamd he
properties distribution and the Gaussian curve will help us to visually determine and confirm the SWT

property values and associated standard deviation.

3.1 The Upper Layer, Central Waters

The Upper layeris occupied by four SWTs called central waters that are known to be formed by
subducted into the thermoclirg8printall and Tomczak, 1993; Tomczak and Godfrey, 20i8)the
interior of the ocealfPollard et al., 1996)Figure 2 illustrate a schematic of the mainrents in this

layer and the main formation regions of the central waters in the Atlantic Ocean. Water masses or
SWTs in this layer can be easily recognized by their line&r r€lationship(Pollard et al., 1996;
Stramma and England, 1999 this study, we define upper layer water masses to be located above
potential densitysoline of 27.0 kg/fh(see Fig 3.0), but below the mixed layer. The formation and
transport ofthe Central Water is influenced by the currents in the shallow layer and finally forms a
relative distinct body of water in both the horizontal and vertMalde Waters, on the other hand, are
considered as the precursor or the prototype of the central Wateasez et al., 214; Cianca et al.,
2009) In this study we will refer to Mode Waters in the description in defining or formation of the

central waters but do not relatetheir details.

3.1.1 Eastern North Atlantic Central Water (ENACW)

The main water mass in the upper layer of the region east of the Mid Atlantic Ridge (MAR) is the East
North Atlantic Central Water (ENACWHarvey, 1982) This water mass i®rmed during witer and

gets subducted in the seas west of Iberian Penisular. In addition, one component of the Subpolar Mode
Water (SPMW) is carried by the south branch of North Atlantic Cur(feigure 3a) and mixed in

ESAW contributing to the properties of this wateags(McCartney and Talley, 19820 that
ENACW shows a typical linear-5 relationshigPollard et al., 1996 ENACW advects in the general
southen direction along the south branch of the North Atlantic Cur@mhan, 1990)passes

northwestAfrica, and then turns southwest into Canary basin. In the vertical scale, ENACW occupies
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at the upper ~500m with a rélae low salinity, while SAIW is often occupying the water column
below ENACW, often with contribution of MOW from the east in the intermediate dé&xicia
Ibanez et al., 2015; Pollard et al., 1996; Pollard and Pu, 1985; Prieto etl&l., Pis straticication
can also be clearly seen in the salinity/depth plot of Fidaevhere the MOW is primarily
characterized by high salini{geealso Figure 9c and discription of MOW )

In our analysis, we follow the analysis Bbllard et al. (1996and choose latitude between 39 and
48 °N and between 15 and 25 °E of longitude (east of-Mldntic-Ridge) as the formation area of
ENACW (Figure 3). Based on the work Pollard and Pu, 1985)e choose potential densitg, =

26.9 kg/nT as higher boundary and = 27.3 kg/nt as the lower boundary to define ENACW in our

analysis.

In Figure 3b, we can see clearly the linearST didribution of this water massespnsistent with
Pollardet al. (1996)and the definition of ENACW in Garcialbanez et al. (2015)n Garcialbanez et

al. (2015) there is another definition ENAC) but water samples show a discrete distribution
warmer than 16 °C by GLODAPV2 data set in this reggmalso samples with potential temperature
below 16 °C are selected in this stuég shown in Figure 3cENACW dominates the upper 500m
depth. The main character of ENACW is the large potential temperature and salinity ranges and low

nutrients (especially low in silicate).

3.12 Western North Atlantic Central Water (WNACW)

Western North Atlantic Central Water (WNACW) is another SWT formed during winter through
subduction(McCartney and Talley, 1982; Worthington, 1959JNACW is formed at the south flank

of the Gulf StreanfKlein and Hogg, 1996and is in some literatures referred to as ¥&afer since a
potential temperature of around 18 °C and salinity around 36.5 are standard features of this SWT
(Talley and Raymer, 1982 general, ocean water in the Northeast Atlantic has higher salinity than
in the Northwest Atlantic due to the stronger winter convediitoilard and Pu, 198%nd input of
MOW (Pollard et al., 1996; Prieto et al., 201Hpwever, for the central waters, we find the opposite.
WNACW has a significantly higher salinity than ENACW by 0.9 PSU units. This is due to a number
of reasons, such as different latitudes of formation; WMA®G formed in lower latitude than
ENACW so that surface water with higher salinity subducts during winter convection to form
WNACW.

In this study, we followMcCartneyand Talley (1982and choose the region-3#°N, 56370°W as the
formation area and pressures less than 1000 m. By defining the depth of this SWT water samples show
a discrete TS distribution with potential densities lower than 6@ larger than 2&0 kg/n?.

Besides the potential density constraint, we added the constraint that concentrations of phosphate have

to be lower than 0.3 and silicate lower tt8gamol kg™.

37



The properties of WNACW are shown in FigdreBesideghelinear T-S relationshipa feature of all

central waters, another feature of this water mass is, as the alternative name suggests, a potential
temperature around18 °C. This is the warmest of the four STWSs in the Atlantic Ocean since it has the
lowest latitude of formation and iefluenced by the high salinity Gulf Stream during formation. Low
nutrients, including silicate, phosphate and nitrate are other features compared to other central waters
that generally are low in nutrients compared to deeper water masses

3.1.3 Western Sout Atlantic Central Water (WSACW)

Western South Atlantic Central Water (WSACW) is located in the starting point that central water is
transported to the north during the Meridional Overturning Circulgtarhlbrodt et al., 2007)For

this reason, the importance of WSACW is clear. The WSACW is formed with little directly influence
from other central water mass@&tramma and England, 199%hile the origin of other central water
masses (e.g. ESACW or ENACW) can, to some extent at least, be traced back to WIB&EMbnN

and Stramma, 1991 his water mass is a product of three mode waters mixed together: the Brazil
current brings Salinity Maximum Water (SMW) and SubtropMalle Water (STMW) from the north,
while the Falkland Current brings Subarctic Mode Water (SAMW) from the qduttarez et al.,

2014) Here we follow the work ostramma and England (199)dAlvarez et al. (2014dhat choose

the meeting region of these two currents-§28W, 3045°S) as the formation region of WSACW. We
choose potential deity (&) between 26.0 and 27.0 kg/end salinity higher than 34.5 for defining
WSACW. In addition to the physical properties we used the requirement of silicate concentrations

lower than10 pmol kg* and oxygen concentrations lower than 230 pmd| tkgdefine this SWT.

The temperature distribution in this region indicates another peak in the abundance (histogram) for
potential densities higher than 27.0 kg,rindicating that the boundary between WSACW and AAIW

is at & = 27.0 kg n? in this regionThe hydrochemical properties of WSACW are shown in Figure
Similar to other central waters, WSACW shows a line&8 fielationship with large T and S ranges

and low concentration of nutrients, especially low silicate.

3.1.4 Eastern South AtlanticCentral Water (ESACW)

The other formation area of SACW in the eastern South Atlantic Ocean is located in area southwest of
South Africa. In this region the Agulhas Current brings water from the Indian QDeanijter, 1982;
Lutieharms and van Ballegooyen, 198Bat meets and mixes with the South Atlantic Current
(Gordon et al., 1992; Stramma and Peterd®90) from the west. Water mass formed during this
proces spreads to the northwest and intrudes water from the Benguela Current and enters the
subtropical gyre(Peterson and Strama, 1991) Tracing back to the origin of ESACW, it can be
considered as partly originating from WSACW, but since water from Indian Ocean is added by the

Agulhas Current we can define WSACW as a new independent STW with characteristic properties.
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We chamse the meeting region of Agulhas Current and South Atlantic Curred(38, 020 °E) as

the formation area of ESACW and display properties of this SWT. To investigate the properties of
ESACW, we also followstramma and England (199@nd choos@00-700m as the core of this water
mass. For the propertiespotential density @ ) between 260 and 2720 kg m® and oxygen
con@ntration between Pland 240umol kg are usedo defne ESACW.

Figure6a clearly shows the linear§ relationship for potential density() between 26 @and 2720

kg m®, which is consists with the general property of Central W4fdvarez et al., 2014; Emery and
Meincke, 1986; Harvey,9B2). As shown in Figurésb, ESACW exhibits a relative large potential
temperature and salty range and low nutrient concentrations (especially low in silicate) compared to
the AAIW below. The properties in ESACW are similar to that of WSACW, although with higher

nutrient concentrations due to input from the Agulhas current.

3.2 Thelntermediate Layer

The intermediate water masses origins from the upper part of the ocean (i.e. the upper 500m of the
water column) but subduct into intermediate depth (1T®IOM) during their formation process
Similarly to the water masses of the centegrer, currents in this layer play a significant role to
influence the distribution and transport of intermediate water masses. The potential (&hsityhe

intermediate water masses usually is betweer02#a 27.0 kg m?®.

In the Atlantic Oceanwe find two main intermediate water masses: SAIW that originates from the
north and AAIW that originates from the souffigure 8 These two water masses are formed in the

surface of sulpolar region, and then sink during their way towards the lowendatit

Besides AAIW and SAIW here we also define MOW as an intermediate water mass in the north
Atlantic since the MOW occupies a similar density range as AAIW and SAIW, although the formation

is different.Schematicof main currents in the intermediate éays shown in Figure 7.

3.2.1 Antarctic Intermediate Water (AAIW)

AAIW is the main water mass in the intermediate depth of the South Atlantic Ocean. This water mass
originates from the surface layer (upper 200m) north of the Antarctic Circumpolar Current (ACC) and
east of Drake Passafglvarez et al., 2014; McCartney, 1983fter formation AAIW subducts and
spreads northward along the continental slope of South Am{@iica and Gordon, 19890\AIW can

be found through most of the Atlantic Ocean at the depth between 500 and 1200m, below the layer of
central water and above the deep wa(€edley, 1996) Two characteristic features of AAIW is low

salinity and high oxygen concentrati@@iramma and England, 1999)

Based on the work b$tramma and England (1999e choose the region between 55 and 40°S (east
of the DrakePassageas the formation area of AAIW and look at depths below 200 m so that not only

AAIW samples in the formation area but also some samples during the subcudtiepreading in
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the primary stage are considered. As for the boundaries between AAIW and surrounding SWTSs,
including SACW in the north and NADW in the deep, there are several slightly different definitions.
Piola and Georgi (1982nd Talley (1996)define AAIW to have potential densities between 87.0
27.10 and 27.0 kg/m®. Here however we followStramma and England (199%)at define the
boundary between AAIW and SACW &t= 27.0 kg m*® and the boundary between AAIW and
NADW at &= 32.15kg m*,

Although the density difference between AAIW and AABW is significant, in the formation areas,
there is a direct contact between AAIW and AABW near Drake Strait. Since AABW is easily
separated from AAIW on higheiilicate concentrations we usstlicate corentrations lower than 20
umol kg' as a criteria for AAIW. Furthermore we used these criteria in our selection of AAIW:
potential density between 26.95 and 27.50 Kgamd pressure within 300m. More criteria are required

to identify AAIW with neighboring SWTs, sincethe formation area of AAIW is bordered with
WSACW in the north and AABW in the south. High oxygen (> 230 pmdl) kg the impatant sign

that distinguishes AAIW from Central Waters (WSACW and ESACW), while relative high potential
temperaturg>-0.5 °C) and low silicate (< 30 pmol Rpare dfferentiated standardsetween AAIW

and AABW. As shown irFigure 8 most of the AAIW samples have a potential denbijweené =
27.0-27.40 kg m®* WKH IHZ H[FHSWLRQV VWLOQ<DB&BEIHY k. WHe WKH
characteristics of AAIW show low salinity, high oxygen and low silicate concentrations compared to

SACW and NADW, and low silicate concentration.

3.2.2 Subarctic Intermediate Water (SAIW)

Subarctic Intermediate Water (SAIW) originates from the surface layer of the western boundary of the
North Atlantic Subpolar Gyre, along the Labrador Curigaizier and Wright, 1993; Pickart et al.,

1997) This SWT subducts and spreads southeast in the region north of the NAC, advects across the
MAR and finally interacts with MOW, that comes from the eastern Atlantic below ENA®Wan,

1990; Arhan and King, 1995Yhe formation of SAIW is mixture of two surface water types: Water

with high temperature and salinity carried by the NAC and cold and fresh water from the Labrador
Current (Garcialbanez et al., 2015; Read, 2000 Garcialbanez et al. (2015)there are two
definitions of SAIW, SAIW, which is biased to the warmer and saltier NAC, and SAWWich is

closer to the cooler and fresher Labrador Currenthis study we discuss the combination of these

two endmembers when considering the whole Atlantic Ocean scale.

For the spatial boundaries we follddvhan (1990)and choose longitudes between 35 and\g=&nd
latitudes between 50 an@ 8N, i.e. the region along the Labrador Current and north of the NAC as the
formation area of SAIW (Figure 9a). Within this area we follRead (200Q)and choose potential
densitieshigher than 27.6%g m* and potential temperature higher than 4.5t6Cdefine SAIW.
Similar to the definition of AAIW, we include samples in the depth range from the MLD to 500m as

the core layer of SAIW; this pressurelimdes formation and subduction of SAIW.
40
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In the T-S relationship (Figure 9bthe mixing of two main sources, the warmer and saltier NAC and
the colder and fresher Labrador Current, is evident. In Figure 9c we can see that this SWT is
characterized by rative low potential temperature, salinity and silicate concentration but is high in
oxygen

3.2.3 Mediterranean Overflow Water (MOW)

The predecessor of the Mediterranean Overflow Water (MOW) is Mediterranean Waters flowing out
through the Strait of Gibraltavhose main component is modified Levantine Intermediate Water. This

is a SWT characterized by high salinity and temperature and intermediate potential density in the
Northeast Atlantic OcearfCarracedo et al., 2016)After passing the Strait of Gibraltar, the
Mediterranean water mixes rapidly with the overlying ENACW leading to a sharp decrease of salinity
and potential densit{Baringer ad Price, 1997)In Gulf of Cadiz, the outflow of MOW turns into two
branches: One branch continues to the west, descending the continental slope, mixing with
surrounding water masses in the intermediate depth and influence the water mass compdaition as
west as the MARPrice et al., 93). The other branch spreads northwards along the coast of Iberian
peninsula and along the European coast and its influence can be observed as far north as the
Norwegian SeéReid, 1978, 1979)

Here we followBaringer and Price (199'8nd consider MOW to be represented by the high salinity
(salinity between 36.35 and 36.65) samples west of the Strait of Gibraltar as a SWT in the Northeast
Atlantic (Figure 10)although the Mediterranean waters in the Strait are characterized by salinity
higher than 38.4).

Almost the entire Northeast Atlantic, east of the MAR, intermediate layer is influenced by MOW. As
the most characteristic property of MOW is the high salinity display a salinity section plfigure

10d) of AO5 cruise from 200574AB2005050, where the high salinity of MOW can be seen and how

the high salinity core erodes westward towards the MAR. The high potential temperature and salinity
compared to othrewater samples at same depth, and the characteristically low and nutrient
concentrations are evident in Figure 10b. Due to the limited number of samples (less than 200) within
our definition of MOW in GLODAPvV2, we refrain from showing the histogram. Thapgrties of

MOW can be seen iRigure 10 and able 3.

3.3 The Deep and Overflow Layer

To the deep and overflow water masses beldhgse below the Intermediateayer, approximately

from 1500 to 4000m, with potential densities between 27.7 and 27.88 kgetative high salinity in

the deep (compared to the#ermediate and bottom waters) is another significant property. The source
region of these waters is confined to the North Atlantic, the formation areas and main currents in this
layer are shown in Figure 1The southward flow of NADW in the North Atlanti as well as

northward flow of AABW in the South Atlantic are indispensable components of Atlantic Meridional
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Overturning Circulation (AMOC]Lynch-Stieglitz et al., 2007{Broecker and Denton, 1989; Elliot et
al., 2002)

The North Atlantic Deep Water (NADW) is the main water mass in this layer. NADW is mainly
formed in the Labrador Sea and Irminger Basin in relative high latitude region in North Atlantic by
mixing of Labrador Sea Water and the two variations of overflonensatSOW and DSOW. We
make a distinction of upper and lower NADW, the upper portion origins from LSW and lower portion
origins from ISOW and DSOW. From the formation area, NADW spreads to the south mainly with the
Deep Western Boundary Current (DWB@engler et al., 2004)hrough the most Atlantic Ocean
until ~50 °S where it meets Antarctic Circumpolar Current. During the south way along DWBC,
NADW also spreads snificantly in the zonal direction, so that we can find NADW in the whole
Atlantic basin at these densitidzier, 2012)

Both Denmark Strait Overflow Water (DSOW) ancelandScotland Overflow water ISOW)
originate fromArctic Ocean and the Nordic Seas. In North Atlantic, these two water masses sink and
flow west and east of Iceland respectively, and finally, they meet and mix with each other in the
Irminger Basin(Stramma et al., 2004; Tanhua et al., 2005#)s two main contrititions to the
formation of lower portion of NADW, they play a significant role in AMOC. Here we show our
analysis based on GLODAPV2 database and discuss DSOW and ISOW separately.

3.3.1 Labrador Sea Water (LSW)

As an important water mass by its own virtue and for the formation of North Atlantic Deep Water
(NADW), LSW is predominant in midepth (between 1000m and 2500m depth) in the Labrador Sea
region (Elliot et al., 2002) LSW is characterized by relative low salinity (lower than 34.9) and high
oxygen concentratio~290 umol kg) (Talley and Mccartney, 1982pnother important criterion of
LSW is the potential density&), thatranges from 27.68 t07288 kgm™ (Clarke and Gascard, 1983;
Gascard and Clarke, 1983; Kieke et al., 2006;n%tma et al., 2004)In the large spatial scale, LSW
can be considered as one water nm{@skson and Brown, 1994however significant differences of
GLITHUHQW 3YLQW D JKeké eRal./B006H StramhmaVet al., 20043W can broadly be
divided into upper Labrador Sea Water (uLSW) and classic Labrador Sea Water (cLSW) with the
boundary between them at potential density of 27.74 Rg (iieke et al., 2007; Kieke et al., 2006;
Smethie and Fine, 2001)

The following results show our analysis based on GLODAPV2 in the Labrador Sea and Irminger Basin,
west of MidAtlantic-Ridge. For the purpose of our analysis (the whole scale of the Atlantic Ocean)
we consider LSW as one integral water mass. Although éiivealdor Sea is located in North Atlantic
between the Labrador Peninsula and Greenland, for this analysis we consider the formation region of

LSW (Figure 12a). Within this geographical region we follow the definition f@arke and Gascard

42



(1983) and Strammaand England (1999)defining LSW as samples withotential density € )
betweer7.68 to 27.88 kg fi(Figure 12b) in the depth range of 52000m(Elliot et al., 2002)

Obvious characteristics of LSW are relative low salinity and high oxygen concentration is obvious.
Figure 12c¢ shows the histogram of sdimples that we consider to represent LSW in this analysis. The
UHODWLYHO\ ODUJH VSUHDG LQ SURSHUWLHV LV LQGLFDWLYH R

bi-modal distribution of density, and partly for oxygen.

3.3.2 Denmark Strait Overflow Water (DSOW)

In North Atlantic, a number of water masses from the Arctic Ocean and the Nordic Seas flows through
Denmark Strait west of Iceland. At the sill of the Denmark Strait and during the descent into the
Irminger Sea these water masses undergo intense mixing. Here we use samples from the Irminger Sea
with potential density higher than 27.88 kg Tanhua et al., 2005tr our definition of DSOW. In

addition we require the silicate concentration to be lower thamidl kg™ to distirguish DSOW from

NEABW, which has a high silicate concentration.

As shown in Figure 13b DSOW is mostly found close to the bottom between 2000 and 4000m, as
expected for an overflow water. In addition to the high density and low tempelx3@¥é/ also has

high oxygen concentration (~ 2820umol kg?).

3.3.3 IcelandScotland Overflow Water (ISOW)

The Iceland Scotland Overflow Water, ISOW, flows from the Iceland Sea to the North Atlantic in the
regioneast of Iceland, mainly through the Fai@nk Channel close to the bottol8OW flows and

turn into two main branches when passing the Ch&ils Fracture Zone (CGFZ). The first one
flows throughthe Mid-Atlantic-Ridge, into the Irminger basin, meets and mixes with DSOW there,
and finally jons the lower portion of NADW. The other branch goes southward and mixes with
Northeast AtlanticBottom Water (NEABV) (Garcialbanez et al.,, 2015)The pathway of ISOW
closely follows the Mid-Atlantic-Ridge in the Iceland Basin where also NEABW could be found,
characterized by high nutrient and low oxygen concentration. In order to safehguiisti ISOW
from LSW in the region west of MAR, weefine ISOW as samples witfalinity higher than 34.95,
potential density higher than 28.8g m®. Figure 14 displays our characterization of ISOW based on
GLODAPV2 in the Iceland Basin, which is consigtirom the result in the literatu(Sarcialbanez et

al., 2015)

3.3.4 Upper North Atlantic Deep Wate (UNADW)

The uNADW is formed by mixing of mainly ISOW and LSW and we consider this to be a distinct
water mass just south of the Labrador Sea as this region is identified as the formation area of upper
and lower NADW(Dickson and Brown, 1994)
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We select the region between latitude 40 and 50°N, west of the MAR as the formation area of NADW
(Figure Bb) and use the criteria of potential density between 27.72 and 27.82 wighmdepth range
from 1200to 2000m to define thepperNADW (Stramma et al., 2004)

As a product of mixingrom LSW and ISOW, upper NADWhherits main propertierom LSW but
also contains some afharacteristicirom ISOW. Relative low salinity and high salinity is still
significant featureof uNADW. However, as shown iRigure 5d, relatively increased salinitand
decreased oxygen concentration can be found due to thetifmpadSOW. Furthermore, ISOW also
brings dight increaseof nutrients including silicate, phosphate and nitrate.

3.35 Lower North Atlantic Deep Water (INADW)

We select water samples from the same geographic region as upper NADW to define the lower
NADW. Below the uNADW in this region, ISOW and DSOW (with influence of LSW) mix with each
other and form the lower portion of NAD\(&tramma et al., 2004We use water samples found at
depths between 2000 and 3000 m with potential densities between 27.76 and 27:8&kdefine

lower NADW.

From the data shown on Figure 18a can see lower NADW has propertiesrminclined tdSOW
compared with DSOW. ¢¥ instance, values of salinity and oxygen concentration are between ISOW
and DSOW bubbviously closeto ISOW. The nutrients, lower NADW hawadmost the samealues

to ISOW, wrther verified thisnference High potential temperature shows that the imeon LSW

to lower NADW cannot be ignored.

3.4 The Bottom Layer

We define bottom waters as the densest water masses that occupy the lowest layers of the water
column, typically below 4000 m depth and with potential densities higher than 27.88.Kthese
water masses have an origin in the Southern Odéguare 17 and are also characterized by their high

silicate concentrations (higher than 100 pmabkdn addition to the high densities.

Antarctic Bottom Water (AABW) is the main water mass ia tottom layer, and is formed in the
Weddell Sea region, south of Antarctic Circumpolar Current (ACC) through mixing of Circumpolar
Deep Water (CDW) and Weddell Sea Bottom Water (WSEVEh Heuven et al., 20117 fter the
formation, AABW spreads to the north across the exyuatd further northwards until ~40 °N, where
we define this water mass as North East Atlantic Bottom Water (NEABW).

3.4.1 Antarctic Bottom Water (AABW)

Antarctic Bottom Water (AABW) is the main bottom water in the South Atlantic Ocean and is also an
important bottom water mass in the North Atlantic. As one of the important components in Atlantic

Meridional Overturning Circulation (AMOC), AABW spreads northward below 4000m depth, mainly
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west of MidAtlantic-Ridge (MAR) and plays a significant role in thdéfmohaline Circulation
(Andrié et al., 2003; Rhein et al., 1998he aigin of AABW in Atlantic section can be traced back to

the Weddell Sea as a product of mixing of Weddell Sea Bottom Water (WSBW) and Circumpolar
Deep Water (CDWf}Alvarez et al., 2014; Foldvik and Gammelsrod, 1988)

The definition of AABW is all water sampldsrmed south of the Antarctic Circumpolar Current
$&& L H VRXWK RI f6 LQ WKH :HGGHOO 6HD ZLWRrsdi XWUDO
al., 1999; Weiss et al., 1979%s an additional constraint we define AABW as water samples with
silicate higher tha 120 pmol kg to distinguish AABW from other water masses in this region as high
silicate is a trade mark characteristic of AABW. The main source region of AABW is the Weddell Sea.

In Figure 18 we can see clearly that there are two main original watsses (red points) in the

selected formation area of AABW (blue points). This result is also consistenOvgtlet al. (1999)

andvan Heuven et al. (2011)7KH ILUVW ZDWHU PDVV LV WKH UHODWLYH ZDU

which comes with the ACC from the north. The other one, which is the extremely cold Shelf Water
-1.0°C) comes as Weddell Sea Bottom Water (WSBW) from the s@stihown in Figure 18e

find AABW from 1000m to 5500m depth. The characterisitc propemiePAABW is the low

WHPSHUDWXUH f& VDOLQLW)\ DQG KLIJK QXWULHQW F

concentrations. In Figure 17¢c we can see a relative complex distribution of potential temperature,

probably due to the mixing betweelifferent water masses with quite different temperatures (warm

CDW and cold shelf water) that forms AABW.

3.4.2 Northeast Atlantic Bottom Water (NEABW)

Northeast Atlantic Bottom Water (NEABW), also called lower Northe&santic Deep Water
(INEADW in Garcialbanez et al. (201%)is mainly found below 4000m depth in the eastern basin of
the North Atlantic. This water mass is an extension of AABW during the way to the north, since the
characteristics of AABW changes significantly on the slow transport north we choose to define this as

a new water mass north of the Equator, similar todhadition of NADW south of the Labrador Sea.

To define we choose the region east of the MAR and between the equator and 30 °N, i.e. before
NEABW enters the Iberian Basin, as the formation areau(Ei@9. We also use the criteria of water

samples from aapth deeper than 4000amd potential temperature above 1.8 fCthe T-S diagram

of NEABW (Figure 19 we can see the lineard relationship similar to AABW in the Weddell Sea,

but with significantly higher potential temperatures and salinities, rougltly 1C and 34.887,
respectively. Most NEABW samples have a potential density higher than 27.88&gdiNEABW is
FKDUDFWHUL]HG E\ ORZ SRWHQWLDO WHPSHUDWXUH ORZ VDC
that NEABW originates from AABW, dlibugh most properties have been changed significantly from

the South Atlantic.
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3.4.3 Circumpolar Deep Water (CDW) / Warm Deep Water (WDW)

Circumpolar Deep Water (CDW) or, as it is also called, Warm Deep Water (WDW), is the lighter of
the two SWTs thatonstitutes AABW. In our study we consider water mass that mixes with WSBW
directly as CDW (WDW invan Heuven et al. (201)1and the region between 55 and 65 °S as the
formation area. The origin of CDW can be tracked to the southward flow of NADW. At about 50°S
NADW is deflected upward by AABW before reaching the ACC area, this NADW mixes with other
water masses in ACC andrifos a new water mass called CDW. Then CDW flows further southward

and passes the ACC.

To specify CDW we selected water samples with from depth between 200 and 1000m in the region
east of 60°W between 55 and 65°S as the core of CDW. We also placed tlmmalddbnstraints of
having salinity lower than 34.64 and potential density higher than 27.80 kgThe properties of

CDW areshown in Figure 20Similar to other bottom SWTs, CDW is characterized by high nutrient
concentrations (silicate, phosphate anifrate) and low oxygen concentration. The potential
temperature of CDW is between 0 and 1 °C while the potential density is larger than 27°g8aaim

the salinity higher than 34.63.

3.4.4 Weddell Sea Bottom Water (WSBW)

The Weddell Sea Bottom Water @W) is the denser SWT that takes part in the formation of
AABW. Similar to CDW, WSBW is also formed in the Weddell Sea region, relative warm wéater (

0 °C) flows southward and cools down &lower than-1°C by mixing with extremely cold shelf
water that is transported down along the continental slop. WSBW is thus formed in the Weddell Sea
basin below the depth of 3000m, before it meets and mixes with CDW/WDW. Compared with CDW,

its low potential temperature is a significant property of WS@#h Heuven et al., 2011)

We follow van Heuven et al. (2018nd choose water samples in the latitudinal boundaries ef 55

65 °S in the Weddell Sea with pressures larger than 3000 m as the formation core area. We
additionally constrain our selection to samples with potential teryperéoower than-0.7 °C and

silicate higher than 5 pmol/kg. The poperties of WSBW are shown iRigures 2& and b. In
addition to the physical properties, such as low potential temperature and high potential density,
WSBW has high nutrient concentratioibsit dislike CDW, WSBW has high oxygen concentration.

4. Discussion

We have defined Atlantic Ocean Water Masses (WMSs) in their formation area as source water types
(SWTs) in a Aimensional hydrochemicabpace. The properties of SWTs are important since this is
the fundamental basis to label and investigate water mass transport, distribution and mixing. Table 3
provides an overview of the properties, and the standard deviation, of the 16 Atlantic Océan SW

considered in this study. We used seven often measured hydrochemical and physical variables to
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characterize 16 main SWTs in the Atlantic Ocean. To guide the water mass descriptions we divided
the distribution of SWTs into four main vertical layers rdygteparated byotential density in the
shallow and concentration of silicate in the deep southern Hemisph&rél X S SH U<ZYDOkguUu 1
m®) occupies the most shallow layer (typically down to about 500 m depth) of the ocean below the
mixed layer, thatve do not consider in this analysis. The upper layer is occupied by central waters:
ENACW, WNACW, WSACW and ESACW, mainly characterized by relative high potential
temperature and salinity. The intermediate layer is situated between the upper layerdaeg thger

at roughly 1000 and 2000m depth. Of the three SWTs in this layer, AAIW and SAIW are both
characterized have relative low salinity and temperature, while the MOW has high salinity and
temperature. In the deep and overflow layer between rou@@9 and 4000m we find SWTs with an
origin in the north Atlantic. The bottom layer is occupied by SWTs with a southern origin; these are

very cold SWTs with high densities and silicate concentrations.

In Figure22 we show an overview of the position of tB&VTs ina Salinity Temperature plotvhere

we plotted the SWTs from the different layers in different colors. It is obvious that a range of
additional variables other than temperature and salinigy helpful, if not necessary, to reliable
distinguish diffeent water masses from each other, and to calculate the mixing ratios of water masses

in a water sample with a particular characteristic.

The here presented characteristics and (property value and the standard deviation) of Atlantic Ocean

SWTs is intendetb guide water mass analysis of hydrographic data.
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Figure 4: Overviewof WesternNorth Atlantic Central WateA{/NACW):

Panel a) shows the formation area used to define the water mass, panel b) st®diagiam and panel c) the
distribution of key properties vs. pressure. In panel d) we show bar plots of the data distributionle§ seag
to define the water mass. Potential Temperature in (°C), Potential Density ify K¥gygen and nutrients in

pumollkgd 7KH UHG *DXVVLDQ ILW VKRZV PHDQ DQG 1 EC
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Figure 5: Overviewof Western Southtlantic Central Water\WSACW):

Panel a) shows the formation area used to define the water mass, panel b) st®udiagiam and panel c) the
distribution of key properties vs. pressure. In panel d) we show bar plots of the data distribution of saetp
to define the water mass. Potential Temperature in (°C), Potential Density ify K¥ggen and nutrients in

umollkg 7KH UHG *DXVVLDQ ILW VKRZV PHDQ DQG 1 EC

56



20 .

15¢ ]
o )
<10
<
5
0 .'4| L L
34 34.5 35 35.5 36
Salinity
(b)
Potential Temp Salinity Potential Density
ESACW
34 35 36 26 265 27 275
Silicate Phosphate Nitrate

20 40 60 80 100 120 140 1 2 0 10 20 30 40
(c)
- Potential temp Salinity Potential Density
25
. ESACW
15
10
5
% & 10 12 14 16 345 35 ®5 %6 26.5 27
11.26 +2.25 34.944 + 0272 26.659 +0.207
Oxygen Silicate Phosphate Nitrate
25 20 25

20

o]
200 220 10

0

5 1 2 10 20
219.2+91 55+1.96 (d) 096+0.31 1327 £473

Figure 6: Overview of Eastern South Atlantic Central Water (ESACW):

Panel a) shows the formation area used to define the water mass, panel b) st®udiagfam and panel c) thi
distribution of key properties vs. pressure. In panel d) we show bar plots of théistataution of samples
used to define the water mass. Potential Temperature in (°C), Potential Density n®gymen and nutrients

inumol/kgf 7KH UHG *DXVVLDQ ILW VKRZV PHDQ DQG 1 E
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Figure 8: Overviewof Antarctic Intermediate Water (AAIW):

Panel a) shows the formation area used to define the water mass, panel b) st®udiagiam and panel c) the
distribution of key properties vs. pressure. In panel d) we show bar plots of the data distribution of sampl
to define the water mass. Potential Temperature in (°C), Potential Density ify K¥gygen and nutrients in

pmol/kg’. The red Gaussian fit shows meBrQG 1 EDVHG RQ VHOHFWHC
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Figure 9: Overview ofSubarctic Intermediate Water (SAIW):

Panel a) shows the formation area used to define the water mass, panel b) st®diagiam and panel c) the
distribution of key properties vs. pressurephmel d) we show bar plots of the data distribution of samples |
to define the water mass. Potential Temperature in (°C), Potential Density ify K¥gygen and nutrients in

umollkg 7KH UHG *DXVVLDQ ILW VKRZV PHDQ DQG 1 EC
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