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Abstract 

Ocean ventilation describes the physical process that transports surface waters into the 

ocean’s interior. The process thereby links surface waters with deep waters, contributing 

significantly to the global ocean conveyer belt and affecting global water mass circulation.  

The Arctic Ocean is a region known to play a vital role in driving global ocean circulation by 

moving recently subducted waters at intermediate depths and exporting them as deep water 

towards the Atlantic Ocean. Thus, changes in this region, for instance those inflicted by climate 

change which are amplified in this area due to decreasing sea ice coverage and increasing 

freshwater inflow, may impact ventilation patterns and consequently affect global ocean 

circulation. 

Ocean ventilation patterns can be determined using transient tracer measurements combined 

with the transit time distribution (TTD) method. Transient tracers are gases with known 

atmospheric histories or radioactive decay rates, which dissolve in surface waters following 

air-sea gas exchange and are then transported via ventilation processes into the interior 

ocean. Because these tracers have no inner water interactions, measurements of their 

concentrations in subsurface water samples allow to estimate the age of that respective water 

parcel, defined as the time since it was last in contact with the atmosphere. By assuming an 

inverse Gaussian distribution of ages to represent the TTD, the method accounts for water 

masses of varying ages within the single water parcel, in which tracer concentrations are 

measured. The mean age derived from these distributions serves to determine the ventilation 

rates and the relationship between the mean age (Γ) and the width of the age distribution (Δ) 

provides insights into the advective vs. diffusive flow characteristic of the respective water 

parcel.  

This thesis analyzed transient tracer measurements, primarily focusing on the tracers CFC-12 

and SF6, to examine ocean ventilation patterns. In addition, the potential of new ocean tracers, 

such as the hydrochlorofluorocarbons HCFC-22, HCFC-141b, HCFC-142b and the 

hydrofluorocarbon HFC-134a (referred to as ‘Medusa’-tracers), was explored to aid ventilation 

analyses. The investigation of ventilation patterns focused on two regions. First, the Arctic 

Ocean and the primary aims here were (1) to analyze ventilation patterns and their temporal 

variability, and (2) to evaluate the use of the ‘Medusa’-tracers to improve the ventilation 
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analysis. Second, the Gulf of St. Lawrence, where the main objective was to analyze deep 

water ventilation and hereby predict changes in the composition of the water mass flowing 

into the Gulf. 

The general ventilation analysis using data collected in 2021 for CFC-12 and SF6 in the Arctic 

Ocean indicated characteristics typical for this region. Specifically, the data revealed the 

presence of the Arctic Ocean Boundary Current near the North Pole on the Eurasian side of 

the Lomonosov Ridge. This current is present at depth between 250 and 800 m and transports 

Atlantic Water around the Arctic Ocean along the ocean ridges. The presence of this current 

was inferred from higher tracer concentrations in this area, compared to measurements 

within the central Nansen and Amundsen Basins. Furthermore, computed mean age data 

derived from CFC-12 and SF6 measurements indicated an older age of the deep water in the 

Makarov Basin relative to the Nansen and Amundsen Basins. This finding highlights the slow 

ventilation of deep water masses on the Canadian side of the Lomonosov Ridge. 

The examination of Arctic Ocean ventilation patterns at intermediate depths (250 – 1500 m) 

over the past three decades (1991 - 2021) revealed a significant temporal variability. The 

analysis identified a multidecadal variability in ventilation throughout this 30-year time period, 

showing reduced ventilation (higher mean ages) in 1991 and 2021 in comparison to 2005 and 

2015. Additionally, it was observed that during the past 16 years (2005 until 2021) the 

ventilation slowed down on the Eurasian side of the Arctic Ocean, with increasing mean ages 

observed from 2005 over 2015 to 2021. 

The ventilation analysis was also expanded using ‘Medusa’-tracers collected in the Arctic 

Ocean in 2021. This approach enhanced precision in the characterization of ventilation 

patterns and thereby revealed that these tracers, whose concentrations can be accurately 

determined by mass spectrometry, can be used as new ocean tracers in this region. Employing 

multiple tracer pairs alongside the TTD unveiled that in general the flow within the Atlantic 

layer of the Arctic Ocean is dominated by advective forces, with diffusive characteristics 

increasing at lower depths. Additionally, it showed that in some areas of the Arctic Ocean two 

water masses with similar densities but distinct age histories undergo mixing. Given the slight 

disparities observed in these regions between different tracer pairs in mean age and Δ/Γ-ratio, 

the TTD approach was expanded. This involved the assumption that not a single inverse 

Gaussian distribution but two inverse Gaussian distributions have to be considered to describe 
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the age distribution. Consequently, the ventilation analysis was expanded, enabling a more 

detailed examination of each water layer in various regions.  

Transient tracer measurements, coupled with the TTD method, were also utilized to analyze 

deep water ventilation in the Gulf of St. Lawrence, a semi-enclosed region located on the east 

coast of Canada, which is connected to the Atlantic Ocean. Recent studies in this area had 

shown a significant decline in the oxygen concentration, which was partly attributed to a shift 

in the composition of the deep water inflow, being increasingly dominated by deoxygenated 

waters. The deep water entering the Gulf consists of a mix of older, less oxygenated North 

Atlantic Central Water (NACW) and younger, oxygen-rich Labrador Current Water (LCW). By 

employing transient tracer measurements around an isopycnal of σΘ = 27.26 kg/m3, the deep 

water mean age was assessed employing the TTD method. The data identified the presence 

of older water in the eastern part compared to the western edge of the Gulf, contrary to the 

expected flow pattern of the water. This underscored the increasing influence of older, less 

oxygenated NACW in recent times, which limits the influence of recently ventilated, 

oxygenated water coming from the Labrador Sea. As this trend appears to be ongoing, it is 

anticipated that the Gulf and the St. Lawrence Estuary will experience further deoxygenation.  
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Zusammenfassung 

Die Meeresventilation beschreibt den physikalischen Prozess, mit dem Oberflächenwasser in 

die Tiefen des Ozeans transportiert wird. Somit bildet sie das Bindeglied zwischen 

Oberflächenströmungen und Tiefenwasserströmungen und ist ein entscheidender Faktor des 

sogenannten ‚Conveyer belts‘, eines Zirkulationssystems, das Wassermassen durch die 

Ozeane dieser Welt bewegt und diese so miteinander verbindet.  

Der Arktische Ozean ist eine Region, die eine wichtige Rolle bei der Zirkulation kürzlich 

abgesunkener Wassermassen in mittleren Tiefen und deren Export als Tiefenwasser in den 

Atlantik spielt. Hierdurch beeinflusst der Arktische Ozean die globale Ozeanzirkulation. Für die 

Forschung ist der Arktische Ozean darüber hinaus von besonderer Bedeutung, da sich in 

diesem Gebiet klimabedingte Veränderungen, wie z.B. schmelzendes Meereseis und 

zunehmender Süßwasserzufluss, in zunehmendem Maße manifestieren. Inwieweit diese 

Veränderungen Einfluss auf die Meeresventilation der Region haben und somit 

Veränderungen in der globalen Zirkulation hervorrufen können, steht im Interesse der 

Forschung.  

Eine Möglichkeit, Meeresventilation und ihre Veränderungen zu untersuchen, besteht in der 

Messung von im Wasser gelösten Spurengasen in Kombination mit der sogenannten ‚Transit 

Time Distribution‘ (TTD) Methode. Spurengase, die für die Analysen genutzt werden, weisen 

eine über die letzten Jahre bekannte atmosphärische Konzentration auf oder besitzen eine 

bekannte radioaktive Zerfallsrate. Sie lösen sich im Oberflächenwasser und gelangen über 

Ventilationsprozesse in das Innere des Ozeans. Da diese Substanzen keine chemischen 

Reaktionen eingehen sobald sie sich im Inneren des Ozeans befinden, ermöglichen 

Messungen von Spurengaskonzentrationen in Wasserproben eine Bestimmung des Alters 

einer Wassermasse, d. h. der Zeit, die vergangen ist, seit das Wasser zum letzten Mal mit der 

Atmosphäre in Kontakt war. Bei dieser Bestimmung wird eine inverse Gauß‘sche 

Altersverteilung angenommen, um die TTD zu beschreiben und so direkte und indirekte 

Transportwege des Wassers in tiefere Schichten des Ozeans zu berücksichtigen. Dabei stellt 

das Durchschnittsalter den Durchschnitt der Altersverteilungen einer Wassermasse dar, und 

fließt so in die Analyse der Ventilation ein. Das Verhältnis des Durchschnittsalters (Γ) zur Breite 

der Altersverteilung (Δ) liefert zudem Informationen über die advektive bzw. diffusive 

Strömung der Wassermasse. 
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Die vorliegende Arbeit nutzt hauptsächlich Konzentrationsmessungen der beiden Spurengase 

CFC-12 und SF6, um die Meeresventilation im Arktischen Ozean zu beschreiben. Darüber 

hinaus werden bislang weniger untersuchte Spurengase, die Fluorchlorkohlenwasserstoffe 

HCFC-22, HCFC-141b, HCFC-142b und der Fluorkohlenwasserstoff HFC-134a (die sogenannten 

‚Medusa‘-Gase), analysiert. Hauptziele der Arbeit waren zum einen die Charakterisierung der 

Ventilation sowie möglicher zeitlicher Ventilationsveränderungen im Arktischen Ozean und 

zum anderen die Fragestellung, ob sich die neuen ‚Medusa‘-Gase zur Bestimmung von 

Ventilationsprozessen in dieser Region eignen und diese möglicherweise verbessern.  

Die Ventilationsanalyse mit Hilfe der im Jahr 2021 ermittelten CFC-12 und SF6 Daten führte 

einige Charakteristika des Arktischen Ozeans zutage. Zum einen wiesen die gemessenen 

Konzentrationen auf den ‚Arctic Ocean Boundary Current‘ in der Region um den Nordpol auf 

der eurasischen Seite des Lomonossow Rückens hin. Diese Strömung bewegt sich in einer Tiefe 

von 250 bis 800 m entlang der Meeresrücken durch den Arktischen Ozean. Erhöhte 

Spurengaskonzentrationen in diesen Regionen und Tiefen im Vergleich zu Messungen in 

ähnlichen Tiefen in den mittleren Bereichen des Nansen und Amundsen Beckens sind Indizien 

für diese Strömung. Zum anderen lieferte die Analyse des Durchschnittsalters Befunde für sehr 

altes Wasser in den Tiefen des Makarov Beckens im Vergleich zum Tiefenwasser in den Becken 

auf der eurasischen Seite der Arktis. Dies deutet auf die langsame Ventilation des 

Tiefenwassers auf der amerasischen Seite des Lomonossow Rückens hin. 

Die Analyse der Ventilation im Arktischen Ozean über die letzten drei Jahrzehnte (1991 – 2021) 

in mittleren Tiefen von 250 bis 1500 m zeigte eine signifikante zeitliche Veränderung. Die 

Daten sprechen für eine multidekadische Variabilität der Ventilation über die genannten drei 

Jahrzehnte, wobei im Vergleich zu 2005 und 2015 eine reduzierte Ventilation (älteres 

Durchschnittsalter) in den Jahren 1991 und 2021 detektiert wurde. Zudem konnte ermittelt 

werden, dass sich die Ventilation in den letzten 16 Jahren (2005 bis 2021) insbesondere auf 

der eurasischen Seite des Arktischen Ozeans verlangsamt hat. Das berechnete 

Durchschnittsalter nahm von 2005 über 2015 bis 2021 kontinuierlich zu.  

Die Probennahme und Bestimmung der ‚Medusa‘-Gase zeigte einerseits, dass sich diese sehr 

gut für die Ventilationsanalyse im Arktischen Ozean eignen. Die Bestimmung der 

Konzentrationsverhältnisse verschiedener Tracer-Paare unter der Annahme einer einfachen 

inversen Gauß’schen Altersverteilung der Wasserpakete zeigte generell die Dominanz der 
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advektiven Strömung bei Wassermassen in mittleren Tiefen, welche mehr und mehr diffusiven 

Charakter in größeren Tiefen entwickelte. Andererseits deuteten die Ergebnisse auch darauf 

hin, dass in einigen Regionen des Arktischen Ozeans eine mögliche Vermischung von zwei 

Wassermassen gleicher Dichte aber unterschiedlichen Alters vorliegt. Aufgrund der Menge an 

analysierten Spurengasen konnte hier das Durchschnittsalter mithilfe einer Ausweitung der 

TTD-Methode quantifiziert werden, wobei die Annahme einer einzelnen inversen Gauß’schen 

Verteilung auf eine zweifache inverse Gauß’sche Verteilung erweitert wurde.  

Spurengasmessungen in Kombination mit der TTD-Methode wurden im Rahmen der Arbeit 

auch zur Ventilationsanalyse des Tiefenwassers im Sankt-Lorenz-Golf genutzt, einem 

halbgeschlossenen Meeresgebiets an der Ostküste Kanadas, das mit dem Atlantischen Ozean 

verbunden ist. Jüngste Studien zeigten in dieser Region einen starken Rückgang der 

Sauerstoffkonzentration. Dieser Rückgang wurde in Teilen auf eine veränderte 

Zusammensetzung des Tiefenwasserzuflusses und hieraus resultierend einem Zustrom von 

zunehmend sauerstoffarmem Wasser in den Golf zurückgeführt. Es ist bekannt, dass das 

Tiefenwasser, welches vom Atlantischen Ozean in den Golf fließt, aus älterem, 

sauerstoffarmem ‚North Atlantic Central Water‘ (NACW) und jüngerem, sauerstoffreichem 

‚Labrador Current Water‘ (LCW) besteht. Mithilfe der Spurengasmessungen rund um die 

Dichteschicht von σΘ = 27.26 kg/m3 wurde das Durchschnittsalter des Tiefwassers im Rahmen 

dieser Arbeit berechnet. Hierüber konnte ermittelt werden, dass - im Vergleich zum 

westlichen Rand des Golfs - im Osten ältere Wassermassen auftreten. Dieses Resultat steht 

im Widerspruch zu der angenommenen Altersverteilung des Tiefenwassers, da auf Grund der 

von Ost nach West verlaufende Wasserströmung älteres Wasser im Westen zu erwarten 

gewesen wäre. Die Analyse zeigte somit, dass der Einfluss von älterem, sauerstoffarmem 

NACW in den letzten Jahren zugenommen hat, wodurch sich der Eintrag von 

sauerstoffreichem, jüngerem Wasser aus der Labradorsee (LCW) verringerte. Da sich dieser 

Trend zu verstetigen scheint, ist davon auszugehen, dass die Sauerstoffarmut im Golf sowie in 

der Sankt-Lorenz-Mündung stärker zunehmen wird. 
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1.  Introduction 

The world’s oceans encompass 71 % of the Earth’s surface with up to 6 % being covered by 

sea ice (Grassl, 2001). All oceans are interconnected by the global thermohaline circulation, 

also referred to as the conveyor belt (see Figure 1.1). This circulation pattern involves the 

movement of warm surface water towards the poles and the transport of cold, more dense 

water from the poles to the tropics at deeper levels. Surface water circulation is primarily 

driven by wind, heat and freshwater fluxes, along with ocean currents, which play a crucial 

role in the deep water circulation as well.  

 

Figure 1.1: Display of the global thermohaline circulation within in the world’s oceans. Locations of 

deep water formation are marked by yellow dots. The surface flow is represented in red and the deep 

water flow in blue (Kuhlbrodt et al., 2007). 

As water moves towards the poles it increases in density due to a reduction in temperature 

(thermo) and a rise in salinity (haline) because of ice formation, causing it to sink into the 

interior. The process that describes the mixing of water masses on their way from the surface 

to the deeper layers of the ocean is referred to as ventilation.  

 

1

Introduction 
____________________________________________________________________________



1.1  Ventilation 

Ocean ventilation is a physical process describing the dynamic exchange of parameters and 

variables, such as heat, salinity and dissolved gases, between the atmosphere and the ocean’s 

interior (e.g. Azetsu-Scott et al., 2005; Krysell & Wallace, 1988; Talley et al., 2016; Tanhua et 

al., 2009; Thiele & Sarmiento, 1990; Wallace et al., 1987). The transfer of water masses from 

the surface mixed layer to the deep ocean establishes an important connection between the 

atmosphere and the interior ocean. In the surface mixed layer, water masses develop distinct 

characteristics through interactions with the atmosphere, however, when these water masses 

are transported beneath the surface, they become shielded from the atmosphere and are only 

subjected to mixing processes within the interior ocean with minor effects on the water mass 

composition. Hence, the ventilation process shapes long-term properties of the ocean 

interior, characterized by enduring parameters compared to the fast changing surface mixed 

layer (Williams, 2001).  

Ventilation itself is driven by a combination of several mechanisms, including the above-

mentioned thermohaline circulation, wind-driven mixing, tidal mixing, subduction, upwelling 

and deep ocean currents.  

Surface winds generate wind-driven mixing and the resulting surface currents distribute and 

transport surface waters with all their dissolved components. Intense winds even induce 

surface waves, which deepen the mixed layer and enhance the air-sea gas exchange between 

the atmosphere and the ocean. Surface currents and waves can also disturb the density field 

within the mixed layer, generating internal waves that propagate water masses horizontally 

and vertically into deeper layers (D’Asaro, 1985; Ferrari & Wunsch, 2009; Rainville et al., 2011). 

Tidal mixing significantly influences ventilation dynamics in coastal areas and estuarine 

environments. Generated by the gravitational force of moon and sun, tides influence vertical 

water movement affecting the exchange between the surface and deep layers. This process 

also produces internal waves affecting ventilation as described for the wind-driven mixing 

(Bowden, 1963; Ferrari & Wunsch, 2009; Griffin & LeBlond, 1990). 

Within the above described thermohaline circulation, two major components are the 

subduction of surface water and the upwelling of deep water. Subduction transports dissolved 

atmospheric gases and other components/properties of the surface layer into the ocean 

interior, while upwelling exposes typically nutrient-rich water to the surface. These processes 
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are driven by density variations, with denser water sinking beneath lighter water and vice 

versa.  

Ocean subduction significantly influences the ventilation within the upper ocean as well as in 

deeper layers, and it is particularly affected by seasonal variations and regional characteristics. 

As previously mentioned, surface water undergoes subduction to deeper layers as it moves 

towards the poles, driven by rapid cooling and subsequent density increase. This process is 

referred to as deep water convection and in the northern hemisphere is observed in regions 

like the Greenland Sea and the Labrador Sea (Clarke & Gascard, 1983; Gascard et al., 2002; 

Marshall & Schott, 1999; Watson et al., 1999). Deep water convection is not only affected by 

cooling events (Marshall & Schott, 1999) but also by deep convective eddies (Gascard et al., 

2002; Watson et al., 1999). In the Greenland Sea, intermediate and deep water formation is 

affected by sea ice formation and fresh water outflow from the Arctic Ocean (AO), along with 

the formation of sub-mesoscale eddies through diapycnal mixing (mixing across density 

surfaces) (Aagaard & Carmack, 1989; Gascard et al., 2002). The generation of such sub-

mesoscale eddies has also been observed in the Labrador Sea (McWilliams, 1988). Another 

mechanism involved in the formation of intermediate and deep-water masses at high latitudes 

is boundary convection of brine-enriched waters (Aagaard, 1989; Anderson et al., 1999). This 

process occurs in the AO, where ice formation at the shelfs produces brine-enriched water. As 

this water characterized by higher density flows off the shelfs into the basins, it mixes with 

surrounding water masses, leading to the generation of regional deep water (Anderson et al., 

1999).  

Subduction also occurs as a consequence of seasonal variations. The surface mixed layer is 

highly homogenous during winter time and resides above the thermocline, thereby forming a 

pronounced vertical temperature gradient. Surface water warming in spring and summer 

reduces this gradient and generates a seasonal thermocline, which is separated from the 

atmosphere only by a thin wind-exposed layer. As autumn and winter temperatures cool the 

water, the mixed layer expands again, forming a thicker barrier between the thermocline and 

the atmosphere. This annual variation mixes water masses, also affecting the ocean interior 

(Williams, 2001). Strong subduction processes form thick, widely distributed near-surface 

layer water masses. These are characterized by homogeneous physical properties covering a 

large volume vertically and horizontally, and are called mode waters (Hanawa & Talley, 2001). 

Mode waters propagate within boundary currents and gyres well beyond their origin of 
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formation, contributing to overall ventilation processes (McCartney & Talley, 1982; Sallée et 

al., 2012).  

Upwelling processes primarily result from bottom boundary mixing, occurring at ocean ridges 

and coast lines. Additionally, strong winds move surface water, which is subsequently 

replaced by upwelled water from deeper layers. Upwelling transports nutrient (phosphate, 

silicate and nitrate) rich waters to the ocean surface, supporting phytoplankton growth and 

production of organic material (NOAA, 2023).  

Another crucial component affecting ventilation processes are deep-water currents. These 

transport subducted waters, along with their inherent compositions at different density levels 

supporting the distribution of these waters across all ocean regions (e.g. Warren & Owens, 

1987).  

In all processes mentioned above, transport occurs via advective and diffusive pathways, as 

illustrated in Figure 1.2. These are particularly evident in phenomena such as subduction, 

upwelling and deep water circulation.  

 

Figure 1.2: Ocean ventilation via diffusive and advective pathways affects the composition of a given 

water parcel in the ocean interior (Khatiwala et al., 2001). 

Ventilation itself can be examined using a variety of different techniques that involve direct 

measurements and proxy studies. Due to the complexity of various mechanisms influencing 

ventilation, direct measurements are often limited. Therefore, different approaches to study 
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water mass ventilation are often combined, including transient tracer measurements, the 

analysis of physical properties conducted via ships or autonomous floats and drifters, satellite 

observations, modelling techniques and direct measurements of specific parameters, such as 

the velocity of water masses. 

Satellite observations provide information mainly on the wind-driven mixing and the 

upwelling of nutrient rich waters, often described through surface water observations. Sea 

surface temperature, ocean color and the presence of gyres are variables used to determine 

these processes. They can reveal a cooling of surface waters before subduction or through 

measuring the width and strength of ocean eddies, can give insight on vertical mixing (e.g. 

Feldman & McClain, 2012; Papadopoulos et al., 2015; Raitsos et al., 2011). 

The oldest technique examining ventilation relies on the measurements of physical properties, 

such as temperature and salinity, using ship-based instruments and nowadays also floats and 

drifters with attached sensors. These surveys help to describe different water masses by their 

properties, thereby obtaining information on their movement and mixing and their site of 

formation (e.g. Gordon, 1981). Measurement of dissolved oxygen concentrations and the 

calculation of apparent oxygen utilization (AOU), by subtracting the measured concentration 

from the calculated saturated concentration, is another approach to describe ocean 

ventilation, which is also conducted using ship-based measurements (e.g. Mecking et al., 

2006; Shao et al., 2016).   

Direct approaches, which are applied to determine vertical and horizontal velocities and 

turbulent mixing, include techniques like the Acoustic Doppler Current Profiler (ADCP) (e.g. 

Thomson et al., 2017). They provide direct information on the movement of water masses at 

the measuring point and especially can help to identify ocean eddies. 

In the recent past biogeochemical modelling has become increasingly important to 

understand ocean processes and predict future ocean behavior and anomalies. The models 

are validated by comparing the results to measurements of the variables mentioned above. 

The validated models can then help to characterize ventilation changes of the past and predict 

future variabilities in ventilation. A model widely applied for the analysis of ocean ventilation 

is the Flexible Ocean and Climate Infrastructure (FOCI) – Earth System Model (ESM) (e.g. Flato, 

2011; Matthes et al., 2020). 
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The predominant method used to determine ventilation involves transient tracer 

measurements in combination with the transit time distribution (TTD) concept (e.g. Hall & 

Plumb, 1994; Khatiwala et al., 2001; Stöven & Tanhua, 2014; Waugh et al., 2002). This 

approach (see Chapter 2 for details) assesses the age of different water masses, with ‘age’ 

referring to the time this water parcel was last at the ocean surface in contract with the 

atmosphere. The concept either assumes a one-inverse Gaussian (1-IG TTD) or two-inverse 

Gaussian (2-IG-TTD) distribution of ages to account for water masses of varying ages merging 

to form a single water parcel, where tracer concentrations are measured. Here, the mean age 

represents the average of all distributions. Another frequently used age parameter is the 

mode age, describing the most probable age within the distribution (see Figure 1.3) (Smith et 

al., 2011; Wefing, 2021). These two ages often yield different ventilation and circulation 

timescales, influenced significantly by the long tail in the distribution towards older ages. The 

mean age is favored for estimating ocean ventilation timescales, variability in ventilation and 

potentially assessing anthropogenic carbon uptake values, including all inputs from water of 

varying ages within the distribution. The mode age, on the other hand, is more commonly 

used when estimating the propagation of biogeochemical pulses, such as phytoplankton 

blooms (Wefing, 2021). 
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Figure 1.3: One-Inverse Gaussian TTDs, showing the distribution of ages for a water parcel with the 

mean age and mode age displayed. In this case the most probable functions for different basins in the 

AO are shown (Wefing et al., 2021). 

 

1.2  Transient Tracers 

Transient tracers can be chemical molecules, elements or isotopes characterized by a time-

varying source or sink or a radioactive decay rate. These tracers originate from various 

sources, including radioactive tracers of natural origin (e.g. 39Ar), those released from nuclear 

reprocessing plants (129I; 236U) or anthropogenically produced chronological tracers such as 

the artificial halogenated compounds chlorofluorocarbons (CFC’s), hydrochlorofluorocarbons 

(HCFC’s), hydrofluorocarbons (HFC’s) and sulfur hexafluoride (SF6). 

The two main chronological transient tracers extensively used in the past and also in this study 

are CFC-12 (dichlorodifluoromethane) and SF6. Other tracers and their individual potential of 

being used in ocean applications are discussed below. CFC-12 and SF6 have been pivotal to 

understand ventilation processes in ocean sciences since the 1980s and 1990s, respectively 

(Fine, 2011; Talley et al., 2016). This is due to their characteristics of being stable in seawater 

(Tanhua & Olsson, 2005), having no inner water interactions and well documented 

atmospheric concentrations (Bullister & Warner, 2017). Moreover, their solubility in seawater 

has been well studied (Bullister et al., 2002; Warner & Weiss, 1985). In general, these 

characteristics are crucial for transient tracers to be effectively used in ocean ventilation 

studies. 

 

1.2.1  CFC’s & SF6 

CFC’s, also known as freons, are organic compounds of low molecular weight composed of 

hydrocarbons with hydrogen atoms substituted by halogens, notably chlorine and fluorine. 

CFC’s were primarily used as refrigerants, gas propellants and in foaming and cleaning agents 

in the past, thereby being introduced anthropogenically into the atmosphere. The best known 

and one of the most widely produced CFC’s is CFC-12, which consists of two chlorine and two 

fluorine atoms replacing the hydrogen atoms in methane (see Figure 1.4). CFC-12 was initially 

produced in the 1920s, with its atmospheric concentration showing a gradual increase until 
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the 1960s, followed by an exponential rise until 2002. Subsequently, atmospheric 

concentrations declined because production was banned by an environmental agreement 

signed in the late 1980s, which prohibited the production of ozone depleting gases such as 

CFC-12 (The Montreal Protocol) (see Figure 1.4). Due to its atmospheric lifespan of 90 years, 

the reduction in concentrations occurs at a slow rate, resulting in sustained high values within 

the atmosphere until now (Fine, 2011; Stöven et al., 2015). 

CFC-12 is primarily used to assess the ventilation rates of waters of young to intermediate 

ages. However, its use in determining highly ventilated waters has become increasingly 

challenging over the past two decades, given its declining atmospheric concentration. 

Nonetheless, it still serves important purposes in detecting temporal variability, due to its 

extensive historical database.  

SF6 (see Figure 1.4) was first synthesized at the beginning of the 20th century and since the 

1950s it is applied as an insulating and quenching gas for high voltage systems. The gas shows 

inert properties with low UV degradation rate, contributing to its atmospheric lifetime of 3200 

years (Ravishankara et al., 1993; Stöven et al., 2015). Historical data of this transient tracer 

reveal an initial detection in the late 1900s, followed by a profound increase in its atmospheric 

concentration as a consequence of the start of production and subsequent atmospheric 

pollution in the 1950s. Atmospheric concentrations of SF6 exhibited a gradual increase until 

around 1980, followed by a more pronounced rise, as shown in figure 1.4. SF6 is still produced 

although it shows a high global warming potential of 23500, i.e. one ton will contribute 23500 

times more to global warming than one ton of CO2 (Dincer et al., 2018). 

The use of SF6 as a transient tracer is limited to highly ventilated water masses because its 

concentrations measured in the atmosphere are still relatively low. 
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Figure 1.4: Atmospheric concentrations of the two transient tracers mainly used in this study (Bullister 

& Warner, 2017), CFC-12 (blue) and SF6 (red). Both tracer concentrations are given in ppt (parts per 

trillion). The chemical structures of both tracers are depicted on the right. CFC-12 shows a trigonal 

pyramidal structure with chluoro and fluoro atoms surrounding a carbon atom, and SF6 a square 

bipyramidal structure of six fluoro atoms bonding to the sulfur atom. 

As the transient tracer CFC-12 is starting to fade out of the atmosphere (see above), there is 

a growing need to identify alternative gases that can serve as tracers in the near future for 

estimating oceanic ventilation and circulation timescales. Furthermore, these new tracers 

should help determine a broader range of water ages.  

 

1.2.2  Iodine-129 & Uranium-236 

Especially in the AO, the two radioactive nuclides Iodine-129 (129I) and Uranium-236 (236U) 

serve as valuable ocean tracers. With very long half-lives of 16*106 and 23*106 years, 

respectively, they show stable tracer characteristics suitable for tracing ocean movements. 

Their atmospheric concentrations, which are related to their input functions into the ocean, 
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are primarily linked to two nuclear fuel reprocessing plants situated at La Hague and Sellafield, 

near the English Channel. Here these tracers are directly introduced into Atlantic waters, and 

then move towards the AO within the Norwegian Coastal Current (NCC) (Christl et al., 2015; 

Edmonds et al., 2001; Gascard et al., 2004; Wefing, 2021). Another source of these 

radionuclides is the global fallout from nuclear bomb tests (Casacuberta et al., 2016), mainly 

influencing the 236U concentration. Temporal changes in the atmospheric concentrations of 

the two tracers are illustrated in figure 1.5. 

 

Figure 1.5: Atmospheric concentrations of the two radionuclide transient tracers 129I (red dots) and 

236U (solid red line). Both tracer concentrations are displayed in at/L (Raimondi et al., 2023).  

As concentrations of these two radionuclides can be measured precisely in seawater samples, 

they meet all criteria for serving as a transient tracer in ocean sciences. They possess a known 

input function, are stable in seawater (due to their long half-lives) and have well documented 

sources (two reprocessing plants). As the tracers enter the Atlantic Water (AW) travelling 

northwards towards the Arctic, 129I and 236U have significant potential in the analysis of AO 

circulation and ventilation (Wefing, 2021). 

 

1.2.3  Argon-39 

Calculation of ventilation timescales for the deep ocean layers requires a tracer with 

long-reaching time histories. Radioactive isotopes, such as 39Ar and 14C are prime candidates 
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due to the consistent atmospheric ratios to their stable isotopes and well-defined half-lives, 

enabling the measurement of seawater concentrations to determine ages. Until recently the 

use of the radioactive isotope 39Ar was hindered due to challenging analytics. However, these 

have significantly improved in recent times, resulting in a reduction of the seawater volume 

required for accurate measurements by over 95 % and a shortening in the measurement times 

from up to 60 days to just 1 day per sample (Ritterbusch et al., 2014). Traditionally, 39Ar was 

measured using Low Level Counting (LLC), but a new technique, called Atom Trap Trace 

Analysis (ATTA) (explained in detail in Data and Methods, below) has emerged recently, 

allowing accurate measurements of 39Ar concentrations within a water sample of 

approximately 5-10 L (Ebser et al., 2018; Lu et al., 2014). With its half-life of 268 years 

(Golovko, 2023), 39Ar serves as an effective ocean tracer, enabling water dating within the 

time range of 50-1000 years, significantly improving age determination for deep waters 

(Ritterbusch et al., 2014). The new measuring approach, a known input function (radioactive 

decay rate), stability in seawater, and the absence of inner water interactions, render 39Ar an 

excellent ocean tracer.  

 

1.2.4  HCFC’s & HFC’s  

The use of chronological transient tracers other than CFC-12 and SF6 in ocean science has also 

expanded and now includes HCFC’s and HFC’s. These compounds are of anthropogenic origin 

and have known atmospheric concentrations, similar to the well-established ocean tracers 

CFC-12 and SF6. Over the past few years, there has been increasing interest in the use of these 

compounds as future ocean tracers (Li et al., 2019). Owing to their atmospheric lifetimes these 

tracers, initially produced in the mid 1900s (see Figure 1.6), could significantly improve the 

study of ventilation processes in surface and intermediate waters.  
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Figure 1.6: Display of the atmospheric concentrations of (a) HCFC-22, (b) HCFC-141b, (c) HCFC-142b 

and (d) HFC-134a (Li et al., 2019).  The top of each panel shows the northern hemisphere means (red), 

southern hemisphere means (blue) of atmospheric mole fractions and the interhemispheric gradients 

(IHG, in black, using the right axes). The lower sections show the annual growth rates in ppt yr-1, with 

the shadings reflecting the uncertainties. 

 

These tracers are currently still evaluated for their potential in ocean studies as their solubility 

and stability in seawater have not been experimentally determined yet. However, they show 

well established atmospheric records, have no natural background and can be measured 

precisely, making them ideal candidates for ocean tracers. In this study we will focus on 

HCFC-22 (chlorodifluoromethane), HCFC-141b (1,1-dichloro-1-fluoroethane), HCFC-142b 

(1-chloro-1,1-difluoroethane) and HFC-134a (1,1,1,2-tetrafluoroethane), as they show 

potential for future use (Li & Tanhua, 2021).  

 

Given their time and application range, a combined use of the different tracers can help assess 

ventilation processes within the entire water column.  
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1.3  Study regions 

This thesis focusses on the analysis of some of the above-mentioned transient tracers in two 

regions of the world’s oceans, the Arctic Ocean (AO) and the Gulf of St. Lawrence (GSL).  

 

1.3.1  Arctic Ocean 

The AO is an area where the process of ventilating waters is highly significant (see Figure 1.7). 

Here the thermohaline circulation can be described in more detail taking into account the 

Atlantic Meridional Overturning Circulation (AMOC) and the influence of winds as an 

additional driving factor for circulation and ventilation processes (Rahmstorf, 2006). 

  

Figure 1.7: Display of the thermohaline circulation in the northern Atlantic Ocean and the AO, with 

warmer water flowing at the surface towards the pole (red arrows) and colder water being transported 

south out of the AO (blue arrows) (Rahmstorf, 2006). 

The AMOC describes the movement of water masses within the Atlantic Ocean driven by four 

factors: upwelling processes of warm waters to the surface, wind-driven surface circulation of 

light waters, formation of deep waters at high latitudes and the circulation of deep water 

currents (Kuhlbrodt et al., 2007). In the AO and the Nordic Seas, we observe three of these 
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four components, the wind-driven flow of warm waters at the surface towards the pole, the 

formation of deep water and the outflow of cold, dense bottom waters. This underscores the 

significance of this region within the global circulation system and highlights that changes 

within the ventilation in the AO can have a far reaching, global impact. This is particularly 

relevant in light of the fact that the AO is one of the areas in the world experiencing the most 

drastic impact of climate changes (Wassmann, 2015; Woodgate, 2013). It’s sea ice coverage 

has decreased by 12.8 ± 2.4 % per decade since 1979 (Meredith et al., 2019), and overall, 

temperatures in the Arctic have risen approximately three times faster than the global average 

air temperatures (Polyakov et al., 2023). 

The AO is a largely landlocked sea with connections to the Pacific and Atlantic Oceans through 

the Bering Strait, and the Fram Strait, the Barents Sea and Canadian Archipelago, respectively 

(e.g. Jones, 2001; Rudels et al., 1996). It is divided into four different basins by four ocean 

ridges, the Nansen and Amundsen Basins within the Eurasian AO (the area on the European 

and Asian side connected to the Atlantic Ocean) separated by the Gakkel Ridge, and the 

Makarov and Canada Basin separated via the Alpha and Mendeleev Ridge on the Amerasian 

side (the area connected to the Pacific Ocean and thus the American and Asian continent). 

The Lomonosov Ridge generally separates the Amerasian and Eurasian Basins. The deep basins 

form the Central AO, while large shelf areas all around providing the transition to the 

respective land masses (see Figure 1.8). 
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Figure 1.8: The AO and its individual Basins divided by ocean ridges with contour lines at 500m (green), 

3000m (magenta) and 3500m (blue). The red arrows show a simplified Atlantic Water (AW) circulation 

in the AO. 

 

1.3.1.1   Water masses and circulation 

The water column within the AO can be divided into four different water mass layers: surface, 

halocline, intermediate and deep layer.  

The wind driven surface layer mainly circulates horizontally. However, with increasing 

temperatures, decreasing sea-ice coverage and increasing freshwater input, the vertical 

mixing is likely to increase in this layer (Frolov et al., 2005; Nansen, 1902; Pfirman, 2004; Rigor 

et al., 2002). It is characterized by near freezing temperatures and a high fresh water content 

from river runoff, precipitation and iceberg calving (Ekwurzel et al., 2001; Haine, 2021). The 

halocline layer is found below the surface layer, mainly formed via vertical movement of dense 

and saline shelf water that is produced during freezing. This layer acts as a barrier between 
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the surface water above and the intermediate layer below, preventing upward heat flux 

(Aagaard et al., 1981; Bauch et al., 2014). The intermediate layer is dominated by water 

entering from the Atlantic Ocean primarily at depths between 250 and 800 m. The water 

coming from the Atlantic, also called Atlantic Water (AW), circulates as part of the Arctic 

Ocean Boundary Current (AOBC) which mainly follows the ocean ridges (see Figure 1.8, red 

arrows) (Aagaard, 1989; Aksenov et al., 2011; Rudels et al., 1999). The AW enters the AO both 

west and east of Svalbard through the Fram Strait and Barents Sea, respectively. The water 

then circulates through the AO at depth between 250 and 800 m, rotating counter clockwise 

and being referred to as mid depth Atlantic layer (Karcher et al., 2012; Rudels et al., 1994; 

Wefing et al., 2021). On its way through the AO, some AW enters the Amerasian basin. Here, 

a larger fraction flows around the Canadian Basin and circulates back along the Canadian 

archipelago, whereas a smaller part enters the Makarov Basin. On the Eurasian side of the 

Lomonosov Ridge, the AW flows back towards the east Greenland shelf along the Gakkel, but 

mainly the Lomonosov Ridge. During this movement, the water mass increases in density due 

to mixing with colder ambient water masses along the way. After the circulation in the AO the 

AW flows south through the Fram Stait, as part of the East Greenland Current, and enters the 

Atlantic Ocean as part of the dense Denmark Strait Overflow Water (DSOW) (Swift & Aagaard, 

1981; Tanhua et al., 2005). This completes the AOBC within the central AO and describes a 

ventilation process within the AMOC. Apart from the DSOW, other dense water masses from 

the AO also flow south through the Faroe-Shetland Strait/Faroe-Bank Channel (850 m) (Beaird 

et al., 2012) and through the Denmark Strait (650 m) (Macrander et al., 2007). Nonetheless, 

the DSOW is considered the major deep outflow contributor of water from the AO into the 

Atlantic and is responsible for the outflow of cold, dense bottom water within the AMOC. The 

water found below the Atlantic layer at depths between ≈ 800 and 1500 m, which is still 

considered part of the intermediate layer, is referred to as the upper Polar Deep Water 

(uPDW) (Rudels et al., 2012; Ulfsbo et al., 2018). The fourth water mass within the AO are the 

deep water layers below 1500 m. These ventilate via boundary convection processes that 

transport brine-enriched water formed at the shelfs into the deep Basins (Aagaard & Carmack, 

1989; Anderson et al., 1999; Wallace et al., 1992).  
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1.3.2  Gulf of St. Lawrence 

The second major research area, where transient tracer concentration and water masses were 

analyzed in this thesis is the GSL. This region is located in eastern North America, connected 

to the Atlantic Ocean and Labrador Sea through the Cabot Strait and Strait of Belle Isle, 

respectively (see Figure 1.9). The GSL is composed of three major parts: the Upper St. 

Lawrence Estuary (USLE) ranging from Ile d’Orleans to Tadoussac, the Lower St. Lawrence 

Estuary (LSLE) spanning from Tadoussac to Pointe-des-Monts, and finally the main Gulf itself 

consisting of three main channels (Laurentian Channel, Anticosti Channel and Esquiman 

Channel) and shelf areas. 

 

Figure 1.9: Map showing the location of the GSL with the neighboring Labrador Sea and Atlantic Ocean. 

The zoomed in map shows the channels and straits of the GSL.  

The Labrador Sea is the second area, besides the AO and Nordic Seas, where water ventilation 

due to rapid cooling is apparent in the northern hemisphere (see Figure 1.1 and 1.7). Here 

oxygen-rich, dense Labrador Current Water (LCW) is formed and transported southward 

below the surface (Brandt et al., 2006; Gascard & Clarke, 1983). Historically, this water has 

supplied the GSL bottom waters with high oxygen contents. Interestingly, recent studies have 

revealed a significant decrease in oxygen concentrations within the GSL, which was proposed 

to partly be attributed to a change in the composition of the entering deep water (Gilbert et 

al., 2010; Jutras et al., 2023). This water mass comprises the LCW and water with less oxygen 

concentrations that is transported from intermediate depths in the North Atlantic; it is 

17

Introduction 
____________________________________________________________________________



referred to as North Atlantic Central Water (NACW). A possible connection between the 

composition of water entering the GSL and decreasing oxygen content in the GSL was 

examined in this thesis using transient tracer data and the TTD method (see manuscript 

II/chapter 4).  

 

1.3.2.1   Water masses and circulation 

Three different water layers are observed in the GSL: surface, intermediate and deep water 

layer. 

The surface layer, which consists of warm water (> 2 °C) with low salinity (27-31.5 psu) is 

formed by upwelled deep water, the continental freshwater runoff from the Estuary, and 

water from the north shore rivers (Galbraith, 2006; Gilbert & Pettigrew, 1997). This water 

mass flows mainly seaward towards the Atlantic leaving through the Cabot Strait on top of the 

more dense, intermediate and deep waters (Dickie & Trites, 1983; Jutras et al., 2020). The 

intermediate layer is characterized by cold (-1.5°-2°C) and saline (31.5-33 psu) waters entering 

through the Strait of Belle Isle from the Labrador Sea and through the Cabot Strait at 

intermediate depths during wintertime. In addition, deep water mixing occurs north of 

Anticosti Island every winter, when surface water is transported to intermediate depth 

supplying the LSLE and USLE with cold and saline waters (Saucier et al., 2003; Smith et al., 

2006). The deep water enters through the Cabot Strait from the Atlantic Ocean at depths 

below 200 m. Two major currents feed this relatively warm (2-7 °C) and saline (33-35 psu) 

deep water mass, the LCW and the NACW (Dickie & Trites, 1983; Jutras et al., 2023). While the 

LCW contributes colder, and oxygen rich water with lower salinity, the NACW supplies warm, 

saline waters with lower oxygen concentrations. The deep water flows landwards within each 

channel of the GSL and is vertically mixed at the edges by bottom-boundary mixing processes 

(Cyr et al., 2015; Ingram, 1983; Jutras et al., 2020; Saucier et al., 2003). 
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1.4  Aim of the thesis 

The overall objective of this thesis was to analyze the ventilation in the Arctic Ocean (AO) and 

the Gulf of St. Lawrence (GSL). This involved the analysis of general ventilation patterns, as 

well as temporal variability in ventilation dynamics within the two regions. 

In the AO, transient tracer data and information on the ventilation patterns are relatively 

scarce. Furthermore, this area is increasingly affected by climate change resulting in possible 

ventilation changes within the oceans interior. Therefore, the primary objective of this thesis 

was to analyze general ventilation patterns and potential temporal variabilities in these 

patterns within the AO. To achieve this, transient tracer measurements of CFC-12 and SF6, 

conducted during a cruise in 2021, were employed in combination with the TTD method. 

Moreover, historical data of these tracers, collected over the last three decades (1991, 2005 

and 2015), were included to assess temporal changes in ventilation.   

The analysis of ventilation using the TTD relies on a variety of assumptions that can be further 

confined using additional experimental data. Therefore, a second goal of this thesis comprised 

the introduction of a multiple tracer approach. Several different tracers measured 

simultaneously at the same location and time in the AO were employed to analyze ventilation 

patterns in more detail and obtain more information on the mixing of water masses as well as 

the relationship of advective and diffusive water flow in different regions of the AO. Alongside 

the well explored and commonly used transient tracers CFC-12 and SF6, additional tracers 

known as ‘Medusa’-tracers were sampled, measured and included in the analysis. These 

tracers encompassed other HFC’s and HCFC’s which are characterized by distinct input 

functions, permitting the application of a 2-IG-TTD method in the ventilation analysis. 

The GSL has experienced a rapid decrease in oxygen concentrations over the last decades. This 

decline was proposed to stem from an alteration in the composition of the deep water 

entering the Gulf. Therefore, another aim of this thesis was to investigate whether such 

change in the deep water composition is indeed observed. To achieve this, transient tracer 

data (CFC-12 and SF6) collected during two field campaigns in 2022, were analyzed utilizing 

the TTD method. As the deep water supply of this Gulf by water entering from the Atlantic 

Ocean, comprises a mix of recently ventilated, oxygen-rich water and older water with lower 

oxygen content, an analysis of the mean age of the deep water within the GSL was conducted 

to obtain detailed information on the inflowing water.   
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2.  Data and Methods 

2.1  Collection of data 

Transient tracer data used to analyze ventilation in this thesis were primarily obtained from 

seawater samples collected during various research expeditions in 2021 and 2022. 

Measurements of CFC-12 and SF6 concentrations were conducted directly on-board of the 

research vessels during the Synoptic Arctic Survey expedition in 2021 on the Icebreaker Oden 

(‘SAS-Oden 2021’), as well as during two cruises in the Gulf of St. Lawrence (GSL) (TReX 2 & 

TReX 4) in 2022 on the research vessel Coriolis II, with calibrations carried out in the laboratory 

at the GEOMAR in Kiel. Other tracers, such as 39Ar or HCFC’s and HFC’s, were analyzed in 

different laboratories using samples collected during the ‘SAS-Oden 2021’ expedition. HCFC’s 

and HFC’s were measured at the GEOMAR in Kiel and the radioisotope 39Ar at the University 

of Heidelberg. 

Additional historical transient tracer data for CFC-12 and SF6 were taken from the Global 

Ocean Data Analysis Project (GLODAP) data portal, in particular GLODAPv2.2021 and 

GLODAPv2.2022 (Lauvset et al., 2022; Lauvset et al., 2021). 

 

2.2  Determination of transient tracer concentrations 

2.2.1  CFC-12 & SF6 

The chronological transient tracers CFC-12 and SF6, were measured using a purge and trap 

system in combination with a gas chromatograph equipped with an electron capture detector 

(PT-GC-ECD). Such measurements can be conducted either directly on board of the research 

vessel or in the laboratory, after sampling and shipping of the probes. On board samples were 

collected from Niskin bottles using calibrated 250 mL glass syringes. After brief storage in a 

cold water bath to prevent outgassing, the water was inserted into the purge and trap unit 

under atmospheric exclusion. For the analysis approximately 200 mL of the 250 mL water 

sample were injected into the purge and trap unit, ensuring it was free from atmospheric 

contamination. Subsequently, the sample was purged with pure nitrogen gas, and the analytes 

were transferred to a cooled trap consisting of 100 cm 1/16” tubing packed with 70 cm Heysep 

D. The trap was kept as temperatures of -60 to -70 °C by placing over liquid nitrogen. After 
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purging the sample, the trap was desorbed by heating it to 100 °C, and the analytes were 

transferred into the gas chromatograph, separated within a pre-column, composed of 30 cm 

Porasil C and 60 cm Molsieve 5A, and then a main column consisting of 200 cm Carbograph 

1AC and 20 cm Molsieve 5A, before being analyzed with the Electron Capture Detector (ECD). 

A detailed description of this experimental setup can be found in manuscript I/chapter 3, and 

in Tanhua et al. (2004) and Bullister et al. (2002). The system has a detection limit of 

approximately 0.05 fmol/kg for SF6 and 0.01 pmol/kg for CFC-12, respectively (Stöven et al., 

2015). 

In this study, 709 samples collected during the research expedition ‘SAS-Oden 2021’ were all 

analyzed using an on-board system, enabling direct measurements of CFC-12 and SF6 

concentrations. The data had a precision of 0.03 fmol/kg (2.6 %) and 0.02 pmol/kg (1.5 %) for 

SF6 and CFC-12, respectively, as determined from duplicates measured throughout the 

mission at various depths and locations. 

During TReX 2, tracer concentrations were again measured using an on-board system; they 

exhibited a precision of 0.03 fmol/kg (2.8 %) for SF6 and 0.02 pmol/kg (1.3 %) for CFC-12, as 

determined from duplicate samples. During TReX 4, the data showed relatively high variations 

and overall higher concentrations, when compared to measurements during TReX 2 at similar 

density and location. Therefore, these data were shifted by -20 % for CFC-12 and -14 % for SF6 

to achieve more plausible values (see Figure S1 in supplemental material to manuscript 

II/chapter 4). The measurements from TReX 2 were considered to be more accurate, as they 

showed surface water tracer concentrations being close to 100 % saturated with the 

atmosphere.  

In the laboratory, the gaseous standard containing known SF6 and CFC-12 concentrations (see 

Table D1 - DS3) was calibrated against and referenced to the SIO (Scripps Institution of 

Oceanography) calibration scale. 

 

2.2.2  HCFC’s & HFC’s 

Samples for analyzing HCFC’s and HFC’s were collected in 1.3 L glass ampoules and measured 

using a GC-Mass spectrometer (MS), referred to as the ‘Medusa-Aqua’ analytical system.  
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The ‘Medusa’-GC-MS system was developed at the Scripps Institute of Oceanography to 

provide high precision and simultaneous measurements of approximately 40 atmospheric 

compounds, including  CFC’s, HCFC’s and HFC’s (Miller et al., 2008). A network of 

‘Medusa’-systems placed around the world provides high accuracy measurements of 

atmospheric concentrations of these compounds in the northern and southern hemisphere 

every 2 hours. The system operates by trapping the analytes on two differently packed traps 

kept at controlled low temperature (≈ -165 °C) (Miller et al., 2008). These separate the less 

volatile analytes from the most volatile ones in the sample. By individually heating each trap 

to 100 °C for desorption, the compounds of each trap are transferred and separated within a 

pre and a main column in the GC. Finally, the analytes are measured using the quadrupole MS 

(see Figure 2.1). 

 

Figure 2.1: Display of the ‘Medusa-Aqua’-system flow scheme. The system comprises the seawater 

pretreatment module and the ‘Medusa’-GC-MS analyzing system (Li & Tanhua, 2021).  

The ‘Medusa’-system was adapted to analyze water samples by installing a purge and trap 

unit replacing the original air sampling device with an Ampoule-Cracker-System (Li & Tanhua, 

2021; Stöven, 2011; Vollmer & Weiss, 2002). This modification permits to crack open and 

purge the water samples collected in ampoules, absorbing and transporting the analytes with 

pure nitrogen gas onto the two traps as described previously. This final design is called, 

‘Medusa-Aqua’ analytical system (see Figure 2.1) (Li & Tanhua, 2021).   
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During the ‘SAS-Oden 2021’ expedition, samples for the measurement of HCFC’s and HFC’s 

concentrations were collected at six station. At each station, samples were obtained at seven 

different depths spanning from 30 to 2000 m. The 1.3 L ampoule was connected to the Niskin 

bottle via a stainless steel mounting system (Stöven, 2011). When filling of the ampoule with 

seawater, it was overflowed by at least twice the amount of seawater to ensure removal of 

any previous atmospheric contaminations. After sampling, the ampoules were flame-sealed 

immediately. In this step, a continuous nitrogen flow was connected to the mounting system, 

providing a headspace of nitrogen gas only, and the ampoule was flame sealed using a torch 

(see Figure 2.2). The water samples were analyzed using the ‘Medusa-Aqua’-system in the 

laboratory at the GEOMAR shortly after the cruise. 

 

Figure 2.2: Picture of a flame sealed ampoule showing the headspace filled with pure nitrogen. 

In the laboratory, each ampoule was placed in a 65 °C water bath for a minimum of 24 h before 

being inserted into the Ampoule-Cracker-System. This increased the purge efficiency by 

forcing more gas molecules into the gas phase. Despite this precaution, each sample was 

measured at least four times to ensure optimal purge efficiency. Following the measurement, 
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the ampoules were weighted once with seawater and once without to determine the exact 

volume of each sample.  

Calibration procedures involved the measurement of standard curves every two weeks using 

a gaseous standard with known concentrations of the analytes (see Table D1 – Gold). The 

standard curves were used to determine the concentrations of the measured gases and 

provided information about possible detector drifts. 

For reasons outlined below, the concentrations obtained in the initial measurements required 

some corrections. First, determination of the exact concentrations in each sample involved an 

adjustment to previously measured standard curves. This was necessary because the standard 

curves generated during the actual analysis process did not fully cover the range of 

concentrations found in the measured samples. In other words, the areas determined in the 

chromatograms for each analyte, which indicate the amount of tracer injected at varying 

volumes of gaseous standard, did not sufficiently cover the tracer-analyte amount detected 

in the water sample. Therefore, standard curves encompassing higher amounts of tracers-

analytes, which were measured on the ‘Medusa’ prior to the sample analysis, were also 

considered. These curves were adjusted to align closely with values measured from standard 

curves during the actual sample analysis, especially at lower area values (see Figures 2.3a, D1a, 

D2a & D3a). This enabled an extension of the standard curves to cover a wider 

concentration/area range. Consequently, biases at high values were reduced and comparable 

areas to those measured in the water samples were obtained (see Figures 2.3b, D1b, D2b & 

D3b). The corrected standard curves were then used to calculate concentrations of each 

tracer. 
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Figure 2.3: Graph of the shift (a) and extension (b) of the standard curve used to determine HCFC-22 

concentrations. The shifted standard curve in the top graph only shows the lower concentration ranges 

to fit it more precisely to the standard curve measured during the actual sample analysis. The actual 

concentrations measured in the ocean surface water samples are found in the high concentration 

range shown in the red box.  

Furthermore, the concentrations obtained for HCFC-22 after this adjustment were multiplied 

by a factor of 1.5 and the HFC-134a data by 0.9 to align the values observed in surface water 
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samples with the atmospheric concentrations measured in the corresponding year (2021) in 

the northern hemisphere. To compare the values, the measured concentrations were 

converted from mol/L to partial pressure (ppt - parts per trillion) values, the unit which is 

typically used for atmospheric concentrations. This conversion took into account the solubility 

of each tracer in seawater. Due to unsatisfying results from a laboratory experiment aimed to 

determine the solubility of HCFC’s and HFC’s in seawater (described below), the calculated 

Ostwald solubility of each tracer was used in the conversion (Li et al., 2019). Following these 

corrections all tracer concentrations measured in the surface water samples were found to be 

consistent with the respective atmospheric concentrations observed in 2021 (see Figure 2.4). 

 

Figure 2.4: Calculated partial pressures of different tracers as a function of depth (given as pressure 

values). Calculations involved using the Ostwald solubility of each tracer (Li et al., 2019) and 

implementing the adjustments described in the text. The different colors represent the samples 

collected at each of the six stations. The atmospheric partial pressures of each tracer the northern 

hemisphere in 2021 are displayed at the bottom. 

 

2.2.2.1   Solubility of HCFC’s & HFC’s 

To determine the solubility of some ‘Medusa’-tracers, tracer concentrations were investigated 

in water samples of varying temperature and salinity, aiming to establish solubility as a 

function of temperature and salinity. To quantify the amount of tracers dissolved in the 

sample, a procedure was developed that involved insertion of known amounts of tracer into 
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a seawater sample and subsequently equilibration under atmospheric exclusion, before the 

samples were measured on the ‘Medusa-Aqua’-system.  

The final experimental setup involved filling a 330 mL glass ampoule with 250 mL of water of 

varying salinity values (0, 18, 26.2 & 34.4 psu). This sample was then purged with pure nitrogen 

gas for two hours and 0.5 bar pressure to extract any previous gases and contaminants from 

the water. Next, the 80 mL headspace of the ampoule was filled with standard gas containing 

known tracer concentrations (see Table D1 – DS4) for one minute at 1 bar pressure. 

Subsequently, the ampoule was tightly sealed and placed in a water bath at the respective 

temperatures (4, 10, 15 or 20 °C) for 24 h to establish equilibrium between the gas and water 

phase. Throughout this period, the samples were intermittently shaken to ensure mixing and 

speed up the equilibration process. Once the samples were saturated, the headspace was 

purged with pure nitrogen to remove the residual standard gas, leaving only the dissolved 

gases in the water sample before the ampoule was flame-sealed and analyzed. 

The measured concentration in each sample (in pmol/L) was divided by the concentration of 

tracer injected into the headspace at the beginning yielding the fraction of tracer dissolved in 

the sample relative to the amount initially injected into the headspace (headspace ppt) (see 

Equation 2.1). The partial pressure of the tracer injected into the headspace was determined 

using the ideal gas law (see Equation 2.2). 

 

𝐹[
𝑝𝑚𝑜𝑙

𝐿∗𝑎𝑡𝑚
] =

𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑝𝑚𝑜𝑙/𝐿

ℎ𝑒𝑎𝑑𝑠𝑝𝑎𝑐𝑒 𝑝𝑝𝑡
    2.1 

     

ℎ𝑒𝑎𝑑𝑠𝑝𝑎𝑐𝑒 𝑝𝑝𝑡 = 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑠𝑢𝑏𝑠𝑡𝑎𝑛𝑐𝑒 𝑖𝑛 𝑝𝑚𝑜𝑙 ∗
𝑅 ∗ 𝑇

𝑝 ∗ 𝑉
  2.2 
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Figure 2.5: Solubility of (a) CFC-12 and (b) SF6 in MilliQ water (0 psu). Comparison of the measured 

results (CFC-12 and SF6 measured) to those calculated using the solubility functions from Warner & 

Weiss (1985) and Bullister et al. (2002) (CFC-12 and SF6 expected). 

To determine the accuracy of the experiment, the results of tracers with known solubility 

functions, such as CFC-12 or SF6, were compared to literature values at varying temperatures 

and salinities, revealing a close comparability (see Figures 2.5, and D4, D5 & D6 in Appendix 

D). For HCFC-22, results of the dissolved fractions as a function of temperature and salinity 

levels (0 psu and 34.4 psu) are shown in Figure 2.6. Here measured values were compared to 

values calculated based on self-determined solubility functions which included all 

measurement results from varying temperatures and salinities. The results for HCFC-22 
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measurements at salinity values of 18 psu and 26.2 psu and for HFC-134a can be found in the 

Appendix D2 (see Figures D7 – D9). 

 

Figure 2.6: Solubility fraction of HCFC-22 in (a) MilliQ water (0 psu) and (b) 34.4 psu water. Shown is a 

comparison of the results measured (blue) to those calculated using self-determined solubility 

functions, which included all measurement results from varying temperatures and salinities (yellow). 

The measurements fall within the expected solubility range, but somewhat varying results 

underscore the challenge of constraining outcomes using this experimental setup. To improve 

the determination of the solubility of the ‘Medusa’-tracers in future experiments, it could be 

beneficial to purge the sample continuously throughout the saturation process in a 

contamination free chamber. Combining this with constant stirring could ensure that the 

water reaches full 100 % gas saturation. Additionally, to obtain consistent results at 
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temperatures around 0 °C or even below 0 °C, a mixture of glycol and water and a recirculating 

chiller bath could be considered to maintain colder temperatures (Warner & Weiss, 1985). 

The solubility functions derived from these experiments showed reasonable results for 

measurements conducted at temperatures above 4 °C; however, applying them at lower 

temperatures resulted in higher uncertainties. Thus, given that the samples analyzed in this 

study were collected in the AO, where temperatures are commonly at and below 0 °C, we 

used the mathematically determined Ostwald solubility functions to calculate the partial 

pressure of the ‘Medusa’-tracers, providing more reasonable results (Li et al., 2019).  

 

2.2.3  Argon-39 

Due to the low abundance of the 39Ar isotope, with a ratio of 39Ar/40Ar = 8.1*10-16 in 

atmospheric argon (Collon et al., 2004), 5 to 10 L of water are required per sample for high-

quality measurements. Consequently, samples for the measurements were collected solely 

from one entire Niskin bottle at each depth using empty industry-standard propane gas 

bottles during the ‘SAS-Oden 2021’ expedition. The propane gas bottles, with volumes of 6 

and 12 L, were evacuated and flushed with pure nitrogen prior to sampling to prevent any 

potential contamination. Finally, they were evacuated, facilitating the intake of the water 

sample.  

Each propane gas bottle was attached to a Niskin bottle using a 3-way-valve for sampling. 

Some water was first rinsed through one side of the valve to eliminate any contamination risk 

or bubbles in the tubing, before switching the valve and filling the gas bottle. Throughout this 

process, the bottles were placed on a scale to determine the volume through weight 

measurement (Snoeijs-Leijonmalm & Party, 2022). After shipment, the samples underwent 

preparation for analysis on the ATTA (Atom Trap Trace Analysis) system at the University of 

Heidelberg.  

The preparation yielded a few milliliters of purified argon gas from each 5-10 L water sample. 

This was achieved via a special purification setup, which was connected to the propane bottle 

absorbing the gas via a trap during degassing of the water sample. The trapped gas was passed 

through a titanium sponge getter, which efficiently removes all reactive gases from the noble 

gases, eventually yielding pure argon. The concentrated sample was then subjected to and 
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analyzed within the ATTA ((Ebser et al., 2018; Snoeijs-Leijonmalm & Party, 2022), Y. Arck, 

personal communication). 

The ATTA uses laser-based atom counting to record noble gas radionuclides, including 

isotopes such as 81Kr, 85Kr and 39Ar. Originally designed to measure rare krypton isotopes 

(Chen et al., 1999), the system was expanded to 39Ar measurements (e.g. Jiang et al., 2011; Lu 

et al., 2014; Ritterbusch et al., 2014). ATTA uses a magneto-optical trap (MOT) and laser beams 

of precise frequencies to capture the desired isotope within a vacuum chamber. Gas 

recirculation within this vacuum system is crucial for the small sample size used. The laser 

frequency is selected to match the resonance frequency of the atomic transition specific to 

each isotope. The method separates the rare isotopes from the abundant ones by exploiting 

the high selectivity of resonant photon scattering in laser cooling. 

In detail, a specific isotope (here 39Ar) is slowed down using laser cooling, where a laser with 

the exact resonance to the atomic transition of the isotope is fired straight at the incoming 

sample. Through momentum transfer of several million photons, the speed is slowed down 

efficiently to capture the respective isotope within the MOT for a short time, before it is 

replaced by the next isotope or falls back into the ground state. Hereby, the analyte re-emits 

the photons, which are measured with a photosensor, analyzing the laser-induced 

fluorescence emitted by each individual trapped atom. After leaving the MOT, the analytes 

are recycled to the beginning (Lu et al., 2014; Ritterbusch et al., 2014). However, an 39Ar 

isotope cannot be initialized from the ground state, but only from a meta-stable state. 

Therefore, the sample is initially discharged using a plasma ignition, generating some atoms 

that enter the meta-stable phase for a short time. The ATTA technique counts each single 

atom and not the radioactive decays, which are measured in the Low Level Counting technique 

(Loosli, 1983; Schlosser et al., 1994). This reduces the analysis time enormously.    

Samples for 39Ar were collected at the same locations as samples for the ‘Medusa’-tracers 

during the ‘SAS-Oden 2021’ cruise. The sampling depths ranged from the surface to the 

bottom of the water column at the six stations.  
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2.3  Transit Time Distribution 

One approach to assess ventilation timescales and rates employs the Transit Time Distribution 

(TTD) concept. This well-established method (Hall & Plumb, 1994; Khatiwala et al., 2001; 

Schneider et al., 2012; Sonnerup et al., 2013; Stöven & Tanhua, 2014; Waugh et al., 2002) is 

used to characterize the age distribution of individual water parcels within the ocean interior 

using transient tracer measurements. The ‘age’ in these analyses refers to the time since a 

water parcel was last at the ocean surface interacting with the atmosphere.  

The TTD method takes into account that oceanic water movement isn’t solely governed by 

advective processes, but also involves diffusion and mixing with surrounding water masses. 

This is achieved by assuming not a single age for the transit time, but a distribution of ages. To 

account for such distributions, the Green’s function (G(t’,r)) is applied, which describes the 

propagation of a tracer boundary condition into the interior ocean in the form of an age 

spectrum. Green’s function is linked to the concentration of a dissolved substance (tracer) at 

a certain location and time (c(t,r)) by the following function (Hall & Plumb, 1994; Holzer & 

Primeau, 2010).  

𝑐(𝑡, 𝑟) =  ∫ 𝑐0(𝑡 − 𝑡′)𝑒−𝜆𝑡′
∗ 𝐺(𝑡′, 𝑟)

∞

0
𝑑𝑡′   2.3 

Here, the input function of each tracer (c0(t-t’)e-λt’) is known due to its atmospheric history 

and characteristics. The unknown is Green’s function, which is commonly described by an 

inverse Gaussian (IG) shape of the distribution, providing the probability density function 

(PDF) (see equation 2.4). 

𝐺(𝑡) = √
𝛤3

4𝜋𝛥2𝑡3 ∗ exp (
−𝛤(𝑡−𝛤)2

4𝛥2𝑡
)    2.4 

Within equation 2.4, Γ describes the mean age, whereas Δ represents the width of the 

distribution of the PDF. The relationship between these two parameters is used to provide 

information on the advective and diffusive characteristics within the water parcel. A 

Δ/Γ-ratio < 1 indicates dominance of advective processes, and a Δ/Γ-ratio > 1 characterizes a 

more diffusive flow.  

The TTD-method relies on several assumptions to serve as a framework for understanding 

ocean ventilation. These include: 

1. Steady state conditions 
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2. A single source region for the tracer 

3. No inner water interaction of the tracer 

4. A one-dimensional flow 

 

2.3.1  1-IG TTD approach 

The commonly used TTD approach to describe ocean ventilation and achieve information on 

the advective and diffusive characteristics is based on the one-inverse Gaussian (1-IG) 

assumption (Stöven & Tanhua, 2014). Here a combination of two tracers with significantly 

different input functions (e.g. CFC-12 and SF6) is used to determine a Δ/Γ-ratio with the lowest 

uncertainty for the region of interest, by comparing the resulting mean ages from each tracer 

and identifying the ratio, where the mean ages show the best comparability (see Figure S1 in 

supplemental material to manuscript I/chapter 3). 

Equation 2.3 and 2.4 are used to effectively constrain matrices of simulated tracer 

concentrations each associated to mean ages (Γ), Δ/Γ-ratio and their respective input 

functions, maintaining a fixed Δ/Γ-ratio.  

Generally, a preset range of mean ages (e.g. 0-2000 years) and Δ/Γ-ratios ranging from 0.2 and 

1.8 are considered to constrain the width of the distribution (Δ). Γ and Δ are then used to 

obtain the PDF across all ranges of mean ages for each Δ/Γ-ratio (see Figure 1.3). Combined 

with the input functions of the individual tracers, this approach provides all possible 

concentrations of each tracer at a certain location and time within the defined age spectrum 

and fixed Δ/Γ-ratio.  

For the actual analysis, the measured concentrations of each tracer sample are correlated with 

the simulated concentrations from a fixed Δ/Γ-ratio and their respective mean ages. These 

mean ages computed for tracers with significantly different input functions are then compared 

and where they show the best match, this TTD is fixed for the respective region (see Figure S1 

in supplemental material to manuscript I/chapter 3). 

 

2.3.2  Smith’s TTD approach 

An alternative approach to determine the best suitable Δ/Γ-ratio and obtain information on 

advection and diffusion is the so-called ‘Smith’ method, initially introduced by Smith et al. 
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(2011) and used in Raimondi et al. (2023) and Wefing et al. (2021). This method is particularly 

advantageous when water masses are analyzed that are characterized by significant Δ/Γ-ratio 

differences in neighboring locations, and where small-scale circulations have to be 

constrained. Similar to the 1-IG TTD approach, ‘Smith’s’ method assumes an inverse Gaussian 

shape of the TTD. However, ‘Smith’s’ TTD method does not fix the Δ/Γ-ratio, but allows for 

variability in both, the mean age (Γ) and width of the distribution (Δ), permitting individual Γ 

and Δ values for each water sample. Similar to the 1-IG TTD approach a range of mean ages 

(Γ) is preset, but ‘Smith’s’ method also permits a range of the distributions (Δ), thus not fixing 

the ratio between Δ and Γ. However, only combinations of Δ and Γ within the range of ratios 

between 0.2 to 1.8 are permitted. For each combination allowed, the PDF is determined and 

the input function of each tracer is incorporated, thereby calculating the modelled tracer 

concentrations for each potential PDF. Considering all possible Δ/Γ-ratios, the resulting 

simulated concentrations of two tracers with significantly different input functions are plotted 

against each other. This generates a grid of all possible modelled concentration pairs, who 

each include a specific predetermined Γ and Δ value, as well as a Δ/Γ-ratios in the range from 

0.2 to 1.8 (see Figure 2.7a).  The measured tracer data are then plotted onto this grid and each 

sample point is referred to the nearest grid point, revealing an individual mean age, width of 

the distribution and Γ/Δ-ratio for each measurement (Raimondi et al., 2023; Wefing et al., 

2021) (see Figure 2.7b).  

 

Figure 2.7: (a) A grid of modelled CFC-12 and SF6 concentration pairs constrained with ‘Smith’s’ TTD 

method, showing the varying Δ/Γ-ratios within the grid. The saturations used for the tracers were 85 % 

for CFC-12 and 100 % for SF6. (b) Display of the same grid in grey, with actual measured tracer 

concentrations in ocean water samples plotted on top. The colors show the pressure (depth) at which 

the samples were collected. 
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2.3.3  2-IG TTD approach 

If the assumption of a one-inverse Gaussian distribution is predicted to be not sufficiently 

accurate to determine the TTD for the analysis of water masses within a specific region, this 

assumption can be expanded to a two-inverse Gaussian distribution to represent the TTD. This 

extended approach accounts for the influence of two water masses with similar densities but 

distinct ages histories on the ventilation of a certain area. The revised approach uses the 

following equation, including two Green functions (G1 & G2) with distinct Γ and Δ values. 

𝑐(𝑡, 𝑟) =  ∫ 𝑐0(𝑡 − 𝑡′)𝑒−𝜆𝑡′
∗ [𝛼 ∗ 𝐺1(𝛤1, 𝛥1, 𝑡′, 𝑟) + (1 − 𝛼) ∗ 𝐺2(𝛤2, 𝛥2, 𝑡′, 𝑟)]

∞

0
𝑑𝑡′ 2.5 

In addition to the two individual Green functions, this equation includes the input function of 

each tracer (c0(t-t’)e-λt’) as well as a factor α to calculate the simulated tracer concentrations 

at a specific location and time (c(t,r)). Here, α is the distribution factor between the two water 

masses, which, in turn, determines the combined mean age of the mixed water mass at that 

location and time (see equation 2.6). 

𝛤 = 𝛼 ∗ 𝛤1 + (1 − 𝛼) ∗ 𝛤2    2.6 

Equation 2.5, which incorporates each tracer’s input function along with varying values for Γ1, 

Γ2, Δ1, Δ2 and α, yields a matrix of simulated concentrations. This matrix can be constructed 

for each specific α, Δ1/Γ1-ratio and Δ2/Γ2-ratio, representing the relationship between two 

assumed mean ages as a function of the simulated tracer concentrations (see Figure 2.8).  

 

Figure 2.8: Example of mean age matrices for CFC-12 and SF6 with a Δ1/Γ1-ratio = 0.9, a Δ2/Γ2-ratio = 0.4 

and α = 80 %. The black line represents a simulated tracer concentration of 393 ppt and 4.7 ppt for 

CFC-12 and SF6, respectively.  
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To effectively apply this method, more than two tracers with distinct input functions are 

required. 

Measurements of multiple tracers then permit to correlate simulated concentrations, which 

are computed using this method, to actual samples. This involves the application of an 

Euclidean distance error calculation (Dokmanic et al., 2015) for the correlation, which yields 

the best match for all measured samples to simulated concentrations corresponding to a 

specific set of Γ1, Γ2, Δ1, Δ2 and α values. 

 

Together, employing the TTD method to determine mean ages of water parcels at different 

depths within a water column permits the assessment of general ventilation time scales and 

potential temporal changes, and thereby can reveal important information, e.g., on pathways 

of climate anomalies. In addition, this approach allows to answer the question whether the 

water transport is predominantly advective or diffusive within specific regions. 
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Summary of results  

The main results of this thesis are presented in three manuscripts; one article accepted for 

publication, one paper in revision and one manuscript to be submitted. 

 

Manuscript I (Chapter 3) entitled ‘Temporal Variability of Ventilation in the Eurasian Arctic 

Ocean’ analyzes the temporal variability of ventilation in intermediate waters (250 - 1500 m) 

of the Eurasian Arctic Ocean (AO), using CFC-12, SF6, and oxygen data collected over the last 

three decades. The results show temporal changes in the ventilation in this region, with a 

significant decrease between 2005 and 2021. Additionally, evidence for multidecadal 

variability in ventilation of the intermediate waters is obtained, as higher mean ages are 

observed in 1991 and 2021 compared to 2005 and 2015.  

Gerke, L., Arck, Y. and Tanhua, T., Temporal Variability of Ventilation in the Eurasian Arctic 

Ocean, Journal of Geophysical Research: Oceans, 2024, manuscript accepted for publication. 

 

Manuscript II (Chapter 4) entitled ‘Changing composition of the Gulf of St. Lawrence Inflow 

Waters’ analyzes the deep water inflow into the Gulf of St. Lawrence (GSL). With the help of 

transient tracer data in combination with the TTD, mean ages of the GSL deep water were 

determined showing ages not matching the regional flow patterns. This can be explained by a 

recent shift in the composition of the source water entering the GSL, towards a larger fraction 

of older North Atlantic Central Waters at the expense of younger, more oxygenated Labrador 

Current Waters. The results also suggest that the deoxygenation of the deep water in the Gulf 

and St. Lawrence Estuary is likely to increase in the future, as the shift towards less 

oxygenated, older water is increasingly evident at the entrance point.  

Gerke, L., Tanhua, T., Nesbitt, W. A., Stevens, S. W., Wallace, D. W. R., Changing composition 

of the Gulf of St. Lawrence Inflow Waters, Geophysical Research Letters, 2024, manuscript in 

revision. 

 

Manuscript III (Chapter 5) entitled ‘Multiple tracer approach to analyze Arctic Ocean 

Ventilation’ attempts to increase accuracy in the ventilation analysis of water masses in the 
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AO by using multiple transient tracers, including CFC-12, SF6, and ‘Medusa’-tracers (HCFC-22, 

HCFC-141b, HCFC-142b, and HFC-134a). The results reveal that the ‘Medusa’-tracers are 

suitable for determining ventilation parameters in the Arctic region. Furthermore, they show 

that reasonable TTD’s can be obtained using different tracer combinations. The multiple 

tracers combined with the concept of a 2-IG TTD identify distinct ventilation patterns in 

specific areas of the Eurasian AO, specifically, a more advective flow pattern in the upper 

1000 m and an increase in the diffusive component in deeper water masses. 

Gerke, L. and Tanhua, T., Multiple tracer approach to analyze Arctic Ocean Ventilation, 

manuscript in preparation. 

 

Additional information and results of this thesis are given in the appendices.  

Appendix A expands the analysis on the temporal variability presented in chapter 3 to the 

Makarov Basin of the AO and the Svalbard Shelf area. 

Appendix B discusses the presence of elevated SF6 concentrations measured in 2021 at a 

certain density interval, which most likely can be attributed to a tracer release experiment in 

1991 in the Greenland Sea. 

Appendix C presents preliminary results of 39Ar measurements conducted at three stations 

along the cruise track of the ‘SAS-Oden 2021’ expedition. 

Appendix D shows supporting figures to the main Introduction and the Data and Methods 

chapters of this thesis. 
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Key Points: 12 

• Temporal variability of ventilation in the Eurasian Arctic Ocean during the past 30 years 13 

is estimated by observations of transient tracers  14 

• We found a slow down of the ventilation between 2005 and 2021 in the intermediate 15 

waters 16 

• Evidence of multidecadal variability of ventilation in the intermediate waters of the 17 

Eurasian Arctic Ocean is present   18 
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Abstract 19 

The Arctic Ocean plays an important role in the regulation of the earth’s climate system, for 20 

instance by storing large amounts of carbon dioxide within its interior. It also plays a critical role 21 

in the global thermohaline circulation, transporting water entering from the Atlantic Ocean to the 22 

interior and initializing the southward transport of deep waters. Currently, the Arctic Ocean is 23 

undergoing rapid changes due to climate warming. The resulting consequences on ventilation 24 

patterns, however, are scarce. In this study we present transient tracer (CFC-12 and SF6) 25 

measurements, in conjunction with dissolved oxygen concentrations, to asses ventilation and 26 

circulation changes in the Eurasian Arctic Ocean over three decades (1991 to 2021). We 27 

constrained transit time distributions of water masses in different areas and quantified temporal 28 

variability in ventilation. Specifically, mean ages of intermediate water layers in the Eurasian 29 

Arctic Ocean were evaluated, revealing a decrease in ventilation in each of the designated areas 30 

from 2005 to 2021. This intermediate layer (250-1500 m) is dominated by Atlantic Water entering 31 

from the Nordic Seas. We also identify a variability in ventilation during the observation period in 32 

most regions, as the data from 1991 shows mean ages comparable to those from 2021. Only in the 33 

northern Amundsen Basin, where the Arctic Ocean Boundary Current is present at intermediate 34 

depths, the ventilation in 1991 is congruent to the one in 2005, increasing thereafter until 2021. 35 

This suggests a reduced ventilation and decrease in the strength of the Boundary Current during 36 

the last 16 years. 37 

 38 

Plain Language Summary 39 

The Eurasian Arctic Ocean, the region of the Arctic Ocean connected to the European and Asian 40 

continents, is an important pathway for recently ventilated water from the Nordic Seas. These 41 

waters are exported back to the North Atlantic following their travel through the Arctic Ocean. 42 

Ventilation describes the process of surface waters being transported into the interior ocean due to 43 

increasing density, which affects the underlying water masses. 44 

In this study we investigate how the ventilation patterns have evolved in the Eurasian Arctic Ocean 45 

over the past three decades, using transient tracer (CFC-12 and SF6) measurements. We observed 46 

a significant change in the intermediate layer (250 - 1500 m) with older waters found in 47 

measurements in 1991 and 2021 compared to 2005 and 2015. Moreover, our data suggest a 48 
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slowdown in ventilation throughout the three decades in the northern Amundsen Basin, implying 49 

a decrease in the circulation time-scale of the Arctic Ocean Boundary Current over the past 16 50 

years. This has potentially important implications for the transport of, e.g., heat, salt or oxygen 51 

from the Atlantic Ocean around the Arctic Ocean, and back. 52 

 53 

1 Introduction 54 

The Arctic Ocean (AO), one of the most rapidly changing environments on earth, has recently 55 

garnered significant scientific interest due to the undeniable climate-related changes that are well 56 

observable in the Arctic region (e.g. Wassmann, 2015; Woodgate, 2013). As the AO is also of high 57 

importance for the climate system, observing and understanding this region has become 58 

increasingly relevant. This relates not only to the large ecosystem of the AO, consisting of 59 

biological matter from phytoplankton to bigger mammals, but also concerns the global climate for 60 

a number of reasons (e.g. Wassmann, 2006; Wassmann, 2011).     61 

Most known is probably the sea ice coverage of the AO, which is an important factor of the climate 62 

system (e.g. Singarayer et al., 2006). It acts as a shield for the surface water because its white color 63 

reflects sun light (high albedo), thereby prevents heat exchange with the atmosphere and restricts 64 

the air-sea exchange of gases. Since 1979, sea ice coverage has decreased rapidly at an average 65 

rate of 12.8 ± 2.4 % per decade (Meredith et al., 2019; Nghiem et al., 2006), resulting in the AO 66 

surface water absorbing more heat. In addition to general global warming, one reason for the 67 

decreasing sea ice in the Arctic is the increasing heat flux driven by warm Atlantic Water (AW) 68 

flowing towards the AO. Due to its ventilation and circulation patterns (e.g. Fabry et al., 2009; 69 

Terhaar et al., 2020), the AO stores a large amount of anthropogenic carbon (2.5 to 3.3 PgC, 70 

normalized to 2005 (Tanhua et al., 2009)). Surface water sinks to the interior ocean in the Nordic 71 

Seas at latitudes close to Svalbard (~80 °N) (e.g. Jeansson et al., 2023; Karstensen et al., 2005; 72 

Mauritzen, 1996; Swift et al., 1980; Talley, 1996), before entering the AO, circulating around and 73 

back into the Atlantic Ocean as deep water with higher density due to cooling (e.g. Karcher et al., 74 

2012; Smith et al., 2011). Thereby the carbon dioxide (CO2), which has been taken up by the water 75 

via air-sea gas exchange, is transported within the ventilating water masses and is either stored in 76 

the AO or exported with the outflowing deep water (MacGilchrist et al., 2014). This CO2 uptake 77 

is likely to increase due to a larger proportion of the surface ocean being exposed as a result of the 78 
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melting sea ice (Arrigo & Van Dijken, 2011; Loose et al., 2014). The increasing sea surface 79 

temperature (Steele et al., 2008) exacerbated by the decreasing sea ice coverage and the general 80 

warming of ocean waters most likely has an influence on the ventilation, circulation and 81 

composition of water masses in the AO. Although primary production has already been observed 82 

under the sea ice (Arrigo et al., 2012), more exposed surface ocean could further enhance primary 83 

production and lead to increased CO2 uptake. On the other hand, increasing temperatures and a 84 

concomitant reduction in vertical mixing could result in a decline of nutrient supply, algae growth 85 

and thereby reduced primary production and in general influence seasonal cycles (Lavoie et al., 86 

2010; Slagstad et al., 2015).  87 

The AO plays an important role for the global climate and water movement in the world’s oceans, 88 

mediated through the Atlantic Meridional Overturning Circulation (AMOC). The most northern 89 

component of this circulation is found in the AO where it circulates the ventilated AW and exports 90 

subsurface and deep waters into the Nordic Seas (Rudels et al., 1994). The AMOC is a component 91 

of the global thermohaline circulation, therefore changes occuring in the AO have global impact.  92 

Despite the high relevance of these processes, ventilation patterns in the AO and the role of the 93 

AMOC in these patterns are still incompletely understood. With the exception of Rajasakaren et 94 

al. (2019), who evaluated changes focusing on the anthropogenic carbon uptake, data on 95 

ventilation changes over time in the recent period of increased global warming and reduction in 96 

sea ice coverage are lacking. Consequently, we attempted to assess such changes in circulation 97 

and ventilation patterns in the AO by measuring different key variables throughout the water 98 

column. We focused on the distribution of the transient tracers sulphur hexafluoride (SF6) and 99 

chlorofluorocarbon-12 (CFC-12), as they can be utilized to calculate the movement and ventilation 100 

of water masses in the ocean. This investigation should shed light on the impact of climate change 101 

on the inflowing AW and reveal possible changes occurring in the AO (e.g. Lauvset et al., 2018; 102 

Smedsrud et al., 2022). 103 

Ventilation is a process that transports signals and perturbations related to gas exchange between 104 

the atmosphere and the surface ocean, to the ocean’s interior (e.g. Tanhua et al., 2013; Waugh et 105 

al., 2006). Thus, it is a measurable parameter for the transport of atmosphere-ocean boundary 106 

perturbations, such as temperature, oxygen or CO2, to the deep ocean. By utilizing the transit time 107 

distribution (TTD) concept to quantify ventilation, it is possible to assess ventilation timescales 108 
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and to obtain knowledge on the ratio between advective and diffusive transports of water masses 109 

from the surface into the interior of the ocean (Stöven & Tanhua, 2014; Waugh et al., 2003).   110 

 111 

2 Hydrographic settings 112 

The AO is mainly landlocked, with connections to the Pacific Ocean via the shallow Bering Strait 113 

(50 m) and to the Atlantic Ocean via the deeper Fram Strait (2600 m), the shallow Barents Sea and 114 

the Canadian Arctic Archipelago. Volumetrically, the main water inflow into the AO is almost 115 

completely composed of AW (90 % (Woodgate, 2013)). This water enters via two branches that 116 

are combined at the St. Anna Through with one branch flowing throught the Fram Strait (Fram 117 

Strait Branch Water (FSBW)) and the other through the Barents Sea (Barents Sea Branch Water 118 

(BSBW)) (e.g. Rudels et al., 1994; Woodgate, 2013). 119 

Several ocean ridges divide the Central AO into a number of different ocean basins. First and 120 

foremost, the Lomonosov Ridge, separates the Eurasian Basin from the Amerasian Basin. The 121 

Eurasian Basin is located on the European/Asian side of the Arctic and the Amerasian Basin on 122 

the American/Asian side. Within the Eurasian Basin, the Gakkel Ridge separates the Nansen Basin 123 

from the Amundsen Basin, and the Amerasian Basin is divided into the Makarov and Canada Basin 124 

by the Alpha and Mendeleev Ridges (see Figure 1a).  125 

 126 

 127 
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Figure 1. (a) The AO and its individual basins divided by ocean ridges with contour lines at 500 m (green),  128 

3000 m (magenta) and 3500 m (blue). The red arrows show a simplified Atlantic Water (AW) circulation 129 

in the AO. (b) Map of the SAS-Oden 2021 expedition with the red dots indicating CTD stations, separated 130 

into sections A, B and C by the blue lines at station 30 and 53. In this study we focus only on section A 131 

crossing the Nansen and Amundsen Basin. 132 

 133 

The AO has a volume of approximately 18,750,000 km3 (Eakins & Sharman, 2007), which 134 

accounts for ≈ 1 % of the total world’s oceans. Roughly 53 % of the AO lies over extensive 135 

continental shelves (Jakobsson, 2002). The AO serves an important role in the earth’s response to 136 

rising CO2 levels as up to 2 % of all anthropogenic carbon is stored within Arctic waters, thus 137 

acting as a larger sink than anticipated from its volume (Tanhua et al., 2009). Recently, studies 138 

have shown that the CO2 uptake in the AO has increased even further (4-8 % of the global CO2 139 

uptake) and thereby its role in counteracting climate change has grown significantly (DeVries et 140 

al., 2023; Yasunaka et al., 2023). 141 

Historically, AO research was hampered due to heavier ice conditions, especially during winter. 142 

Recently, however, the rapid decline in the sea-ice coverage in the AO (Meredith et al., 2019), has 143 

made research in this region more accessible. Although more extensive sampling has been 144 

conducted than in other areas, e.g. the South Pacific or the Southern Ocean, the AO is still a region 145 

where data are relatively scarce. This is due to seasonal limitations on when research is feasible 146 

(summer months), and the small number of suitable research vessels (i.e. research icebreakers). 147 

 148 

2.1 Water masses and circulation 149 

Four different water mass layers are present in the Eurasian AO: surface, halocline, Atlantic, and 150 

deep.  151 

The wind driven surface layer primarily circulates horizontally. Nonetheless, vertical mixing is 152 

likely to increase in the surface layer due to decreasing sea-ice coverage and increasing freshwater 153 

input (Frolov et al., 2005; Nansen, 1902; Pfirman, 2004; Rigor et al., 2002). The surface layer is 154 

characterized by near freezing temperatures and a high freshwater content from river runoff, 155 

precipitation and iceberg calving (Ekwurzel et al., 2001; Haine, 2021). The halocline layer forms 156 

via vertical movement of dense and saline shelf water produced during freezing and initiates a 157 

barrier between the surface water and the AW, preventing an upward heat flux (Aagaard et al., 158 
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1981; Bauch et al., 2014). The circulation of AW, as part of the Arctic Ocean Boundary Current 159 

(AOBC), is both the main and best studied circulation in the AO. It occurs at a depth between 250 160 

and 800 m (Atlantic layer), mainly following the ocean ridges (see Figure 1a, red arrows) 161 

(Aagaard, 1989; Aksenov et al., 2011; Rudels et al., 1999). The AW enters the AO both west and 162 

east of Svalbard through the Fram Strait (FSBW) and Barents Sea (BSBW), respectively. It 163 

proceeds in a counter clockwise rotation around the entire AO at depths between 250 and 1500 m, 164 

where it is referred to as mid-depth Atlantic layer (Karcher et al., 2012; Rudels et al., 1994; Wefing 165 

et al., 2021). On the Amerasian side, some AW enters the Makarov Basin, while a larger fraction 166 

flows around the Canadian Basin, circulating back along the Canadian Arctic Archipelago. Most 167 

of the AW flows back towards the east Greenland shelf already on the Eurasian side along the 168 

Gakkel and the Lomonosov Ridges, becoming increasingly dense due to mixing with colder 169 

ambient water masses. After circulating within the AO, the AW flows south through the Fram 170 

Stait, as part of the East Greenland Current, and enters the Atlantic Ocean as part of the dense 171 

Denmark Strait Overflow Water (DSOW) (Swift & Aagaard, 1981; Tanhua et al., 2005b). This 172 

completes the AOBC within the central AO. The transport of AW from the Barents Sea through 173 

the AO and back into the Nordic Seas at the Fram Strait is estimated to take approximately 15 174 

years when circulating within the Eurasian AO and up to 30 years via the Canadian side (Karcher 175 

et al., 2011; Smith et al., 2011). The deep water layers of the AO (below 1500 m) ventilate via 176 

boundary convection processes that transport brine-enriched water formed at the shelfs into the 177 

deep basins (Aagaard & Carmack, 1989; Anderson et al., 1999; Wallace et al., 1992). This 178 

ventilation was observed to be slower on the Amerasian side, showing deep water mean ages that 179 

are approximately 100 years older than on the Eurasian side (Tanhua et al., 2009). Nonetheless, 180 

this deep water layer is difficult to examine properly due to increasing uncertainty in the age 181 

determination, which is a consequence of the low concentrations measured at these depths of our 182 

selected tracers in this study. Therefore, this work focusses solely on the intermediate depths 183 

between 250 and 1500 m. 184 

 185 

3 Materials and Methods 186 

3.1 Chronological transient tracers 187 
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Based on temporally varying atmospheric concentrations, chronological transient tracers (tracers 188 

that have no sources or sinks within the ocean (Stöven & Tanhua, 2014)), such as CFCs and SF6, 189 

can be used to estimate the age of a water parcel and help understand ventilation and circulation 190 

processes in the ocean (Fine, 2011). The input function of a tracer dissolving in surface water via 191 

air-sea gas exchange is based on its solubility (a function of temperature, salinity, and the physical 192 

nature of the molecule), the degree of saturation, and the variation of its atmospheric concentration 193 

over time. CFCs and SF6 are conservative in seawater, and thanks to measurements over time 194 

(Bullister & Warner, 2017; Walker et al., 2000), together with production estimates, atmospheric 195 

concentrations of these gases are well known. Therefore, they are extremely useful to estimate 196 

rates and pathways of ocean circulation and mixing processes as well as rates and variabilities of 197 

water mass formation (Fine, 2011). In this paper, we focus on two tracers, CFC-12 and SF6, first 198 

produced and released to the atmosphere in the late 1940s and early 1960s, respectively (Maiss & 199 

Brenninkmeijer, 1998; Walker et al., 2000). Due to the regulation of CFC-12 production in 1990 200 

(Montreal Protocol, 1987), its atmospheric concentration started to decrease by 2002. 201 

Consequently, CFC-12 becomes an increasingly limited tracer for young water masses as the 202 

measured concentration is inconclusive, represented by the cut-off area in Figure 2. In contrast, as 203 

the SF6 atmospheric concentration is steadily increasing, it is the preferable tracer for younger 204 

water. 205 
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 206 

Figure 2. Atmospheric concentrations of the two transient tracers used in this study (Bullister & Warner, 207 

2017). CFC-12 (blue) and SF6 (red), both tracer concentrations in ppt (parts per trillion). The dashed line 208 

represents the cut-off area of inconclusive translation of concentrations to ventilation ages. 209 

 210 

Since there is a significant global data set of CFC-12 observations, recent monitorings are helpful 211 

for comparison with older data (Fine, 2011) in order to detect temporal variability of ventilation, 212 

and CFC-12 provides useful information on older water masses due to higher concentrations in 213 

seawater and atmosphere compared to SF6. In addition, using a tracer couple (e.g. CFC-12 and 214 

SF6) provides the ability to constrain a TTD and thereby add valuable information in understanding 215 

the ventilation patterns in the water column.  216 

Transient tracer concentrations in water are often reported as partial pressure values with units in 217 

ppt (parts per trillion). This eliminates the effect of changing temperature and salinity on the tracer 218 

solubility and allows for direct comparison to atmospheric concentrations (Bullister et al., 2002; 219 

Warner & Weiss, 1985). 220 

 221 

3.2 Contemporary data 222 

Samples were collected during the “SAS-Oden 2021” expedition on the Swedish icebreaker Oden 223 

(see Figure 1b). The cruise contributed to the Synoptic Arctic Survey (SAS), which consisted of 224 

29 expeditions carried out in the AO spanning years 2020-2022. The SAS focused on three major 225 
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research areas: (1) Physical drivers of importance to the ecosystem and carbon cycle, (2) the 226 

ecosystem response, and (3) the carbon cycle and ocean acidification (Snoeijs-Leijonmalm & 227 

Party, 2022).  228 

The cruise took place in 2021 between July 24th and September 20th. Starting just north of Svalbard 229 

(81.5 °N, 30 °E), the Nansen and Amundsen Basins were crossed until reaching 89 °N and 230 

150 °W, i.e. shortly past the Lomonosov Ridge in the Makarov Basin (Section A – Figure 1b). 231 

This was followed by a short section parallel to the Lomonosov Ridge in the Makarov Basin before 232 

reaching a previously unstudied area close to the north coast of Greenland (Section B – Figure 1b). 233 

Finally, the vessel then sailed a direct route from the Morris Jesup Plateau to the Yermak Plateau 234 

(Section C – Figure 1b). This study focuses on the first section (Section A) as we can compare 235 

data obtained here to historical observations to evaluate temporal changes. 236 

 237 

3.3 Historical data  238 

The data collected along Section A in 2021 were compared with data included in the data product 239 

GLODAPv2.2021 (Global Ocean Data Analysis Project version 2) (Lauvset et al., 2021). We 240 

extracted transient tracer data from three earlier years (1991, 2005 and 2015) from  locations 241 

proximal to Section A of the SAS-Oden cruise having transient tracer data (see Figure 3 and Table 242 

1).  243 

Table 1. Information on the cruises from the repeats in 1991, 2005 and 2015.  244 

Cruise 

Name 

Year Ship Chief 

Scientist 

Transient 

Tracer PI 

Expocode References 

Oden-91 1991 Oden L. Anderson P. Jones 77DN19910726 (Anderson et al., 1994) 

(Anderson & Party, 1998)  

ODEN05 2005 Oden A. Karlqvist T. Tanhua 77DN20050819 (Karlqvist & Party, 2010) 

TransArc-

II 

2015 Polarstern U. Schauer M. vd 

Loeff 

06AQ20150817 (Schauer & Party, 2016) 

 245 

 246 
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 247 

Figure 3. CTD stations at locations similar to those of SAS-Oden in 2021 (black): 1991 (green), 2005 248 

(blue) and 2015 (red). Only stations where samples for transient tracer analysis were taken are shown. The 249 

contour lines display depths of 3000 m (magenta) and 3500 m (blue), showing the deep basins, the Gakkel 250 

Ridge, and the Lomonosov Ridge. The red circles indicate the stations included in each area analyzed. 251 

 252 

3.4 Analysis method  253 

During the SAS-Oden cruise, the two transient tracers CFC-12 and SF6, were measured on-board 254 

using a gas chromatographic – electron capture detector system in combination with a purge and 255 

trap unit (Bullister et al., 2002; Snoeijs-Leijonmalm & Party, 2022; Tanhua et al., 2005a; Tanhua 256 

et al., 2004). Water samples were drawn from Niskin bottles in 250 mL glass syringes and briefly 257 

stored in a 0 °C water bath to prevent outgassing prior to measurement. For the analysis 258 

approximately 200 mL of the 250 mL water sample were injected into the purge and trap unit, 259 

while being devoid of atmospheric contamination. Using nitrogen as a carrier gas, the samples 260 

were purged and the analytes were trapped on a column consisting of 100 cm 1/16” tubing packed 261 

with 70 cm Heysep D. Suspended over liquid nitrogen, the trap was kept at a temperature of -60 262 

to -70 °C. The trap was subsequently desorbed by heating to 100 °C whereby the analytes were 263 
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separated within a pre-column, consisting of 30 cm Porasil C and 60 cm Molsieve 5A followed by 264 

a main column of 200 cm Carbograph 1AC and 20 cm Molsieve 5A. The columns were kept 265 

isothermal at 50 °C and detection was performed with the Electron Capture Detector (ECD).  266 

Calibration was carried out by injecting small volumes of a gaseous standard containing SF6 and 267 

CFC-12, which was obtained from the company Deuste-Steiniger (Germany). Prior to the mission, 268 

this standard was calibrated against and referenced to the SIO (Scripps Institution of 269 

Oceanography) calibration scale in the lab at the GEOMAR (Kiel). In addition to a full calibration 270 

curve, which was recorded every 2 weeks, point calibrations were performed at every station to 271 

quantify detector drifts.  272 

The system has a detection limit of 0.04 fmol/kg for SF6 and 0.2 fmol/kg for CFC-12 and provided 273 

data with a precision of 0.03 fmol/kg (2.6 %) and 0.02 pmol/kg (1.5 %) for SF6 and CFC-12, 274 

respectively. Analytic precision was determined from duplicates measured throughout the mission 275 

at various depths and locations. Considering the precision and detection limit of the system, the 276 

limit of quantification was set to 0.1 ppt for CFC-12 and 0.3 ppt for SF6, respectively (three times 277 

the detection limit).     278 

Transient tracer measurements acquired during the historical cruises in 1991 and 2005 were 279 

conducted with the help of similar on-board purge and trap gas chromatographic systems. 280 

However, in these measurements, samples with a volume of ≈ 30 ml were analyzed, potentially 281 

resulting in lower precision and higher detection limits as compared to 2021, in particular for 282 

waters with low concentrations of the tracers. In 2015, samples were drawn from the Niskin bottles 283 

and after being stored, measured in the laboratory back on shore. Here, the samples were also 284 

measured with a GC-ECD system in combination with a purge and trap unit. In contrast to the 285 

2021 methodology, samples were split into two aliquots to measure each gas individually. Separate 286 

gas lines and separate ECDs were used with one 30 ml sample for CFC-12 and one 200 mL sample 287 

for SF6 (Smith et al., 2022).   288 

 289 

3.5 Transit Time Distribution (TTD)  290 

The transit time distribution (TTD) method (Hall & Plumb, 1994) is used to calculate the mean 291 

age of a water parcel. It statistically describes an age distribution of a water mass in the ocean’s 292 

interior and thereby gives information on the time it was last in contact with the atmosphere. It 293 
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includes not only the constant advective velocity but also the diffusive processes, which transport 294 

water from the surface to the ocean’s interior.   295 

The TTD method is based on Green’s function (Eq. 1). The concentration of a single tracer at a 296 

specific location and at a given time (c(ts,r)) is calculated via the boundary concentrations, which 297 

are related to the input function multiplied by Green’s function (G(t,r)).  298 

 299 

𝑐(𝑡𝑠, 𝑟) =  ∫ 𝑐0(𝑡𝑠 − 𝑡)𝑒−λ𝑡∞

0
× 𝐺(𝑡, 𝑟)𝑑𝑡   1  300 

 301 

Including the following assumptions of (1) a steady state, (2) a single surface source region 302 

dominating, (3) no changes in the concentration due to inner water interactions, and (4) assuming 303 

a one-dimensional flow, one solution to Green’s function is the inverse Gaussian TTD (IG-TTD) 304 

(Eq. 2) (Khatiwala et al., 2001; Schneider et al., 2012; Sonnerup et al., 2013; Stöven & Tanhua, 305 

2014; Waugh et al., 2002). Here the ratio of mean age (Γ) to the width of a distribution (Δ) over a 306 

specified time range is analyzed in more detail. This ratio provides information on the share of 307 

advection and diffusion, determining the shape of the TTD. A Δ/Γ-ratio < 1 describes 308 

predominantly advective ventilation, whereas a Δ/Γ-ratio > 1 suggests more diffusive ventilation.  309 

The validity of the IG-TTD has been evaluated by various studies (e.g. Shao et al., 2016), e.g. by 310 

using the Bayesian statistical method and comparing the TTD results to model-based solutions on 311 

the ventilation (Trossman et al., 2012; Trossman et al., 2014). 312 

 313 

𝐺(𝑡) =  √
Γ3

4𝜋Δ2𝑡3  × exp (
−Γ(t−Γ)2

4Δ2𝑡
)    2 314 

 315 

In this study we compare the mean age relationship of two tracers with significantly different input 316 

functions sampled concurrently at the same location.  317 

To define the input function, an estimate of the saturation in the surface water of each tracer is 318 

required. It is difficult to obtain this information on this in the AO due to sea ice coverage, which 319 

introduces biases in saturation times when comparing surface water concentrations to atmospheric 320 

concentrations. As we focus our analysis on the intermediate water, which consists mainly of AW 321 

entering from the Greenland Sea and last being in contact with the atmosphere at this location, we 322 

utilized the historic surface saturations estimated in the Greenland Sea by Jeansson et al. (2023) 323 
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for our analysis. Jeansson et al. (2023) estimated that the saturation varies over time by analyzing 324 

samples just below the summer thermocline, to reduce biases araising from seasonal 325 

summer/winter variations. Due to the availability of historical CFC-12 measurements in the 326 

Greenland Sea, a time-dependent saturation was established for this tracer. We used the observed 327 

temporal variability of CFC-12 surface saturation on the atmospheric concentration to calculate 328 

the input function of the tracer at the ocean surface during wintertime. The same time dependency 329 

was applied for the SF6 saturation, as Jeansson et al. (2023) were not able to constrain an individual 330 

time dependency due to an uncertainty caused by a SF6 tracer release experiment in 1996 in the 331 

Greenland Sea (Watson et al., 1999).  332 

To determine the Δ/Γ-ratio, we calculated mean ages from CFC-12 and SF6 measurements using 333 

various ratios and the saturation listed above to have a detailed look on their relationship. The 334 

measured tracers (CFC-12 and SF6) only show comparable estimates of mean ages for depths from 335 

250 to 3000 m. Below 3000 m (approx. 400 years) the SF6 measurements and corresponding mean 336 

ages reach their quantification limit. Conversely, above 300 m (approx. 15-20 years) the declining 337 

atmospheric concentration of CFC-12 influences values in the surface waters (see Figure S1a).  338 

The analysis shows that the best constrained TTD for the intermediate water column is obtained 339 

when using a Δ/Γ-ratio = 1.0. Some ratios bias calculated mean ages based on SF6 (CFC-12) low 340 

(high) values, e.g. Δ/Γ-ratios < 1.0 tend to show more mean age values of lower SF6 and higher 341 

CFC-12 and Δ/Γ-ratios > 1.0 exhibit the opposite trend, each of which imply suboptimal 342 

comparability (see Figure S1b). 343 

As we were able to constrain mean ages from both tracers in 2021, we used those calculated from 344 

CFC-12 data if the measured concentrations were below 410 ppt (approx. 23 years of mean age). 345 

Conversely, for samples showing higher CFC-12 concentrations (i.e. younger waters), we utilized 346 

mean ages from corresponding SF6 concentrations. For the years 1991, 2005 and 2015, mean ages 347 

were solely calculated from CFC-12 concentrations, due to a lack of SF6 measurements. Assuming 348 

the shape of the TTD remained unchanged with time, the Δ/Γ-ratio = 1.0 was adopted for all years.  349 

 350 

3.6 Apparent Oxygen Utilization (AOU)  351 

Another parameter to analyze ocean ventilation, and assess changes in ventilation, is the apparent 352 

oxygen utilization (AOU). AOU is calculated by subtracting the measured oxygen concentration 353 

from the calculated saturation concentration. The main advantage AOU has over the CFC-12 and 354 
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SF6 derived water mass ages is its time independency of the surface water concentrations. AOU 355 

can be used as a ventilation tracer, under the assumption that its surface concentration, saturation, 356 

and biological activity does not change with time, so that a decrease or increase in AOU in the 357 

interior is a sign of changes in ventilation. For example, an increase in AOU at specific depths 358 

over the years (i.e. decrease in oxygen), would suggest a decrease in ventilation and vice versa.  359 

 360 

3.7 Uncertainties  361 

The uncertainty in the derived mean ages, which are used to analyze ventilation changes over the 362 

last three decades, arise from several sources. These include errors in the measurements of the 363 

transient tracer concentrations, the uncertainties in constraining the TTD, and uncertainties in the 364 

input function (i.e. atmospheric concentration and saturation level during winter). The uncertainty 365 

in the transient tracer concentration include analytical uncertainties of the measurements. These 366 

represent systematic biases during calibration routines (using values of a calibrated standard gas, 367 

calibrated standard loops and temperature and pressure measurements) (≈ 1 %), and precision 368 

errors ermerging from factors such as the determined purge efficiency (for CFC-12: ≈ 2 %) (Stöven 369 

& Tanhua, 2014). 370 

The uncertainty in the atmospheric concentration has a bias of < 1 %, resulting from the use of a 371 

mean atmospheric concentration derived from measurements across different facilities in the 372 

northern hemisphere (Walker et al., 2000). Additionally, for the measurements in the AO, we used 373 

a saturation determined in the Greenland Sea rather than directly from the sampling area. 374 

Uncertainties in the saturation pose a potentially significant error in tracer applications (Raimondi 375 

et al., 2023; Shao et al., 2013). Nevertheless, the saturation typically varies over time at higher 376 

latitudes due to fluctuations in the winter mixed layer depth and the atmospheric growth rate of 377 

the tracers (Jeansson et al., 2010; Tanhua et al., 2008). As reported by Rajasakaren et al. (2019), 378 

mean saturation for CFC-12 were estimated to be 93 % ± 10 % and for SF6 at = 85 % ± 9 % in the 379 

AO. Comparing this to the data analyzed in 2021, where we evaluated the mean surface saturation 380 

from water samples of the upper 20 m, we calculated slightly different saturations (CFC-12 = 381 

87.7 % ± 2.8 % and SF6 = 86 % ± 3.7 %). Another factor of uncertainty is the non-linearity in the 382 

solubility of the tracers, as they are affected by mixing with different water masses in different 383 

ways. Collectively and consistent with previous reports, we estimate that the input function 384 
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contribute a bias in the calculations of up to 10 % (DeGrandpre et al., 2006; Haine & Richards, 385 

1995; Stöven & Tanhua, 2014; Tanhua et al., 2008). 386 

The challenge in constraining the TTD adds another source of uncertainty to the calculation of 387 

mean ages. While we assume that the TTD follows an Inverse Gaussian (IG) distribution, the actual 388 

distribution may deviate, especially considering the mixing of various water masses with different 389 

histories. For the IG distribution, the selection of a specific Δ/Γ-ratio represents another factor of 390 

uncertainty, as the value between advective and diffusive flows are set. A Δ/Γ-ratio of 1 has often 391 

been used in previous studies and has therefore been adopted many times. This, however, is usually 392 

due to difficulties of constraining the correct ratio (Tanhua et al., 2008; Waugh et al., 2004). Smith 393 

et al. (2011) proposed a changing Δ/Γ-ratio, particularly ≤ 1 for the AW, and also questioned 394 

whether the TTD might differ from an inverse Gaussian function within the AO. Rajasakaren et 395 

al. (2019) reported that the Δ/Γ-ratio differs between the Amerasian and Eurasian Basins and 396 

among water masses. On the Eurasian side, a Δ/Γ-ratio of 1 for the AW was constrained, but the 397 

Δ/Γ-ratio for the water masses below could not be defined. Conversely, on the Amerasian side, the 398 

Δ/Γ-ratio for all water masses was determined to have a mean value of 1.2. Limitations exist in 399 

using the TTD approach to estimate changes in ventilation, such as it requires, for instance, steady-400 

state transport and a single source region. However, the approach yields a framework that permits 401 

a comparison of historical surveys on a standardized scale (i.e. the mean age). The bias of using a 402 

specific Δ/Γ-ratio is shown in the results, by displaying errorbars in the profile plots, depicting the 403 

differences in the calculated mean ages when using a ratio of 0.8 or 1.2. 404 

Moreover, given that transient tracer data are only available from four years (1991, 2005, 2015, 405 

2021) within a 30-year time span, an uncertainty in evaluating temporal changes due to scarcity of 406 

data, in particular in the period between 1991 and 2005, needs to be taken into consideration.  407 

The potential uncertainty arising from varying sampling locations, due to fluctuating sea ice 408 

coverage and possible eddies, was mitigated by focusing the analysis only on the intermediate 409 

layer and selecting areas where multiple stations were sampled within the same basin. 410 

Furthermore, the results of stations sampled each year were averaged. This was performed 411 

similarly to the manually generated crossover analysis used in GLODAP  (Tanhua et al., 2010), 412 

by averaging all stations from one cruise in a defined area to one depth profile, and then comparing 413 

to data in this same area from another year. By focusing solely on the intermediate layer, the 414 
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uncertainty due to varying sea ice coverage was addressed, as the surface layer does not directly 415 

affect the intermediate layer. This water mass primarily consists of water originating in the Nordic 416 

Seas, where sea ice does not have an influence. 417 

Uncertainties affecting AOU changes are likely dominated by the assumption of a constant 418 

equilibrium of the sea surface and constant biology over time, which is not necessarily the case 419 

(Olsen et al., 2010). Temporal variability in the AOU is not always a sign of ventilation changes, 420 

but could also be caused by changes in, e.g., respiration rates. To account for this uncertainty, we 421 

calculated the standard deviation at each depth across all samples measured in each selected area 422 

each year, yielding a value of approximately 5 %.   423 

 424 

3.8 Analysis of temporal variability 425 

To estimate ventilation changes in the intermediate layer (250 - 1500 m) during the last decades, 426 

the observed mean ages in the AO were compared. The water layer below 1500 m was excluded 427 

due to the quantification limit mentioned above and the upper 250 m were not taken into account 428 

due to the uncertainty in the mean ages calculated from CFC-12 measurements (dashed lines in 429 

Figures 5-7 and S3). Apart from analyzing each sample at certain depths within the designated 430 

area throughout the years the average mean ages (average profile of all profiles in this area) of 431 

each year were compared to the average mean ages in 2021 (see Figure 5 - right panel). Here the 432 

relative difference, i.e. average mean age X/average mean age 2021, was calculated and shifted, 433 

by subtracting all values by one, so that values < 0 indicates a slower ventilation in 2021 in 434 

comparison to the historical cruise in year X, and vice versa. 435 

As the different cruises followed slightly different cruise tracks towards the Lomonosov Ridge 436 

(mostly due to variable ice-conditions), it is difficult to compare the observations along a section. 437 

Therefore, we divided the Eurasian Basin into three different areas, characterized by a number of 438 

stations in the different years and compared them using profile plots (see Figures 5-7, S3). By 439 

calculating an average of all stations in each area, we overcome the issue of small Eddies in the 440 

AO effecting the results. The three designated locations are: (1) the Nansen Basin, (2) the southern 441 

Amundsen Basin, and (3) the northern Amundsen Basin. The Nansen Basin was not subdivided 442 

into a southern and northern section due to scarcity of observations.  443 

 444 
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4 Results and Discussion 445 

4.1 General ventilation pattern  446 

Before evaluating possible temporal variability in the ventilation, we provide information on the 447 

general ventilation patterns based on the 2021 tracer measurements along the section from 448 

Svalbard to the North Pole and into the Makarov Basin (see Figures 4a,b). 449 
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Figure 4. Distribution of the partial pressure of (a) CFC-12 and (b) SF6 along Section A of the 2021 Oden 451 

cruise. The upper panel of each plot shows the upper 1500 m, while depths below 1500 m are shown in the 452 

lower panel. The red line in (b) at 0.3 ppt represents the quantification limit for SF6 concentrations. (c) 453 

Distribution of the calculated mean age along Section A of the 2021 cruise. In all plots the station numbers 454 

are displayed on top in black and the white dots within each plot represent the sampling depths. 455 

 456 

CFC-12 is detected at all depths, but show low partial pressure values (< 50 ppt) below about 457 

2000 m, particularly in the Makarov Basin (10 ppt at 2000 m) (see Figure 4a). Here, the 458 

concentration in the deep water is significantly lower compared to what is found in the deep water 459 

in the Nansen and Amundsen Basins. This indicates a slower deep water ventilation on the 460 

Amerasian side of the Lomonosov Ridge as compared to the Eurasian side, as previously noted by 461 

Macdonald & Carmack (1991) and Jones et al. (1995). This is also reflected in the calculated mean 462 

ages (see Figure 4c), where very old water is present in the Makarov Basin. It is important to note 463 

that the calculations only display ages up to a depth of 2500 m, as the tracers used in this study 464 

cannot effectively quantify water ages beyond this depth due to its old age, i.e. CFC-12 465 

concentrations are close to the limit of quantification. Although we could estimate the mean age 466 

of all waters in the Nansen and Amundsen Basins, we refrain from  using these deep water data to 467 

estimate temporal variability of ventilation, due to the high uncertainties at these depths. 468 

At depths above 1500 m (upper panels), higher concentrations of SF6 are found on the Eurasian 469 

side of the Lomonosov Ridge and near the southern end of the section, close to Svalbard. This 470 

distribution is the characteristic of the AOBC, with AW entering close to Svalbard from the Nordic 471 

Seas and flowing in a counter clockwise circulation back along the Lomonosov Ridge (Coachman 472 

& Barnes, 1963; Rudels et al., 1999; Wefing et al., 2021). This AW is also visible in the 473 

temperature profile (see Figure S2), with higher temperatures being measured in these areas. Along 474 

its path, the AW expands its vertical extent due to mixing: it enters the AO at depths between 475 

150 m and 300 m while it penetrates to depths of 1000 m close to the North Pole. The cooling 476 

resulting from mixing with colder ambient waters is evident in the temperature section as well, 477 

with measured values of approximately 1 °C near the Lomonosov Ridge and > 2 °C at the entrance 478 

close to Svalbard. The mean ages of this intermediate water at the shelf and near the North Pole 479 

show values of 10 years and approximately 20 years, respectively, suggesting a 10-year transit 480 

time for the water transported within the AOBC. This fits precisely with the transport rates reported 481 

by Smith et al. (2011).  482 

62

Manuscript I 
_______________________________________________________________________________



 

 

In general, we observed ages of more than 50 years below 900 m near Svalbard and in the Makarov 483 

Basin, whereas water in the Amundsen Basin exhibits mean ages of maximally 30 years at these 484 

depths.  485 

The generally low tracer concentrations and corresponding old mean ages in the bottom waters in 486 

all three basins, coupled with a steady decrease from surface to bottom indicate slow ventilation 487 

and show that the AOBC does not reach these bottom waters to a significant extent. The deep 488 

water is most likely formed by boundary convection processes that transport brine-enriched water 489 

formed at the shelfs into the deep basins (Aagaard & Carmack, 1989; Anderson et al., 1999; 490 

Tanhua et al., 2009; Wallace et al., 1992). 491 

 492 

 493 

4.2 Temporal variability of ventilation in the intermediate layer  494 

Here we present a detailed analysis of the temporal variability of ventilation in specific areas within 495 

the Eurasian AO, focusing on intermediate depths (250 - 1500 m). We assessed changes by 496 

analyzing variations in calculated mean ages and differences in AOU considering measurements 497 

conducted over three decades (1991-2021).   498 

 499 

 500 
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Figure 5. Mean age comparison of stations from year X: 1991 (green), 2005 (blue), 2015 (red) and 2021 502 

(black) in (a) the Nansen Basin, (b) the southern Amundsen Basin and (c) the northern Amundsen Basin. 503 

The left figures show data points from each station and depth above 2000 m in the respective basin, with 504 

the mean values demonstrated by the solid lines. The right figures show the average relative mean age 505 

difference with respect to the data from 2021, with the dashed lines showing the standard deviation of the 506 

crossover analysis used for computing the mean values. The dashed red lines represent the focus area of 507 

this study, the intermediate layer (250 - 1500 m). 508 

 509 

4.2.1 Nansen Basin  510 

In the Nansen Basin we compared data from five stations from 1991 and 2015 to data from two 511 

stations in 2021 (see Figure 5a). 512 

The mean age in 2021 is higher at depths between 250 and 1200 m (except around 700 m) 513 

compared to the mean ages observed in 2015, indicating a ventilation decrease within these six 514 

years in the intermediate waters of the Nansen Basin. In 1991, waters between about 300 and 515 

1000 m depth are significantly older than the waters in 2021 even considering that the 1991 516 

measurements have a larger uncertainty. This was supported by considering mean ages derived 517 

from CFC-11 concentrations in 1991 (see Figure S3, CFC-11 has higher concentrations in 518 

seawater, rendering the measurements of this tracer less uncertain). The similar high mean ages 519 

observed with CFC-11 data show that elevated mean ages in 1991 compared to 2015 and 2021 are 520 

not caused by errors in the CFC-12 data. Therefore, the higher mean ages in 1991 compared to 521 

2015 and 2021 indicate slower ventilation at these intermediate depths in the past. In contrast, 522 

below 1200 m, mean age values from 1991 are younger compared to 2015 and 2021. As younger 523 

water is present in 2015 compared to 2021 and 1991 in the upper 1200 m, this suggests 524 

multidecadal variability in ventilation at these depths, i.e. the ventilation seems to have increased 525 

from 1991 until 2015 and decreased thereafter again. 526 

When considering changes in AOU in the Nansen Basin, the values show comparable but slightly 527 

different results (see Figure 6a). Specifically, the comparison shows higher values, i.e. likely older 528 

water, in the intermediate water in 1991 and 2021 compared to 2015, which indicates a decrease 529 

in ventilation in the past six years. Notable differences emerge in similar values observed in 1991 530 

and 2021, where only minor ventilation changes in the upper 800 m are evident. Below 1000 m 531 
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the AOU results show similar concentrations in all years, implying no variability in ventilation 532 

below these depths. 533 

The findings obtained from both, transient tracer data and AOU measurements, indicate increased 534 

ventilation in 2015 and more poorly ventilated water in 1991, in comparison to 2021 within this 535 

region. However, the transient tracer data distinctly illustrates the poorly ventilated water in 1991, 536 

with data from 2015 and 2021 falling within comparable ranges. In contrast, the AOU comparison 537 

shows nearly aligned data in 1991 and 2021, while the 2015 data indicate well-ventilated waters 538 

with a more pronounced difference. This discrepancy in the two variables (mean age and AOU) 539 

can be attributed to uncertainties in the transient tracer data from 1991, as previously mentioned, 540 

and to changes in respiration rates over the years, which influence the AOU concentrations. 541 

Possibly decreasing respiration rates might have shifted the 2015 and 2021 data towards higher 542 

levels, closer to those observed in 1991, resulting in similar values in 1991 and 2021.   543 

Focusing on changes in the water mass properties (temperature and salinity) (see Figure 7 – left 544 

panels), we observe slightly higher temperatures and salinity values in the upper area of the 545 

intermediate layer (250 - 600 m) in 2015 compared to 1991 and 2021. This indicates a significantly 546 

increased influence of AW during this year, especially considering that this water represents the 547 

youngest water mass in 2015 as well. The variability is only present in the upper 600 m, which 548 

may be attributed to the AW being confined to these depths in the Nansen Basin. While traversing 549 

throught the AO, the AW mixes with ambient water masses, leading to increasing densities and an 550 

expansion to lower depths along its path. The salinity values from 1991 align with those of 2021, 551 

but the temperature indicates the coldest water being present at these depths in 1991. This 552 

variability is again only observed at depths above 600 m, with consistent temperatures and salinity 553 

values below, throughout the years. This once more implies that the variability of AW in the 554 

Nansen Basin primarily affects the upper part of the intermediate layer. It is possible that the AW 555 

has not significantly increased in density due to cooling by mixing with ambient water masses; 556 

hence, changes in the entering AW only impact the upper 600 m in this region.  557 

 558 

 559 
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Figure 6. Display of the calculated AOU concentrations in µmol/kg from year X: 1991 (green), 2005 (blue), 561 

2015 (red) and 2021 (black) in (a) the Nansen Basin, (b) the southern Amundsen Basin and (c) the northern 562 

Amundsen Basin. The left figures show data points from each station and depth in the respective basin, 563 

with the mean values demonstrated by the thin lines. The right figures show the average AOU difference 564 

with respect to the data from 2021, with the dashed lines showing the standard deviation of the crossover 565 

analysis used for computing the mean values. Average AOU X/Average AOU 2021 < 0 indicates a slower 566 

ventilation in 2021 in comparison to the historical cruise in year X, and vice versa. The dashed red lines 567 

represent the focus area of this study, the intermediate layer (250 - 1500 m).  568 

 569 

 570 
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Figure 7. Display of (a) conservative temperature in °C, (b) absolute salinity in g/kg and (c) a zoom of 572 

salinity data from each year X: 1991 (green), 2005 (blue), 2015 (red) and 2021 (black) in the Nansen Basin 573 

(left panels), the southern Amundsen Basin (middle panels) and the northern Amundsen Basin (right panel). 574 

The dashed red lines represent the focus area of this study, the intermediate layer (250 - 1500 m).  575 

 576 

4.2.2 Southern Amundsen Basin 577 

A large number of stations are found in the southern Amundsen Basin (12 in total) throughout the 578 

sampling years from 1991 until 2021 that can be used to compare temporal changes (see Figures 579 

5b and 6b). 580 

Similar to the results in the Nansen Basin, the oldest water is present in 1991 in the intermediate 581 

water column between 400 to 1500 m, although the difference to the mean ages observed in 2021 582 

is not as large. Mean ages observed in 2005 and 2015 show the youngest values across this layer. 583 

Throughout the intermediate waters, the mean age in 2021 is approximately 10 to 20 years older 584 

compared to 2005 and 2015, indicating slower ventilated water in 2021. Additionally, a slight 585 

increase in the mean age is visible from 2005 until 2015. The generally higher mean ages in 1991 586 

compared to 2021 and those from 2021 being higher compared to 2005 and 2015 again indicate a 587 

multidecadal variability in ventilation as observed in the Nansen Basin. 588 

The AOU comparison qualitatively confirms the tracer data with similar results until a depth of 589 

1200 m (see Figure 6b). This again indicates slower ventilation in 1991 and 2021 compared to 590 

2005 and 2015, although the values from 1991 and 2021 are more in line again, showing only 591 

minor variability. Nonetheless, as both transient tracers and oxygen show comparable results, this 592 

is a strong indication for a variability in ventilation throughout the period analyzed. 593 

As seen in the Nansen Basin, both variables (mean age and AOU) show consistent results, 594 

however, with some variation in their magnitude. Again the AOU data from 1991 and 2021 show 595 

closer alignment compared to the transient tracer data from the same years. This discrepancy most 596 

likely can be attributed to uncertainties in the transient tracer measurements in 1991 and possible 597 

changes in respiration rates over the 30-year time frame.  598 

Temperature and salinity values across the observed period (see Figure 7 - middle panels) show 599 

the coldest water at intermediate depth (especially in the upper 800 m) in 1991 and the warmest in 600 

2005, whereas salinity is lowest in 2005 and similar salinity values are found in 1991, 2015, and 601 

2021.  602 
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 603 

4.2.3 Northern Amundsen Basin  604 

Similar to the southern Amundsen Basin, the northern Amundsen Basin also harbors a large 605 

number of stations for comparison (15 in total) (see Figures 5c and 6c). Additionally, one station 606 

was located at the same position each year (the North Pole). 607 

The mean age results show variability in the intermediate water column with the youngest found 608 

in 2005 and the oldest in 2021. There is a significant increase in mean age from 2005 via 2015 to 609 

2021. The difference in the northern Amundsen Basin, as opposed to the other observed regions, 610 

are the mean age values from 1991. These are more in line with those from 2005 and 2015 rather 611 

than with the values from 2021. 612 

The variability observed in the mean age data is, to some extent, also seen in the AOU plot (see 613 

Figure 6c). The data from 2021 displays higher AOU values in comparison to 2005 and 2015, 614 

which confirms the results shown in the mean age data, but the data from 1991  here are more in 615 

line with the 2021 values. Also, the magnitude of the variability is minor compared to what is seen 616 

in the tracer-based mean age calculations. These differences in the variables most likely can be 617 

attributed to the aforementioned uncertainties in the calculation of each parameter.  618 

Examining the water properties, we observe a change in temperature over the years at this location, 619 

with increasing values within the intermediate layer from 2005 over 2015 until 2021 (see Figure 620 

7a - right panel). The data from 1991 are generally in agreement with temperatures measured in 621 

2005. A similar increase is also visible in the salinity data (see Figure 7c - right panel), with the 622 

freshest water found in 2005 and the most saline in 2015 and 2021. As the AOBC is present in this 623 

area and the AW is therefore affected less by ambient colder water masses within the AO, this 624 

suggests an increase in the temperature of the AW entering the AO.  625 

The increasing mean age over the past 16 years also indicates a slower circulation of the AW 626 

around the AO within the AOBC, possibly even affected by a slowdown of the AMOC as reported 627 

by Caesar et al. (2021). As the AOBC transports recently ventilated waters from the Nordic Seas 628 

through the AO and along the Lomonosov Ridge at intermediate depths, the time it takes for this 629 

water to travel from the Nordic Seas towards the North Pole is represented by the mean age. An 630 

increased velocity of the AOBC in one year as compared to the precious one would reflect itself 631 

by the presence of younger mean ages of waters at the North Pole in the later year. For example, 632 

Heukamp et al. (2023) reported that before entering the AO, the AW recirculating inside the Fram 633 
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Strait has accelerated. This reflects in a deceleration of the AW flowing into the AO and thereby 634 

increases the time needed for AW to travel to the North Pole. Possibly this is caused by rising sea 635 

surface temperatures in the Nordic Seas, stronger southeastward winds and a westward shift of the 636 

West Spitzbergen Current (current running poleward west of Spitzbergen, transporting AW) to 637 

areas of deeper ocean inside the Fram Strait as described by Heukamp et al. (2023).  638 

The difference in the 1991 data, which show increased ventilation in the northern Amundsen Basin 639 

compared to poor ventilation in the other two sections analyzed, is likely caused by the influence 640 

of the AOBC, resulting in generally younger water in the intermediate layer, as shown and 641 

described in section 4.1. This suggests, on the one hand, that the multidecadal variability in 642 

ventilation, as reflected by less ventilated waters in 1991 and 2021 compared to 2005 and 2015, 643 

might not influence the intermediate layer in the northern Amundsen Basin. This could, in turn, be 644 

attributed to the observation that circulation of AW from the Fram Strait to the North Pole only 645 

takes approximately 9 to 12 years (Smith et al., 2011) (see section 4.1), whereas the multidecadal 646 

change is seen here, ranging over a period of at least 14 years (from 1991 until 2005). While there 647 

is variability in the ventilation among the years analyzed, the 1991 data do not show these 648 

comparably high mean ages observed in the other regions. On the other hand, the ventilation data 649 

indicate that the decrease in the circulation speed of the AW started within the past 15 years, with 650 

the mean ages showing the youngest values in 2005 and increasing thereafter until 2021.  651 

 652 

5 Conclusion and Outlook 653 

This study analyzed ventilation changes in the Eurasian AO between 1991 and 2021, based on 654 

transient tracer measurements, i.e. TTD-derived mean ages, as well as AOU. Changes in 655 

ventilation in the intermediate water layer (250 - 1500 m depth) in both the Nansen and Amundsen 656 

Basins are observed. In the Amundsen Basin, higher mean ages, indicating a decrease in 657 

ventilation, are observed in the entire intermediate layer in 2021 compared to 2005 and 2015. Due 658 

to a lack of comparable stations, we were only able to identify this decrease between 2015 and 659 

2021 in the Nansen Basin, and only being present in the intermediate layer between 250 and 660 

1200 m. This suggests that this ventilation change is linked to a variability in the transport of AW 661 

into the AO. That the variability is observed at deeper depth in the Amundsen Basin compared to 662 

the Nansen Basin can be linked to the increasing density of the AW moving further into the AO 663 
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(Richards et al., 2022). Data from 1991 confirm a decrease in ventilation within the AOBC in the 664 

northern Amundsen Basin close to the North Pole, as they show similar results to measurements 665 

of 2005 and 2015. This suggests that the ventilation decrease happened primarily over the past 16 666 

years. It also implies a possible decrease in the strength of the AOBC as the mean age comparison 667 

shows these increasing ages, which represent the transport time of the AW from subduction to this 668 

location. In contrast, the southern Amundsen Basin and the Nansen Basin exhibit poorly ventilated 669 

water in the intermediate layer from 1991 data, with mean ages even surpassing those measured 670 

in 2021. This implies a multidecadal ventilation change within the intermediate layer in these parts 671 

of the Eurasian AO. Despite limited data points (data are only available for 1991, 2005, 2015 and 672 

2021), this change is evident in two distinct areas of the Eurasian AO and is detected by two 673 

independent variables (mean age and AOU). Notably, the area close to the Lomonosov Ridge does 674 

not follow this trend, likely due to the influence of the AOBC. This current has a circulation time 675 

of 9-12 years from the Fram Strait to the North Pole (Karcher et al., 2011; Raimondi et al., 2023; 676 

Smith et al., 2011) and therefore rejuvenates water masses in this area quicker than the observed 677 

multidecadal change. This suggests that the multidecadal variability in ventilation surpasses the 678 

time it takes for the AW to reach the North Pole. Moreover, this multidecadal variability could 679 

also be caused by a change in the recirculating AW inside the AO, being more pronounced along 680 

the Lomonosov Ridge for some time-period, and in other years along the Gakkel Ridge. However, 681 

the lack of transient tracer data, especially in the Nansen Basin close to the Gakkel Ridge, limits 682 

such conclusions. 683 

Both derived variables, mean ages and AOU, yield comparable results, however, with variations 684 

in their magnitude. In the Nansen Basin and the southern Amundsen Basin, transient tracer data 685 

distinctly show the poorly ventilated intermediate water layer in 1991 compared to all other years. 686 

Conversely, AOU data indicates that the 1991 data are in closer alignment with the 2021 data, with 687 

noticeably increased ventilation evident in 2005 and 2015. In the northern Amundsen Basin, AOU 688 

values from 1991 again align closely with those measured in 2021, showing no significantly 689 

increased ventilation compared to 2021, as indicated by TTD-derived mean age data. This 690 

discrepancy may stem from measurement uncertainties in the 1991 data and changes in respiration 691 

rates affecting AOU values. A decline in respiration rates may have shifted the 2005, 2015 and 692 

2021 data towards higher levels, closer to those observed in 1991, thus resulting in similar values 693 
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between 1991 and 2021, thereby not reflecting the poorer ventilation observed in 1991 compared 694 

to the later years in the Nansen and southern Amundsen Basin. 695 

Changes in the water properties, already present in the Nordic Seas, affect the ventilation. The 696 

temperature increase identified in the northern Amundsen Basin from 2005 until 2021, likely 697 

reflects increasing surface water temperature in the Nordic Seas as measurements at this location 698 

solely represent AW being transported within the AOBC. As changes in the water mass anomaly 699 

in the Nansen Basin are only visible in the upper 600 m and in the southern Amundsen Basin until 700 

depths of around 800 to 1000 m, this can be attributed to the density increase of the AW when 701 

mixing with ambient colder water along its path through the AO. Another factor influencing 702 

ventilation in the AO is the decreasing sea ice coverage and the impact of fresh water affecting the 703 

surface layer and thereby weakening the cold halocline. However, as we still see a steep 704 

thermocline and halocline in all regions examined, this effect has no impact on the intermediate 705 

layer yet.  706 

The combined findings of the all variables shed light on the dynamic changes in the Eurasian AO 707 

and its impact on the larger scale circulation patterns. 708 

The variability in ventilation observed within the last three decades, calls for future observation in 709 

the Eurasian AO, including regular transient tracer and oceanographic measurements. These are 710 

crucial for understanding the observed changes and identifying potential trends in this region. For 711 

instance, long-term measurements in the outflow region of the AO south of the Fram Strait and 712 

close to the Greenland shelf could help to understand decadal scale variability of the circulation, 713 

ventilation and outflow of subsurface and deep waters. Moreover, continued observations in the 714 

Central Arctic Ocean and its shelf areas are required to obtain sufficient information on the 715 

variability in ventilation in this region.  716 

 717 

Data Availability Statement 718 

The data used from the GLODAPv2.2021 data product can be found at 719 

https://www.ncei.noaa.gov/access/ocean-carbon-acidification-data-720 

system/oceans/GLODAPv2_2021/. The data from the 2021 cruise on the IB Oden can be found 721 

on the GLODAPv2.2023 data product at https://www.ncei.noaa.gov/access/ocean-carbon-722 

acidification-data-system/oceans/GLODAPv2_2023/. 723 
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Figure S1. (a) Calculated mean age from CFC-12 and SF6 measurements at the North Pole 

with the time dependent saturation and a Δ/Γ-ratio of 1. The green horizontal lines express 

increased uncertainty of the calculated mean age via CFC-12 concentrations in the upper 

250m, due to the decreasing atmospheric concentrations and the bottom layer below 

2000m for small SF6 concentrations. (b) Calculated mean age from CFC-12 and SF6 with 

different Δ/Γ-ratio compared. The saturations for each tracer were assumed to be time 

dependent and mean ages were compared for different ratios (0.6 until 1.4).  
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Figure S2. Distribution of Temperature [°C] along section A during the 2021 cruise. The 

upper panel shows the upper 1500m, while depths below 1500m are shown in the lower 

panel. The station numbers are displayed on top in black and the white dots below each 

number represent the sampling depths. 

 

 

 

Figure S3. Mean age comparison of stations from year X: 1991 (green), 2015 (red) and 

2021 (black) in the Nansen Basin from CFC-12 measurements and 1991 (magenta) from 

CFC-11 measurements. The left figure show data points from each station and depth 
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above 2000 m in the respective basin, with the mean values demonstrated by the thin 

lines. The right figure shows the average relative mean age difference with respect to the 

data from 2021, with the dashed lines showing the standard deviation of the crossover 

analysis used for computing the mean values. The dashed red lines represent the focus 

area of this study, the intermediate layer (250-1500m). 
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Key Points: 15 

• The deep water age in the Laurentian Channel is younger near the Estuary head, in apparent 16 

contradiction of regional circulation patterns 17 

• The observed deep water age distributions confirm a recent shift in source water 18 

composition towards entry of older Atlantic waters 19 

• Deoxygenation of the deep water of the St. Lawrence Estuary and Gulf is expected to 20 

amplify progressively.  21 

  22 

89

Manuscript II 
_______________________________________________________________________________

https://orcid.org/0000-0002-5783-1070
https://orcid.org/0000-0002-0313-2557
https://orcid.org/0000-0002-5217-3267
https://orcid.org/0000-0002-5217-3267
https://orcid.org/0000-0003-1108-6578
https://orcid.org/0000-0001-7832-3887
mailto:lgerke@geomar.de)


 

 

Abstract 23 

The deep water of the Gulf of St. Lawrence has experienced a significant reduction in dissolved 24 

oxygen content during the past decades. One suggested driver of this decrease is a change in the 25 

composition of the deep inflowing water that ventilates the Gulf, consisting of a mix of warmer, 26 

less-oxygenated North Atlantic Central Waters (NACW) and cooler, more-oxygenated Labrador 27 

Current Waters (LCW). In this study, we use transient tracer measurements from two 2022 surveys 28 

to estimate ages of water using the transit time distribution concept. These are used to examine 29 

ventilation changes in the Gulf’s deep waters and suggest that “older” water is present near the 30 

Gulf entrance, indicating the presence of a larger proportion of NACW whereas “younger” water 31 

is present further inshore, indicating a larger LCW proportion. The overall age distribution 32 

suggests a recent shift in source water composition (NACW-dominated) and highlights the 33 

potential for further deoxygenation. 34 

 35 

Plain Language Summary 36 

The Gulf of St. Lawrence is located on the east coast of Canada. Over the last several decades, a 37 

decrease in dissolved oxygen has been observed in the deep water layers in this region, and hypoxic 38 

conditions are intensifying and expanding within the most landward regions of the Gulf. As the 39 

Gulf continues to be supplied with an inflow of water from the Atlantic Ocean, the continued drop 40 

in oxygen has been attributed to changes in the composition of this inflowing water. We measured 41 

man-made dissolved gases whose concentrations in subsurface water provide information about 42 

how long the water has been removed from contact with the atmosphere, or the water’s ‘age’. The 43 

observations show an age gradient within the Gulf, with older waters found close to the inflow 44 

area and younger waters found further along its flow path into the Gulf. This confirms that there 45 

has been a recent change in the age of water entering the Gulf from the Atlantic Ocean, with 46 

‘older’, oxygen-depleted water now progressively replacing ‘younger’, more oxygenated water. 47 

The transient tracer measurements show that the replacement with older water mass is not yet 48 

complete, so that intensification and expansion of hypoxia is likely to continue.  49 

 50 

 51 

 52 
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1 Introduction 53 

The Gulf of St. Lawrence (GSL) is a large, semi-enclosed sea that connects to the North Atlantic 54 

Ocean through the Cabot Strait to the Southeast and Strait of Belle Isle to the Northeast.  55 

In recent years, this region has garnered attention due to a significant decline in dissolved oxygen 56 

(DO) concentrations within the deep layer (e.g. Blais et al., 2023; Gilbert et al., 2010; Jutras et al., 57 

2020), leaving a growing area persistently hypoxic (DO < 62.5 µM) (Blais et al., 2023; Jutras et 58 

al., 2023). Among other things, it was reported that the annual average of DO in the Estuary of the 59 

Gulf dropped to 36 µM in 2022 (12 % saturation) (Blais et al., 2023). This phenomenon has been 60 

observed increasingly in coastal zones worldwide during the past few decades, mainly due to 61 

eutrophication triggered by the burning of fossil fuels and runoff of fertilizers (Diaz & Rosenberg, 62 

2008). In the well-studied region at the head of the Lower St. Lawrence Estuary (LSLE), deep 63 

layer DO values decreased from 130 µM to 60 µM between 1930 and 1984 where they then 64 

remained stable until 2019. In 2020, concentrations rapidly decreased to a minimum of 35 µM 65 

(Jutras et al., 2023), with further decline observed by Blais et al. (2023) in 2022. Following 66 

extensive measurements in this region, the hypoxic zone was first documented in the LSLE 67 

(Gilbert et al., 2005). Two-thirds of this decrease is estimated to be caused by a change in the 68 

composition of the deep water mass entering the Gulf from the North Atlantic and one third being 69 

due to eutrophication (Gilbert et al., 2005; Mucci et al., 2011). The development of persistently 70 

hypoxic areas has a huge impact on the biology and ecosystem in such regions, e.g. on the 71 

distribution of fish, as some are more tolerant to hypoxia than others (e.g. Brown-Vuillemin et al., 72 

2022; Dupont-Prinet et al., 2013; Petersen & Gamperl, 2010).  73 

In this study, we use transient tracer measurements to examine the deep water and infer possible 74 

changes in the regional ventilation. The term ventilation is understood as the transport of surface 75 

waters to the interior of the ocean, and the age of the water refers to the time since it was last in 76 

contact with the atmosphere. Ventilation is a measurable and quantifiable parameter that transports 77 

atmosphere-ocean boundary perturbations, such as temperature or oxygen anomalies to the interior 78 

ocean. Ventilation studies often rely on measurements of transient tracers, such as SF6 and 79 

CFC-12, which were measured for the first time in the Gulf during two cruises, in June and 80 

November of 2022, as part of a deep tracer release experiment (TReX Deep; Stevens et al. (2024, 81 

accepted for publication)) to understand circulation timescales. The transient tracers reported on 82 

in this study were measured simultaneously to the tracer that was deliberately injected for the 83 
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TReX experiment. These measurements suggest that the deep water inflow, which, historically, 84 

consisted of a mix of low-oxygenated, old North Atlantic Central Waters (NACW) and high-85 

oxygenated Labrador Current Waters (LCW), is now composed of almost entirely the NACW 86 

endmember at the entrance point. However, some influence of the LCW is observed further 87 

landward, different to what was reported by Jutras et al. (2023). As this NACW dominated source 88 

water progressively transits along the Laurentian Channel towards the head of the Estuary, hypoxia 89 

is expected to continue to develop in the coming years. This is in line with the observations by 90 

Blais et al. (2023) who reported a continued decline in DO between 2020 and 2022 all throughout 91 

the Estuary and Gulf.  92 

 93 

2 Hydrography 94 

The St. Lawrence Estuary and Gulf is one of the largest semi-enclosed Estuaries in the world and 95 

is composed of three components: the Upper Estuary ranging from Ile d’Orleans to Tadoussac, the 96 

LSLE spanning from Tadoussac to Pointe-des-Monts, and finally the GSL. The GSL is a large 97 

marginal sea (approximate area of 240 000 km2) located at the east coast of North America, and is 98 

connected to the Atlantic Ocean through Cabot Strait, found between Nova Scotia and 99 

Newfoundland in the Southeast, and to the Newfoundland and Labrador Shelf via the Strait of 100 

Belle Isle in the Northeast (see Figure 1). Due to its width and depth, the Cabot Strait is the main 101 

entry point for North Atlantic water, which enters as a deep inflow (Koutitonsky & Budgen, 1991). 102 

The GSL includes itself three channels (darker blue areas in Figure 1), one south of Anticosti 103 

Island (Laurentian Channel), one north of the Island (Anticosti Channel) and one channel towards 104 

the Strait of Belle Isle (Esquiman Channel), all bordered by extensive shelf areas. 105 
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106 

Figure 1: Display of the Gulf of St. Lawrence, with its Channels, Straits, the Lower and Upper Estuary and 107 

the sampled station from the expeditions in June 2022 (TReX 2 – red dots) and November 2022 (DFO’s 108 

AZMP survey/TReX 4 – blue dots).  109 

 110 

Two major currents feed the Gulf of St Lawrence with water masses from the Atlantic Ocean. The 111 

two constituents are LCW and NACW, which enter at depths exceeding 200 m through the wide 112 

and deep Cabot Strait, forming the relatively warm (2 °C to 7 °C) and saline (33 to 35) deep water 113 

of the GSL (Lauzier & Trites, 1958; McLellan, 1957). This deep water is transported to the surface 114 

at the terminus of the Laurentian Channel and head of the LSLE near Tadoussac, and at the end 115 

and edges of each channel by bottom-boundary mixing processes (Cyr et al., 2015; Ingram, 1983; 116 

Saucier et al., 2003). 117 

 118 

In addition to the deep water entering the Gulf through the Cabot Strait, the water column structure 119 

consists of an intermediate layer and a surface layer. The cold (-1.5 °C to 2 °C) and saline (31.5 to 120 

33) intermediate layer (CIL-Cold Intermediate Layer), is mainly formed locally during winter due 121 

to deep water mixing when cooling and formation of sea ice increase the density of the surface 122 

water (Galbraith, 2006). A small fraction of the CIL also originates from the inflow of cold water 123 

from the Labrador Shelf through the Strait of Belle Isle (Galbraith, 2006; Shaw & Galbraith, 2023). 124 

The intermediate water mass in the LSLE and Upper St. Lawrence Estuary consists of less salty 125 
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water, which is renewed annually by saltier CIL water moving inward from the Gulf in spring 126 

(Galbraith, 2006). The warm (> 2 °C) and low salinity (27 to 31.5) surface water flows mainly 127 

seaward, thereby transporting the upwelled deep water, the continental runoff freshwater from the 128 

Estuary, and water from the north shore rivers towards the Atlantic (Galbraith, 2006; Gilbert & 129 

Pettigrew, 1997). This outflow leaves the Gulf through the Cabot Strait on top of the more dense, 130 

deep and intermediate-depth waters that are transported into the GSL (Dickie & Trites, 1983; Jutras 131 

et al., 2020).  132 

 133 

3 Data and Method 134 

3.1 Data 135 

The data analyzed and discussed in this study was obtained during two field campaigns, one in 136 

June 2022 (TReX 2) and one in November 2022 (DFO’s AZMP Survey/TReX 4), both carried out 137 

on the Canadian research vessel ‘R/V Coriolis II’. The main focus of the TReX 2 field campaign 138 

was to trace the previously released tracer trifluoromethyl sulphur pentafluoride (SF5CF3), as part 139 

of a deep water tracer release experiment (TRE) aiming at monitoring the transport pathways for 140 

the deep water in the GSL. The released tracer and the tracers focused on in this study, CFC-12 141 

and SF6, were measured simultaneously. The cruises sampled sections in the Laurentian Channel, 142 

the Anticosti Channel, and the Esquiman Channel (see Figure 1 – red dots). The later cruise was 143 

organized by the Department of Fisheries and Oceans, Canada (DFO) as part of the Atlantic Zone 144 

Monitoring Program (AZMP). We were able to collect transient tracer samples on this cruise as 145 

well, some also in Cabot Strait close to the Atlantic Ocean (Blais et al., 2023).   146 

 147 

3.2 Methods 148 

We use observations of the chronological transient tracers (CFC-12 and SF6) from the two cruises 149 

in 2022 to estimate water mass mean ages in the LSLE and GSL. Due to their increasing historical 150 

concentration in the atmosphere and conservative behavior in seawater, these transient tracers are 151 

useful to help quantify water mass ventilation time-scales. Given an assumed saturation state for 152 

equilibrium between surface water and atmosphere, and knowing the tracers’ atmospheric 153 
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concentration as a function of time, the historical input functions for each tracer at the sea surface 154 

are known (Bullister, 2015; Bullister et al., 2002; Fine, 2011; Walker et al., 2000; Warner & Weiss, 155 

1985; Weiss et al., 1985). Since the concentration of SF6 continues to increase in the atmosphere, 156 

it can be used to estimate ventilation over approximately the last 40 years. CFC-12, on the other 157 

hand, is more appropriate for slightly older water masses, as its production started around 1940, 158 

but its atmospheric concentration has decreased since 2002 (see Figure S3). Nevertheless, both 159 

tracers used in combination as a tracer couple are needed to provide information on ventilation 160 

patterns (e.g. Stöven et al., 2015). 161 

The tracers were measured simultaneously on board of the research vessel with a gas 162 

chromatographic – electron capture detector system attached to a custom purge and trap unit (GC-163 

ECD/PT5) (Bullister et al., 2002; Gerke et al., 2024, accepted for publication; Tanhua et al., 2005; 164 

Tanhua et al., 2004). For details on calibration, see the supplemental material.  165 

The transit time distribution (TTD) is a well-established concept to represent ventilation and allows 166 

calculation of various characteristics of the age distribution for a parcel of water in the ocean, 167 

including its mean age (Hall & Plumb, 1994; Shao et al., 2016; Trossman et al., 2012). As 168 

described in detail in the supplemental material, we constrained the most suitable TTD for this 169 

region using our measured tracers’ concentrations in combination with a time dependent saturation 170 

estimated by Raimondi et al. (2021) and a Δ/Γ-ratio of 1.2. Note that in this study, the term “age” 171 

refers to the time elapsed since a water mass was last in contact with the atmosphere, i.e. since it 172 

was ventilated. Here, we use temperature and salinity imprint to infer the composition of the Gulf 173 

inflow waters, and the transient tracers to infer the ventilation timescale of these waters. 174 

To obtain information on the properties of the inflowing deep water consisting of LCW and 175 

NACW, we included data from the data product GLODAPv2.2022 (Global Ocean Data Analysis 176 

Project version 2) (Lauvset et al., 2022), analyzing data after 2010 in the region close to the 177 

entrance point for deep water, at the Cabot Strait.  178 

 179 

4 Results 180 

During both cruises, all three water masses of the GSL, the surface, intermediate and deep waters, 181 

were clearly present (see Figure 2).  182 

 183 
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 184 

Figure 2: Potential temperature vs practical salinity plot, showing the three main layers of the GSL, as 185 

indicated by different colors with density lines of σΘ from measurements of both cruises (TReX 2 – dots; 186 

DFO’s AZMP survey/TReX 4 – crosses). Note that the deep water (red) represents a mixture of warmer 187 

and saltier NACW and colder and fresher LCW. 188 

 189 

Both cruises showed a similar temperature vs. salinity structure throughout the water column. As 190 

our study pertains to the region’s deep layer, we concentrate on properties in the core of the deep 191 

water mass on the σΘ = 27.26 kg/m3 isopycnal (see Figure 3). This focus is due to the high 192 

abundance of measurements around this isopycnal, as the tracer was injected on this density 193 

surface during the TReX Deep tracer injection cruise. 194 
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 195 

Figure 3: Potential Temperature (top) and Salinity (bottom) measured on the σΘ = 27.26 kg/m3 isopycnal in 196 

the Laurentian Channel and plotted against the longitude and latitude. 197 
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 198 

The results show the presence of colder and less saline waters on this isopycnal in the western end 199 

of the Laurentian Channel compared to the eastern end, near the Cabot Strait. As described above, 200 

the deep water represents a mixture of two water masses, LCW (salinity 33.4-35 and temperature 201 

-0.7 °C to 3.2 °C) and NACW (salinity > 35 and temperature > 4 °C) (Jutras et al., 2020), which 202 

flow from the Atlantic Ocean through Cabot Strait into the Gulf. Our results show a sudden 203 

discontinuity in both variables at 62.8 °W, which predicts the influence of the warmer, more saline 204 

NACW being more pronounced in the east. 205 

When examining the mean age of water, as determined via SF6 and CFC-12 tracer concentrations 206 

in data collected since 2010 within the Atlantic region outside the Gulf of St. Lawrence, and at a 207 

density of σΘ = 27.26 kg/m3 (see Figure 4), we observe oldest water to be located southwest of 208 

Cabot Strait with considerably younger water located to the northeast. 209 

 210 

Figure 4: Interpolated mean age calculations from SF6 and CFC-12 measurements to the target density of 211 

σΘ = 27.26 kg/m3 after 2010 outside the Gulf of St. Lawrence. 212 

 213 

This reflects the distribution of more recently ventilated LCW in the northeast and the older 214 

NACW in the southwest. At the mouth of the Laurentian Channel, the waters tend to show 215 

relatively old values (40 – 50 years), but the influence of the younger LCW is visible. The ages 216 

are lower compared to measurements to the southwest of the inflow location.  217 
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The mean age of the GSL deep water shows that the water close to the Cabot Strait is older 218 

compared to that found in the Lower Estuary (see Figure 5a) which is consistent with the 219 

distributions of temperature and salinity (see Figure 3). “Younger” waters will tend to have higher 220 

LCW composition and “older” waters have higher NACW composition.   221 

 222 

Figure 5: a) Mean age calculations from pSF6 measurements at depths on the isopycnal of σΘ = 27.26 kg/m3 223 

in the Laurentian Channel plotted against the longitude and latitude. b) Display of measured concentrations 224 
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in the CIL and the entire deep layer of the Laurentian Channel. The red dots display samples measured 225 

further east and the blue dots the data from stations westward. The green line represents the isopycnal of 226 

σΘ = 27.26 and the red dotted lines the isopycnals of σΘ = 25.25 and σΘ = 26.25 marking the different water 227 

layers.  228 

 229 

This indicates a pronounced influence of older NACW on the deep water at the eastern end of the 230 

Laurentian Channel with younger water, showing stronger influence of LCW, being found further 231 

to the west along the channel. As the mean age progressively increases from west to east while the 232 

prevailing direction of deep water flow being from east to west, this influence may to amplify over 233 

time.  234 

As mentioned previously, the sampling strategy primarily focused on the σΘ = 27.26 kg/m3 235 

isopycnal. However, samples collected around this isopycnal in the deep layer show comparable 236 

results, with higher tracer concentrations, resulting in younger water, observed further landward 237 

in the entire deep layer compared to measurements taken closer to Cabot Strait (see Figure 5b). In 238 

the intermediate layer, above the σΘ = 26.25 kg/m3 isopycnal, similar trends were observed, 239 

although the data coverage here is rather scarce. The surface layer is not considered, due to the 240 

absence of measured samples. 241 

 242 

5 Discussion 243 

Our observations of water mass age suggest a recent change in composition of the Gulf of St. 244 

Lawrence’s deep inflow. The along-channel property gradients show relatively young, cooler, and 245 

fresher water in the Lower Estuary and western Gulf, with older, warmer and more saline water 246 

entering through Cabot Strait (Figures 3 and 5a). This is the opposite pattern of water mass age as 247 

would be expected if water is transported along the Laurentian Channel, westwards, from the 248 

Atlantic inflow region in the east (Dickie & Trites, 1983). Therefore, these distributions show clear 249 

evidence for a recent influx of water with increased NACW composition. Given the timing of our 250 

sampling in 2022 and estimated transit times of 1-2 years from Cabot Strait to Anticosti Island 251 

(Stevens et al., 2024, accepted for publication), the mid-channel transition from older to younger 252 

water (around 63 °W; Figures 3 and 5a) would suggest that a significant shift in inflow composition 253 

took place around 2020, as was evidenced by a dramatic decrease of bottom water oxygen content 254 

around this time (Jutras et al., 2023).  255 
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A further circulation feature evident in the property and age distributions is the cross-channel 256 

variability, with older, warmer, more saline water entering along the northern boundary of the 257 

Laurentian Channel and younger, cooler, less saline water being found along the southern 258 

boundary (Figures 3 and 5a), indicative of a cyclonic circulation in the Laurentian Channel (Han 259 

et al., 1999).  260 

 261 

Given that the deep waters of the LSLE and GSL are composed of a mixture of NACW and LCW, 262 

our results imply that the mixing proportions for this deep layer have changed significantly since 263 

2020. An extended optimum multiparameter (eOMP) analyses of water mass properties has shown 264 

that the influence of NACW in bottom water composition has grown in recent years (Jutras et al., 265 

2023). Our observations of transient tracers and water mass age distributions in the GSL are 266 

consistent with this conclusion and reveal the signal of older, warmer, more saline water near the 267 

Gulf entrance, whereas a significant younger, LCW component remains further inshore along the 268 

Laurentian Channel. Whereas the eOMP analysis by Jutras et al. (2023) indicated that deep waters 269 

in the Lower Estuary were comprised solely of NACW during 2022, we find evidence in the age 270 

distributions for a remaining contribution of LCW to the deep water within the Lower Estuary. 271 

This implies that further deoxygenation is likely to occur as this preexisting LCW contributions to 272 

the deeper water continues to decline. 273 

 274 

6 Conclusions 275 

This study estimated mean ages for the bottom water in the Gulf of St. Lawrence from transient 276 

tracer measurements. The observations show older water being present at the eastern end close to 277 

the Cabot Strait and younger water being located landward, closer to the Estuary. The observed 278 

pattern is counterintuitive, as the regional estuarine circulation would imply increasing mean age 279 

moving further inshore. We show that this age distribution is the result of a change in the water 280 

mass composition of Atlantic-derived water, whereby the relative contribution of older NACW 281 

and younger LCW have changed over time. We postulate a ventilation change, resulting in the 282 

weakening influence of the LCW on the deep waters of the GSL since 2020 showing a significant 283 

mean age increase. As this shift is observed at the longitude of the eastern tip of Anticosti Island 284 

in the Laurentian Channel, with younger waters still present inland, indicates that newer water has 285 
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not yet been completely flushed out of the GSL. Our observations of transient tracers provide direct 286 

evidence for this change, supporting the findings of previous work that has focused on decreasing 287 

oxygen concentrations in the Estuary (e.g. Blais et al., 2023; Jutras et al., 2023). Modelling studies 288 

have attributed these recent changes in the deep water entering the Gulf of St. Lawrence to a slow-289 

down of the Atlantic Meridional Overturning Circulation driven by climate change (Caesar et al., 290 

2021; Caesar et al., 2018; Claret et al., 2018). This phenomenon could shift the Gulf Stream 291 

northward (Joyce & Zhang, 2010), contract the subpolar gyre (Lohmann et al., 2009; Taylor & 292 

Stephens, 1998) and thereby reduce the transport of LCW southwest towards the Cabot Strait. This 293 

northward shift of the Gulf Stream is partly visibly in the mean age results presented outside the 294 

Gulf (see Figure 4), where older water is found around the entry point into the Gulf, representing 295 

the NACW mainly present at these latitudes since 2010 (Gonçalves Neto et al., 2021). 296 

 297 

7 Outlook 298 

Continued observations of transient tracers and oxygen inside the Lower St. Lawrence Estuary and 299 

Gulf in the upcoming years are of importance, as these measurements could indicate if the deep 300 

water continues to get older, and therefore further accentuates the hypoxia in this semi enclosed 301 

sea, or alternatively, if the influence of NACW has already peaked. Further analysis of the transport 302 

time of the bottom water from the Cabot Strait to the Lower Estuary (e.g., Stevens et al., 2024, 303 

accepted for publication) will also be useful for prediction of the arrival time for NACW-dominant 304 

deep water in the lower Estuary. 305 

 306 
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Text S1. Analysis Method 

The gas chromatographic – electron capture detector (GC-ECD) system consisted of a 

precolumn packed with 30cm Porasil C and 60cm Molesieve 5A, followed by a main 

column packed with 200cm Carbograph 1AC and 20cm Molsieve 5A. Throughout the 

measurement, these components were kept at a constant temperature of 50°C. The 

function of these columns was to separate the various analytes before their concentration 

was determined with the electron capture detector.  

Before the analysis, the purge and trap unit extracted the analytes from the water sample 

by bubbling N2 gas though the sample and trapping them on a column of 100cm 1/16” 

tubing, packed with 70cm Heysep D. To ensure efficient trapping, this column was cooled 
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to -60 to -70°C using liquid nitrogen and subsequently heated to 100°C to desorb the 

analytes onto the precolumn.  

Water samples were collected in 250mL glass syringes directly from the Niskin bottles. 

After temporary storage in a 0°C water bath, 200mL of the sample volume was injected 

into the purge and trap unit.  

The system was calibrated by measuring precise volumes of a calibrated gaseous standard 

containing known concentrations of the analytes. A calibration curve was recorded at the 

beginning of each cruise and to determine any drift in the detector, point calibration was 

carried out daily. 

The system has a detection limit of 0.04 fmol/kg and 0.2 fmol/kg for SF6 and CFC-12, 

respectively and ideally a purge efficiency of above 95%. Due to high variations and very 

high concentrations reported during the TreX 4 expedition, we compared these results to 

measured samples during TreX 2 at similar density and location. This resulted in a shift of 

the CFC-12 measurements by -20% and SF6 by -14% in order to achieve more plausible 

values (see Figure S1). We conclude that the measured values from TreX 2 are more 

accurate, as they show tracer concentrations in the surface layer, close to 100% saturation 

with the atmospheric values from 2022.  
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Figure S1: Display of the TreX 2 and shifted TreX4 data of (a) CFC-12 concentrations and (b) SF6 

concentrations. Each with a zoom into the area around the σΘ=27.26 kg/m3 isopycnal, showing a 

large amount of comparable datapoints. 

 

Text S2. Estimated saturation and ratio of Δ/Γ 

The transit time distribution (TTD) is a well-established concept looking at ventilation 

timescales via mean age calculation using measured transient tracer concentrations. 

Thereby, one also achieves knowledge on the ratio between advective and diffusive 

transport of water masses from the surface into the interior ocean (e.g. Stöven & Tanhua, 

2014; Waugh et al., 2003). TTD determination is possible using a tracer couple sampled at 

a 

b 
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the same location and time with significant different input functions, as being the case for 

SF6 and CFC-12 during the two cruises analyzed in this study.  

The method is based on a function describing the concentration of a single tracer at a 

certain location (c(ts,r)), calculated using boundary concentrations of this tracer, related to 

their input function, and Green’s function (G(t,r)) (see Equation 1). 

 

𝑐(𝑡𝑠, 𝑟) =  ∫ 𝑐0(𝑡𝑠 − 𝑡)𝑒−λ𝑡∞

0
× 𝐺(𝑡, 𝑟)𝑑𝑡  1  

 

Applying four assumptions, being (1) a steady state, (2) a single source region, (3) no inner 

water interactions affecting the concentration of the tracer and (4) a one-dimensional flow 

and assuming an inverse Gaussian (IG) distribution for the age distribution, the Inverse 

Gaussian Transit Time Distribution (IG-TTD) provides one solution for the TTD. Since only 

distinct sampling points of a tracer are under consideration here, Green’s function (G(t)) at 

a particular time can now be characterized by the mean age (Γ) and the width of the 

distribution (Δ), excluding the location (see Equation 2). (Schneider et al., 2012; Sonnerup 

et al., 2013; Stöven & Tanhua, 2014; Waugh et al., 2002).  

 

𝐺(𝑡) =  √
Γ3

4𝜋Δ2𝑡3  × exp (
−Γ(t−Γ)2

4Δ2𝑡
)   2 

 

The ratio of width to mean age (Δ/Γ), describes the above-mentioned relationship of 

advective to diffusive flow. A Δ/Γ-ratio of 1.0 is the unity ratio, Δ/Γ-ratio > 1 indicate a 

diffusive dominating process and a Δ/Γ-ratio < 1 a more advective ventilation of a water 

parcel. 

The initial attempt to constrain the TTD involved comparing mean ages derived from CFC-

12 to SF6 measurements at the same location and time (see Figure S2a). However, this 

method did not yield nice results, as optimal outcomes would align the data points on top 

or close to the linear line. One potential reason for this discrepancy could be the estimate 

of a steady state in ventilation, which is not the case in the Gulf, see main part of the paper. 
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Additionally, uncertainties may arise from the assumption of an inverse Gaussian shape 

for the TTD, which might not be practical to use in this area and the presence of only rather 

young water, affecting the calculations from CFC-12 measurements, given their 

atmospheric history has been declining since 2002.  

Trying to rule out this last uncertainty, we followed a different approach in taking only the 

SF6 concentrations and calculating mean ages using varying ratios. From the resulting 
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mean ages, the assumed CFC-12 concentrations were determined by backwards 

calculation, and these values were then compared to the actual measured concentrations.  

 

Figure S2: a) Comparison of calculated mean ages from CFC-12 and SF6 with different Δ/Γ-ratio 

compared. The saturations for each tracer were assumed to be time dependent. b) Display of the 

relationship between calculated and measured PCFC-12 against PSF6 concentrations using a ratio 

of Δ/Γ=1.2 for the calculations. 

Figure S2b shows the difference in the expected to measured concentrations of CFC-12 as 

a function of the SF6 concentrations. As previously observed in the classical approach, the 
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best results are achieved when using a Δ/Γ-ratio of 1.8 (see Figure S2a and S5), indicated 

by datapoints being close to the strait blue line. Even for lower pSF6 concentrations, the 

ratio of calculated to measured pCFC-12 is similar as for high concentrations, which 

indicates that the influence of the decreasing pCFC-12 in the atmosphere is not very 

pronounced in the calculation and that the difficulty in constraining the TTD results mainly 

from the assumptions made for the calculation. Being the steady state, the single source 

region and the inverse Gaussian shape. 

Nonetheless, as the uncertainty is displayed from a variety of different uncertainties, we 

conclude in using a Δ/Γ-ratio of 1.2, thereby a slightly diffusive dominated flow, plus the 

time dependent saturation by (Raimondi et al., 2021) for the calculation of mean ages in 

this study. This conclusion is drawn from the results, which indicate satisfying solutions 

when employing a Δ/Γ-ratio of 1.2, with negligible difference to the best results obtained 

from using a Δ/Γ-ratio of 1.8. Additionally, it should be noted that with increasing Δ/Γ-

ratio, the calculated mean ages become more sensitive to deviations in saturation and 

tracer age (Stöven et al., 2015).  

For the data inside the Gulf of St. Lawrence we primarily focus on the mean ages calculated 

from SF6 concentrations due to rather young waters, but for the data outside the Gulf we 

also include data from CFC-12 concentrations due to the larger quantity of available 

measurements. 
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Additional Supplemental Figures 

 

 

Figure S3: Atmospheric concentrations of the two transient tracers used in this study. CFC-12 (blue) 

with its by now decreasing atmospheric concentration and SF6 (red) with steadily increasing 

concentrations since 1960. Both tracer concentrations are represented in ppt (parts per trillion) here. 

Figure S4: Display of the relationship between calculated and measured CFC-12 against PSF6 

concentrations using a ratio of Δ/Γ=0.2 for the calculation of the CFC-12 concentrations. 
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Figure S5: Display of the relationship between calculated and measured CFC-12 against PSF6 

concentrations using a ratio of Δ/Γ=1.8 for the calculation of the CFC-12 concentrations. 
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Key points: 

- HCFC’s and HFC’s can serve as efficient gaseous ocean tracers in the Arctic region 

- Advective flow of water masses in the Atlantic layer, shifting to more diffusive 

characteristics at greater depths 

- Presence of two distinct water masses mixing in specific areas of the Arctic Ocean 
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Abstract 

In this study we analyzed the applicability of new chronological transient tracers in observing 

ventilation patterns in the rapidly changing environment of the Arctic Ocean. The limited 

amount of data currently available, which rely mainly on the two well-established tracers 

CFC-12 and SF6, restricts the precision in the analysis of ventilation dynamics in this region. By 

including hydrochlorofluorocarbons and hydrofluorocarbons (referred to as 

‘Medusa’-tracers), collected during the SAS-Oden 2021 expedition at six Transient Tracer 

Super Stations, alongside the commonly used CFC-12 and SF6, we introduce a unique set of 

tracers for the ventilation analysis. The results demonstrate the suitability and effectiveness 

including ‘Medusa’-tracers in the observations. The inclusion helped to constrain parameters 

such as mean age and width of age distributions more precisely and thereby increased the 

accuracy in the analysis. Using the precisely measured tracer concentrations and applying the 

transit time distribution (TTD) method, we could show that ventilation is dominated by 

adjective flow within the Atlantic layer (above 1000 m) and that this is shifted to more 

diffusive characteristics at greater depths. The introduction of multiple different tracer pairs, 

which were employed to analyze the ventilation characteristics, identified regions where two 

water masses with similar densities, but distinct mean ages mix within the Arctic Ocean. In 

these cases, the extensive range of tracer measurements allowed an expansion from the 

assumption of a one-inverse Gaussian to a two-inverse Gaussian distribution of ages 

representing the TTD, thereby taking into account a mixing of two water masses. The 

multi-tracer approach also identified regions, specifically the Makarov Basin, where the 

assumption of a one-inverse Gaussian distribution to represent the TTD is practicable, as the 

results from all tracer pairs are in line. Thus, the inclusion of hydrochlorofluorocarbon and 

hydrofluorocarbon data helps to increase accuracy in the calculation of water mass ages and 

ventilation patterns. 

 

Plain Language Summary 

Ventilation analysis in the ocean is often based on transient tracer measurements that permit 

the use of the transit time distribution (TTD) method to describe age parameters of a given 

water mass in the ocean’s interior. In this study, we introduce a novel multiple tracer approach 

to determine ventilation parameters in the Arctic Ocean, a region of high interest due to the 

increasing impact of climate change-related influences. The tracer samples were collected 
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during a research expedition on the icebreaker Oden in 2021 at six, so called Transient Tracer 

Super Stations, producing an exclusive collection of tracers sampled at the same locations and 

times. The measured concentrations of the new tracers, several different 

hydrochlorofluorocarbons and hydrofluorocarbons, in combination with the well-established 

tracers CFC-12 and SF6, were used to constrain age parameters by employing the TTD method 

and assuming a one-inverse Gaussian distribution. The results, using different tracer pairs, 

show an advective-dominated flow of water masses in the Atlantic layer of the Arctic Ocean 

(above 1000 m), changing to more diffusive characteristics at lower depths. In addition, the 

multiple tracer analysis identified certain areas in the Arctic Ocean which are affected by two 

water masses with similar densities but different ventilation characteristics. Here, results for 

the individual tracer pairs differed, but because data of multiple tracers were available, the 

TTD method could be expanded to be represented by a two-inverse Gaussian distribution of 

ages which takes into account the presence of two different water masses that eventually mix 

in the respective region.  
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1. Introduction 

Transient tracers represent a powerful tool to assess ocean ventilation. They are particularly 

well suited for tracking water movements because their atmospheric histories and their 

solubilities in seawater are often well documented, and because they typically experience no 

inner water interactions (Bullister & Warner, 2017; Bullister et al., 2002; Warner & Weiss, 

1985). Consequently, when measured within a water parcel, transient tracers serve as reliable 

age indicators, i.e. they report the time a water parcel was last in contact with the atmosphere. 

Well known tracers often used in oceanography are anthropogenic gaseous tracers, such as 

CFC-12 (chlorofluorocarbon-12) and SF6 (sulphur hexafluoride) (e.g. Bullister et al., 2006; 

Stöven, 2011; Tanhua et al., 2013). However, due to environmental issues the production of 

these gases was reduced or even banned, limiting their use as oceanographic age tracers (e.g. 

Stöven et al., 2015). Therefore, the search for new ocean tracers attracts increasing attention 

on one hand, to replace CFC-12 and on the other hand, to increase accuracy in the age 

determination based on tracer measurements. Already used and well-studied are radionuclide 

tracers, such as Iodine-129, Uranium-236 (Casacuberta et al., 2018; Casacuberta et al., 2016; 

Wefing, 2021) and Argon-39, the latter being especially valuable for deep water analyses. 

However, in particular, concentrations of Argon-39 are difficult to determine with high 

accuracy (Lu et al., 2014; Ritterbusch et al., 2014). Thus, other gaseous compounds are also 

tested for their applicability as tracers in ocean ventilation analyses. These include 

hydrofluorocarbons (HFC’s) and hydrochlorofluorocarbons (HCFC’s) (Li et al., 2019).   

Ocean ventilation is a physical process which describes the interplay between the atmosphere 

and the ocean’s interior, specifically, the transfer of water masses from the surface mixed 

layer to the deep ocean. It is the primary pathway of transporting surface water, which due to 

air-sea gas exchange itself is affected by atmospheric perturbations, such as changes in 

temperature and gas concentrations, into the ocean’s interior (e.g. Azetsu-Scott et al., 2005; 

Krysell & Wallace, 1988; Talley et al., 2016; Tanhua et al., 2009; Thiele & Sarmiento, 1990; 

Wallace et al., 1987). Understanding ventilation in different parts of the world’s oceans is 

essential to interpret possible fluctuations in ocean dynamics caused, e.g., by climate change 

or seasonal variability. Processes affecting ventilation dynamics range from wind-driven and 

tidal mixing, to subduction, deep water convection, brine enhanced deep water mixing and 

deep-water circulation, as well as deep water upwelling (e.g. D’Asaro, 1985; Ferrari & Wunsch, 

2009; Rainville et al., 2011). Together, these processes define the ocean ventilation, thus the 
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transport of water masses via advective and diffusive pathways, as well as their mixing within 

the interior of the ocean (Khatiwala et al., 2001).  

Among others, anthropogenic carbon (Cant) is also subject to this process of transporting 

atmospheric perturbations into the interior ocean, where it is stored long-term. Cant defines 

human activities emitting carbon dioxide into the atmosphere (e.g. by fossil fuel burning or 

cement production) and causing the atmospheric concentration to increase since preindustrial 

times, exceeding 280 parts per million (ppm atmospheric concentration before 

industrialization) (e.g. Rajasakaren et al., 2019). One region storing notable amounts of Cant is 

the Arctic Ocean (AO). Here, a significant portion (up to 2%) of the total Cant (2.5 to 3.3 Pg-C 

(pentagrams of carbon), normalized to 2005 (Tanhua et al., 2009)) is stored due to unique 

ventilation and circulation patterns (e.g. Fabry et al., 2009; MacGilchrist et al., 2014; Terhaar 

et al., 2020). Moreover, recent studies report an even higher CO2 storage capacity of the AO, 

accounting for 4-8 % of the global storage and thus indicating a pivotal role of the AO in 

counteracting climate change (DeVries et al., 2023; Yasunaka et al., 2023). Previous 

investigations also showed that the majority of the Cant is stored within the surface and 

intermediate layers (Anderson et al., 1998; Tanhua et al., 2009), with a significant influx by 

Atlantic Waters (AW) entering the AO through the Fram Strait and the Barents Sea (Ulfsbo et 

al., 2018).  

The AO is of particular interest not only due to its lateral and vertical transport of Cant, but also 

because of its vulnerability to the impacts of climate change. This reflects itself in the declining 

sea ice coverage, decreasing at a rate of 12.8 ± 2.4 % per decade since 1979 (Meredith et al., 

2019; Nghiem et al., 2006), and the pronounced warming trend, attributed partially also to 

increasingly warmer AW entering at intermediate depths. These rapid changes likely affect 

the Cant storage capacity and more generally, might influence ventilation and circulation 

patterns in the AO (Gerke et al., 2024, accepted for publication). Together, this underscores 

the need to investigate and understand these processes in the AO in more detail. 

Ventilation itself is difficult to quantify precisely as it is affected by a complexity of the various 

mechanisms and cannot be measured directly. Studies often rely on transient tracer 

measurements and employ the transit time distribution (TTD) method to obtain information 

on the ventilation within certain regions (e.g. Olsen et al., 2010; Sonnerup et al., 2013; Stöven 

& Tanhua, 2014). Nonetheless, due to a variety of assumptions required to constrain the TTD, 

and the currently limited amount of tracer measurements in the AO, the ventilation in this 
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area remains poorly described. In this study, we exploit a unique set of multiple transient 

tracer measurements, collected at various location throughout the AO, to gain more insights 

into the ventilation patterns. This is achieved by applying the TTD method, constraining ‘ages’ 

of water masses, defined as the time since a particular water parcel was last in contact with 

the atmosphere, and by characterizing the advective and diffusive flow characteristics. 

A set of different transient tracers with significantly different input functions is ideally suited 

to derive age-related data that describe ventilation. By measuring concentrations of such 

multiple tracers at the same location and time, more information can be obtained to constrain 

the most probable TTD. Following this approach, we examined data from multiple gaseous 

transient tracer measurements in different regions of the AO, focusing on the intermediate 

water column (100 – 1500 m). These tracers encompass six chronological tracers described in 

detail below, and we show and discuss their advantages and disadvantages in analyzing ocean 

ventilation dynamics. These analyses reveal advective to diffusive characteristics in the 

ventilation patterns at different depths. Furthermore, we calculated mean and mode ages of 

the respective water masses employing the local concentrations of the variety of different 

tracer pair combinations to constrain the TTD. The novel approach of using multiple tracers to 

obtain the most probable TTD underscores the value of sampling more than two tracers 

simultaneously for ventilation analyses.  

 

2. Transient tracers 

CFC-12 is an anthropogenic tracer with well documented atmospheric concentrations since 

the 1940s (see Figure 1a). Its production history is well described in Stöven et al. (2015) and 

due to its atmospheric lifespan, CFC-12 concentrations still show sustained high values, even 

though the concentration started to decline since 2002 (Fine, 2011; Stöven et al., 2015). 

Therefore, CFC-12 can be employed as an ocean tracer for intermediate water masses, 

whereas its use is increasingly limited for young water masses as the measured concentrations 

are inconclusive, represented by the cut-off area in Figure 1a.  

Atmospheric data of SF6, were first measured at the beginning of the 20th century, and are 

also well documented showing exponentially increasing concentrations since the 1960s (see 

Figure 1a). The anthropogenic tracer history of SF6 is again described in detail by Stöven et al. 

(2015) revealing that it serves as an appropriate tracer for surface and partly also intermediate 
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water masses. However, its use is limited due to the overall rather low concentrations, 

resulting in detection difficulties at deeper levels where lower concentrations are met. 

CFC-12 and SF6 are not only well-suited oceanographic tracers because of their atmospheric 

concentration history, they also have established solubility functions in sea water. The 

solubility, a function of temperature, salinity and the physical nature of the molecule, is 

extremely relevant when examining the air-sea gas exchange, considering the degree of 

saturation and the atmospheric variation over time. As these parameters are all well-known 

for CFC-12 and SF6, both tracers have proven extremely useful in the analysis of ventilation 

and ocean circulation as well as accompanying mixing processes (Fine, 2011). Moreover, both 

tracers have been measured multiple times in various regions of the world’s oceans providing 

strong historical data sets (Sonnerup et al., 2013; Stöven & Tanhua, 2014; Tanhua et al., 2009).  

 

Figure 1: Atmospheric concentrations of (a) the two transient tracers CFC-12 (blue) and SF6 (red) 

(Bullister & Warner, 2017), and (b) of the ‘Medusa’-tracers HCFC-22 (solid blue), HFC-134a (dotted 

blue), HCFC-141b (solid red) and HCFC-142b (dotted red) (Montzka et al., 2009) 

(https://gml.noaa.gov/aftp/data/hats/hcfcs/; https://gml.noaa.gov/aftp/data/hats/hfcs/). All tracer 

concentrations are given in partial pressure values (ppt - parts per trillion). 

 

Other ocean tracers that might help to replace CFC-12 for the analysis of young water masses 

in the future and could aid in a more detailed ventilation analysis are HCFC’s, such as HCFC-22 

(Chlorodifluoromethane), HCFC-141b (1,1-Dichloro-1-fluoroethane) and HCFC-142b (1-

Chloro-1,1-difluoroethane), and HFC’s (HFC-134a – 1,1,1,2-tetrafluoroethane). These so called 

‘Medusa’-tracers also show well established atmospheric concentration records (see Figure 

1b), have no natural background and can be measured precisely, making them appropriate 
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candidates as ocean tracers (Li et al., 2019). They were initially produced in the mid-1900s and 

show increasing atmospheric concentrations since then. HCFC-22 increased since 1965, and 

HCFC-142b and HCFC-141b since 1980 and 1990, respectively. HFC-134a is the tracer with the 

most recent appearance in the atmosphere, starting to increase exponentially since 1995. In 

recent years, the measured concentrations of HCFC-142b decreased slightly and HCFC-141b 

seems to have reached a plateau since 2015. A more detailed explanation of each of these 

tracers and their atmospheric history can be found in Li et al. (2019). 

 

3. Data collection and analysis  

3.1. Study region 

Transient tracer data analyzed in this study were collected in different areas of the AO during 

the ‘SAS-Oden 2021’ expedition on the Swedish icebreaker Oden (see the cruise track in Figure 

2a). Along the cruise, so called Transient Tracer Super Stations (TTSS) were set up in various 

basins of the AO (see Figure 2b) collecting water samples for measurement of the 

concentrations of a unique set of transient tracers. Due to the cruise covering mainly the 

Eurasian side of the Lomonosov Ridge, most samples were collected there, but one TTSS was 

also located on the Amerasian side. Specifically, one station was placed in the Nansen Basin 

(Station 5), one station around the Gakkel Ridge (Station 8), three stations in the Amundsen 

Basin (Stations 16, 20 and 46) and one in the Makarov Basin (Station 28). Within the Amundsen 

Basin one station was located at an area close to the north Greenland shoreline, and the other 

two close to the North Pole. Hereby, different basins and areas possibly affected differently 

by water mass movements, were covered. In addition to these TTSS, data for CFC-12 and SF6 

were also collected at 34 stations located along the cruise track of the expedition (see Figure 

2a, (Gerke et al., 2024)). 
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Figure 2: (a) Map outlining the cruise track of the ‘SAS-Oden 2021’ expedition. (b) Transient Tracer 

Super Station (TTSS) set up during the cruise. 

 

3.2. Water masses in the Arctic Ocean 

This study focusses on the intermediate layer (between 100 and 1500m). In its upper parts 

this water mass includes the Atlantic layer, which describes water entering from the Atlantic 

Ocean. It is often divided into two branches, the Fram Strait Branch Water (FSBW) and the 

Barents Sea Branch Water (BSBW). The FSBW enters the AO through the Fram Strait and is 

typically found at depths between ≈ 100 – 500 m (27.70 kg/m3 ≤ σΘ ≤ 27.97 kg/m3) (Rudels et 

al., 2012). It is considered the most representative water mass within the Atlantic layer 

(Raimondi et al., 2023) and in this study referred to as the Arctic Atlantic Water (AAW) (Ulfsbo 

et al., 2018). The BSBW enters the central AO, after moving though the Barents Sea at the St. 

Anna Trough. Due to intensive cooling and increasing density, it sinks below the FSBW and is 

typically found at depths of ≈ 500 to 700 m (σΘ ≥ 27.97 kg/m3; σ0.5 ≤ 30.44 kg/m3; temperature 

≥ 0 °C) (Raimondi et al., 2023; Rudels et al., 2012). It is also referred to as dense Arctic Atlantic 

Water (dAAW) (Ulfsbo et al., 2018). The water found below the BSBW at depths between ≈ 

700 and 1500 m (σΘ ≥ 27.97 kg/m3; σ0.5 ≤ 30.44 kg/m3; temperature ≤ 0 °C), still considered 

part of the intermediate layer, is referred to as the upper Polar Deep Water (uPDW) (Rudels 

et al., 2012; Ulfsbo et al., 2018). 

The other three water masses present in the AO are the wind driven surface, the halocline and 

the deep water masses. The surface water circulates mainly horizontally and is the water mass 

mostly affected by increasing temperatures, decreasing sea-ice coverage and increasing 
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freshwater input. It is characterized by near freezing temperatures and a high fresh water 

content from river runoff, precipitation and iceberg calving (Aagaard et al., 1981; Ekwurzel et 

al., 2001; Haine, 2021). The halocline is formed via vertical movement of saline shelf water 

produced during freezing and acts as a barrier between the surface water above and the AAW 

below, preventing upward heat flux (Aagaard et al., 1981; Bauch et al., 2014). In this study, 

these two water masses are treated combined as surface waters (SW), representing all water 

above the intermediate layer (above ≈ 100 m). Deep water masses (DW) are present below 

1500 m. They ventilate to these depths via boundary convection processes, which transport 

brine-enriched water formed at the shelfs into the deep basins (Anderson et al., 1999; Wallace 

et al., 1992). This water is present below the 𝜎0.5 = 30.444 kg/m3 isopycnal (Rudels et al., 2012; 

Ulfsbo et al., 2018), and includes the deep water present on the Eurasian and the Amerasian 

side.  

 

3.3. Data 

At the six TTSS, samples for the analysis of multiple tracers were collected. These included 

chronological gaseous transient tracers such as the commonly sampled SF6 and CFC-12, as well 

as less established gaseous tracers of potential interest for future use in ocean research, 

namely HCFC-22 (hydrochluorofluorocarbon-22), HCFC-141b (hydrochluorofluorocarbon-

141b), HCFC-142b (hydrochluorofluorocarbon-142b) and HFC-134a (hydrofluorocarbon-134a) 

(hereafter referred to as ‘Medusa’-tracers). In addition, radionuclide tracers were sampled, 

these included 129I and 236U, which serve as well-established tracers in the AO for AW analysis 

(Casacuberta et al., 2018; Casacuberta et al., 2016), and 14C and 39Ar for deep water analysis. 

The results obtained using these tracers will be covered in future studies. In this study, we 

focus solely on the chronological gaseous tracers (tracers with no sinks and sources in the 

ocean’s interior (Stöven & Tanhua, 2014)) and on the intermediate water layer (100 – 1500 m), 

as these tracers are best suited at the age range expected in these water masses.   

 

3.3.1. CFC-12 & SF6 

Concentrations of the chronological transient tracers CFC-12 and SF6 were measured directly 

on board using a gas chromatographic system equipped with electron capture detector 

combined with a purge and trap unit (PT-GC-ECD) (Bullister et al., 2002; Gerke et al., 2024; 

Tanhua et al., 2005). During the ‘SAS-Oden 2021’ expedition, 709 samples were measured, 
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with a precision of 2.6 % and 1.5 % for SF6 and CFC-12, respectively, which could be calculated 

due to duplicates measured throughout the cruise. The samples covered depths from the 

surface to the bottom of the ocean.  

 

3.3.2. ‘Medusa’-tracers 

At the six TTSS, samples for the ‘Medusa’-tracers were collected from 7 different depths in the 

intermediate layer which were measured later in the laboratory (GEOMAR, Kiel). Samples 

were drawn in 1.3 L glass ampoules and measured using the ‘Medusa-Aqua’-system, a gas 

chromatograph mass spectrometer (Li & Tanhua, 2021; Miller et al., 2008). A total of 41 

samples were collected and 27 of these were measured successfully. The precisions in 

concentration determination for each of the tracers on the ‘Medusa-Aqua’-system are given 

in Li & Tanhua (2021), with HCFC-22: 3.1 %; HCFC-141b: 6.1 %; HCFC-142b: 1.8 % and HFC-

134a: 9.7 %. In contrast to the commonly used tracers CFC-12 and SF6, the solubilities of the 

‘Medusa’-tracers in seawater have not been determined experimentally so far. Only 

mathematical calculations have been carried out and are displayed as Ostwald-solubility 

functions (Li et al., 2019). These functions were used to determine the partial pressure values 

of the tracers in the seawater samples used in this study. The resulting partial pressure values 

of HCFC-22 and HFC- 134a were additionally adjusted to known atmospheric histories, aligning 

the surface water sample values to the atmospheric concentrations measured in the northern 

hemisphere in 2021. Detailed information on the sampling and measuring procedure as well 

as the concentration analysis are described in detail in the supplemental material. 

Measurement of the ‘Medusa’-tracers is currently only possible in the laboratory using a 

specially designed system that cannot easily be used on-board. The sampling and 

measurement procedures require long times, which limits the quantity of samples. 

 

3.4. Transit Time Distribution 

The Transit Time Distribution (TTD) is a well-established method to assess ventilation 

timescales and rates (Hall & Plumb, 1994; Khatiwala et al., 2001; Schneider et al., 2012; 

Sonnerup et al., 2013; Stöven & Tanhua, 2014; Waugh et al., 2002). Using transient tracer 

measurements and their respective input functions, the TTD describes an age distribution for 

individual water parcels within the ocean’s interior.  
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The TTD method does not assume distinct ages for the transit time, but considers a 

distribution of ages by applying the Green’s function (G(t’,r)), which itself describes the 

propagation of a tracer boundary condition into the interior ocean. Multiplying this function 

with each tracer’s input function (c0(t)), yields simulated concentrations of the respective 

tracer at a certain location and time (c(t,r)) (see equation 1) (Hall & Plumb, 1994; Holzer & 

Primeau, 2010).  

 

𝑐(𝑡, 𝑟) =  ∫ 𝑐0(𝑡 − 𝑡′)𝑒−𝜆𝑡′
∗ 𝐺(𝑡′, 𝑟)

∞

0
𝑑𝑡′   1 

 

Here, the input function of each tracer is known due to its atmospheric history and 

characteristics concerning air-sea gas exchange and solubility in seawater. The unknown is 

Green’s function, which is commonly described by an inverse Gaussian shape of the 

distribution, providing a probability density function (PDF) (see equation 2 and Figure S7). 

 

𝐺(𝑡) = √
𝛤3

4𝜋𝛥2𝑡3 ∗ exp (
−𝛤(𝑡−𝛤)2

4𝛥2𝑡
)    2 

 

The solution to the Green’s function includes the assumptions of (1) a steady state, (2) a single 

surface source region dominating, (3) no changes in the tracer concentration due to inner 

water interactions and (4) a one-dimensional flow (Khatiwala et al., 2001; Schneider et al., 

2012; Sonnerup et al., 2013; Stöven & Tanhua, 2014; Waugh et al., 2002). 

In equation 2, Γ describes the mean age, whereas Δ represents the width of the distribution. 

The relationship between these two parameters provides information on the advective and 

diffusive flow characteristics within a water parcel. A Δ/Γ-ratio < 1 indicates dominance of 

advective processes, and a Δ/Γ-ratio > 1 characterizes a more diffusive flow.  

 

To determine the parameters mean age (Γ), width of the distribution (Δ), as well as the Δ/Γ-

ratio, it is possible to follow ‘Smith’s’ approach to constrain the TTD or to calculate the most 

probable TTD with the help of the one-inverse Gaussian (1-IG) TTD approach (Raimondi et al., 

2023; Smith et al., 2011; Stöven & Tanhua, 2014). Both applications use at least two transient 

tracers with significantly different input functions as a tracer pair to determine the TTD and 

assume inverse Gaussian distribution. Using multiple tracers and assuming a mixing of two 
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water masses with individual Green functions, the two-inverse Gaussian (2-IG) TTD approach 

can be implemented to constrain the most probable TTD (Stöven & Tanhua, 2014). 

 

3.4.1. Smith’s approach 

Smith’s TTD approach calculates the most likely solution for the TTD for each data point 

individually. Therefore, it compares the measured concentrations of a tracer pair to modelled 

tracer concentrations, which are based on their input functions and pre-designed Γ and Δ 

values (Raimondi et al., 2023; Smith et al., 2011). Thus, to determine Γ and Δ for each individual 

data point, a matrix of all conceivable concentrations is constructed, ranging for mean ages 

and widths of the distribution between 0 and 2000 years and permitting only combinations of 

Γ/Δ-ratios between 0.2 and 1.8. Hereby, multiple solutions of TTDs are obtained. Considering 

the input functions of the two tracers and all possible PDFs yields a domain of modelled tracer 

concentrations (see Figure 5, below). The measured sample concentrations are then plotted 

on top of this domain/grid and the most probable result for Γ and Δ, along with the Γ/Δ-ratio 

for each data point, is obtained by choosing the closest point in the underlying grid. 

Additionally, the parameter ‘mode age’ can be determined, which represents the most 

probably solution of each PDF (see Figure S7). Thus, for each tracer concentration measured 

this approach yields the respective mode age, Γ, Δ values and a Γ/Δ-ratio (Raimondi et al., 

2023). 

To constrain the most probable TTD for each region in the AO, we compared multiple tracer 

grids and measured tracer concentrations from a variety of different tracer pair combinations. 

Furthermore, to determine the saturation of each tracer in the AO, we fitted the surface water 

concentrations to concentrations modelled from recent atmospheric values. This revealed 

that all tracers, except for CFC-12 (85 %), reached full saturation (100 %) upon entering the 

AO. 

The individual results of each tracer pair are then also compared to each other to obtain the 

most probable data set and examine where the ‘Medusa’-tracers, which were included in 

several tracer pairs, provide additional information on the TTD of specific regions. Variations 

in the results obtained for the Γ/Δ-ratios and mean ages from different tracer pairs are utilized 

in the 2-IG TTD approach (see below).  
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3.4.2. 1-IG TTD approach 

Similar to the ‘Smith’s’ approach, the 1-IG TTD approach (Stöven & Tanhua, 2014) also 

assumes inverse gaussian distribution and predetermines a range of mean ages (e.g. 

0 – 2000 years). However it then considers a fixed Δ/Γ-ratio, ranging from 0.2 and 1.8, to 

determine the width of the distribution (Δ). Subsequently, the PDFs are obtained across all 

ranges of mean ages, and considering the input function of each tracer, all possible simulated 

concentrations are generated, taking into account the defined mean ages and fixed Δ/Γ-ratio. 

Correlating the measured concentrations within all water samples to the simulated 

concentration using a fixed Δ/Γ-ratio, the respective mean ages are computed. Comparing 

computed mean ages of two tracers with significantly different input functions to each other, 

then determines the most probable TTD, when showing similar values. Thus, the 1-IG TTD 

approach can constrain the most probable TTD based on a fixed Δ/Γ-ratio for the respective 

region. In this study, we employed this approach to constrain mean ages based on the CFC-12 

and SF6 data collected throughout the ‘SAS-Oden 2021’ cruise. A prior investigation had 

constrained the most probable TTD using parts of the data, employing a Δ/Γ-ratio = 1 and using 

a time dependent saturation from the Greenland Sea (Gerke et al., 2024; Jeansson et al., 

2023). Consequently, we continued to employ these assumptions across all samples collected 

during the cruise. 

 

The 1-IG TTD as well as ‘Smith’s’ approach both rely on the assumption of a one-inverse 

Gaussian distribution, but differ in the way to determine the most probably TTD. ‘Smith’s’ 

approach considers each individual data point and determines individual parameters like 

mean age and Δ/Γ-ratio for each measurement. In contrast, the 1-IG approach determines the 

TTD from and for a series of measurements, including those carried out in different regions 

and depths. Both approaches have certain advantages, specifically more detail with respect 

to individual ventilation parameters (Smith’s approach) and the possibility to handle a big set 

of data and excluding uncertainties more easily (1-IG approach).  

 

3.4.3. 2-IG TTD approach 

This study utilized measurements of multiple tracers. Therefore, a range of tracer pair 

combinations could be employed to calculate ventilation parameters. The resulting mean ages 

and Δ/Γ-ratios show variabilities at certain regions and depths (see section 3.4). This variability 
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can be attributed to the inadequate assumption of the one-inverse Gaussian distribution, 

which assumes that only one water mass dictates the ventilation of each area. To address this 

point and the possibly underlying inaccuracy, a two-inverse Gaussian distribution, which 

includes the presence of a second water mass, was applied. This approach considers a mix of 

two water masses with similar densities but different age histories (one younger, one older) 

and relies on measurements of multiple tracers, each characterized by an unique input 

function. The 2-IG TTD approach combines two distributions (Green functions) for the two 

water masses and assumes a linear combination of those by including a percentage factor (α), 

which fixes the ratio between the two distributions but can be varied (Stöven & Tanhua, 2014; 

Waugh et al., 2003) (see equation 3).  

 

𝑐(𝑡, 𝑟) =  ∫ 𝑐0(𝑡 − 𝑡′)𝑒−𝜆𝑡′
∗ [𝛼 ∗ 𝐺(𝛤1, 𝛥1, 𝑡′, 𝑟) + (1 − 𝛼) ∗ 𝐺(𝛤2, 𝛥2, 𝑡′, 𝑟)]

∞

0
𝑑𝑡′ 3 

 

Employing each designated α yields a matrix of mean ages for each tracer in combination with 

their respective input functions (see Figure 3), providing results for the two mean ages at the 

respective measured concentrations.  

 

Figure 3: Examples of mean age matrices for CFC-12 and SF6 with Δ1/Γ1-ratio = 0.9 and Δ2/Γ2-ratio = 0.4 

and α = 80 %. The black line represents a concentration of 393 ppt and 4.7 ppt for CFC-12 and SF6, 

respectively. These represent the concentrations measured at 500 m depth at station 8, as an example. 

 

The resulting partial mean ages (Γ1, Γ2) of each Green function (black line in Figure 3) are then 

multiplied by the respective distribution factor α to obtain the mean age (Γ) of the water mass 

analyzed which includes a mix of the two water masses (see equation 4). 
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𝛤 = 𝛼 ∗ 𝛤1 + (1 − 𝛼) ∗ 𝛤2    4 

 

The 2-IG TTD approach thereby analyses the mean age of a water parcel under the assumption 

of an older and a younger water mass mixing, each having distinct mean ages and Δ/Γ-ratios. 

Boundary conditions for the 2-IG TTD can be derived by applying ‘Smith’s’ approach and 

assuming a 1-IG TTD. The variability in the Δ/Γ-ratios and resulting mean ages compiled from 

varying tracer pair combinations are then addressed and yield the boundary conditions using 

the 2-IG TTD.  

For instance, at station 8 the Δ/Γ-ratios within the AAW range from 0.4 to 0.9 which would set 

the lower and upper boundaries for the two water masses mixing, yielding specific Δ1/Γ1 and 

Δ2/Γ2 ratios. Utilizing the range of mean ages (Γ-boundary), which is also derived from ‘Smith’s’ 

approach, assuming that the total mean age of the water mass is within this range, and varying 

α in 10% increments from 0.1 to 1, yields different Γ1 and Γ2 values using equation 4. For 

example, with a total mean age of 30 and α set to 0.5, Γ1 and Γ2 are calculated each to be 15 

years. Δ1 and Δ2 are subsequently computed using the Δ/Γ-ratio boundaries. This produces a 

set of Γ1, Γ2, Δ1, Δ2 and α values. 

With these parameters and the respective input functions for each tracer, modelled 

concentrations for each set of Γ1, Γ2, Δ1, Δ2 and α values are calculated using equation 3. These 

modelled concentrations of all six tracers are then compared to the measured values at each 

station and depth, determining the closest match using an Euclidean distance error calculation 

(Dokmanic et al., 2015). In this error determination, the tracer values of CFC-12 and SF6 are 

weighted double, as these tracers were measured with higher precision and accuracy and 

have well known solubility functions. The closest result yields the actual values for alpha and 

the total mean age of the water parcel, which in turn can be used to compute the individual 

mean ages of each water mass using equation 4.  

 

4. Results and Discussion 

4.1. Multiple tracer measurements 

Transient tracer concentrations measured at the different TTSS show similar general trends at 

each station and depth (see Figure 4a). All display decreasing values with increasing depth, 

consistent with established patterns. Below 1500 to 2000 m, all tracers show very low or 
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undetectable concentrations suggesting that the tracers are primarily detectable within the 

AAW, dAAW and uPDW, with no significant presence in the deeper layers of the AO yet. The 

consistent decrease in concentrations from the surface to the interior confirms the general 

trend seen in the AO, with the absence of any more recently ventilated water mass in the 

deeper interior of the basins (Gerke et al., 2024).  One exception is station 20 where increased 

tracer concentrations are detected at depths of 500 and 700 m (see Figure 4a – black dots). 

These slightly elevated concentrations at intermediate depths can be attributed to more 

recently ventilated, younger water with higher tracer concentrations, showing the influence 

of recirculating AW at these latitudes (Gerke et al., 2024; Rudels et al., 1999; Wefing, 2021). 

 
Figure 4: (a) Display of the calculated partial pressure (ppt) values based on tracer concentrations 

measured using the ‘Medusa-Aqua’-system. The colors represent the TTSS, where the samples were 

collected. (b) Comparison of the CFC-12 (pmol/L) concentrations at each TTSS measured either by the 

‘Medusa-Aqua’-system (red) and once using the PT-GC-ECD technique (blue). 
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Figure 4b shows a comparison of the CFC-12 concentrations measured at the same station 

using either the ‘Medusa-Aqua’-system or the PT-GC-ECD set up during the cruise. The results 

show a good agreement revealing accuracy of the Medusa measurements. Some variations 

can be seen at stations 5 and 8, which likely could be attributed to uncertainties in both 

sampling and measuring. The slightly higher level of uncertainties at these stations will likely 

also apply to the other tracers measured in the respective samples using the ‘Medusa’-system. 

This is taken into consideration in the following analyses. Given the higher consistency 

observed using the PT-GC-ECD procedure, we used this CFC-12 dataset in the subsequent 

analyses. 

 

4.2. ‘Medusa’ data validation 

To decipher whether the ‘Medusa’-tracers can serve as valid tools for ventilation analyses in 

the AO, different tracer pairs were used to determine the most probable solutions of the TTD 

at the respective TTSS. These tracer pairs, specifically CFC-12&SF6, CFC-12&HCFC-22, CFC-

12&HCFC-141b, CFC-12&HCFC142b and CFC-12&HFC134a, were chosen because they have 

significantly different input functions and thereby produce the most promising and widely 

stretched grids when applying ‘Smith’s’ TTD approach (see Figure 5), and because most of the 

concentrations measured in the samples are present within the grids. Here, the uncertainties 

(represented by error bars) arise from precision in the concentration analysis of each 

individual tracer, as described in sections 2.3.1 and 2.3.2. 
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Figure 5: Δ-Γ grids obtained following ‘Smith's’ approach for different tracer pairs. The respective 

saturations used for each tracer are 100 % for SF6 and the ‘Medusa’-tracers and 85 % for CFC-12. Each 

of the grey grid points correspond to a tracer pair concentration calculated using one combination of 

Γ and Δ. Measured tracer gas concentrations are plotted on top of the respective grid with the color-

coding representing the pressure at which the respective sample was collected (see color bar on the 

right of each graph). Error bars indicate the error arising from the precision of the concentration 

measurements. All tracer concentrations are displayed as partial pressure values (ppt – parts per 

trillion).  

 

The concentrations measured for each tracer pair in the different water samples fit well into 

the designated Δ-Γ grid, particularly within the depth range of 100 – 1000 meters. 

Concentrations at these depths fall within the most extensively stretched region of each grid, 

where the modelled tracer concentrations, based on the parameters Δ-Γ-ratio, mean age and 

width of the distribution, can be most accurately derived with minimal uncertainty. However, 

due to uncertainties associated with the concentration determination of each tracer, the 

closest grid point, used to represent the most probable TTD, varies. Consequently, the 

constrained parameters (Γ, Δ and Δ-Γ-ratio) obviously bear uncertainties for each data point. 

This uncertainty increases for data present at the edge of each grid.  
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Nonetheless, all tracer pair combinations used yield widely stretched grids and the measured 

data coincide with the respective grid used to constrain the TTD. This indicates that the 

‘Medusa’-tracers are well suited for the analysis of age distributions in AO waters.  

Next, to validate the ventilation parameters, which were computed using ‘Smith’s’ approach 

incorporating the ‘Medusa’-tracers, the mean ages were compared to mean ages calculated 

using the well-established tracers CFC-12 and SF6 in combination with the 1-IG TTD approach. 

In addition to compare the results at the six TTSS to those obtained at the regions nearby, 

stations from the ‘SAS-Oden 2021’ cruise located next to each TTSS were included in the mean 

age analysis using CFC-12 and SF6 data and the 1-IG approach (see Figure 6, bottom map). This 

comparison yielded similar mean age results throughout each region, and therefore 

demonstrates the effectiveness of using ‘Medusa’-tracers to constrain TTD parameters within 

the AO. 

The two approaches used to constrain the mean ages in the TTD (‘Smith’ and 1-IG TTD) rely 

on the same assumption of an inverse gaussian distribution, but vary in terms of saturation 

and Δ/Γ-ratio. The 1-IG-TTD approach fixed a Δ/Γ-ratio = 1 and applied a time dependent 

saturation of the tracers, whereas ‘Smith’s’ approach permits variations in the ratio but 

chooses fixed saturations. As the results show similar mean age values, we can conclude that 

within the intermediate water column of the AO, the mean age calculation is not dependent 

on the choice of the approach used to derive the TTD.  
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Figure 6: Comparison of mean ages calculated using ‘Smith’s’ approach and the various tracer pairs 

measured at each TTSS to mean ages constrained at nearby stations within the respective region using 

CFC-12 and SF6 data and the 1-IG TTD approach. The color coding represents the different tracer pairs 

given in the legend. Error bars show the lowest and highest possible parameter constrained from 

matching the measured datapoint with the underlying grid with errors resulting from the precision of 

concentration determination of each tracer. The black crosses show the results obtained when using 
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the 1-IG TTD approach. The map at the bottom shows the respective data sampling stations, with the 

red points representing the TTSS and the black circles showing the nearby stations included in the 1-

IG TTD approach. 

 
 

4.3. Variability of ventilation in different water masses 

Concentrations of the different tracer pairs (see Figure 5) at each individual data point can be 

employed to calculate values for the parameters Δ/Γ-ratio, Γ and mode age and the results can 

then be compared for the different tracer pairs (see Figures 7, 8 and 9). The data reveal a 

strong correlation between the tracer combinations used, when comparing the mean ages, 

which consistently increase with depth (see Figure 7). Slightly more variations are observed 

when examining the mode ages (see Figure 8). These variations increase especially at greater 

depths, which most likely can be attributed to the potential increase of diffusive-dominated 

flow of water masses at these depths.  

The range of advective- and diffusive-dominated flow can be examined by careful analysis of 

the Δ/Γ-ratios (see Figure 9). The results indicate predominately advective flow (Δ/Γ-ratios < 1) 

in water masses such as the AAW and dAAW, transitioning towards more diffusive 

characteristics (increasing Δ/Γ-ratios) in the deeper ocean (uPDW & DW). However, because 

the modelled tracer grids show a compression at lower concentrations, typically met in the 

deep water samples, these values are associated with higher levels of uncertainty. In the 

surface layer, the Δ/Γ-grids also narrows, leading to increased uncertainty, evidenced by larger 

error bars observed in the SW samples (see Figure 9 – blue dots). Some variations could also 

arise from errors associated with the solubility functions of the ‘Medusa’ gases, because these 

were only determined mathematically, and from uncertainties arising from the measurement 

precision using the ‘Medusa-Aqua’-system. In case of CFC-12, the high level of uncertainty in 

the surface water samples possibly is due to decreasing concentrations in the atmosphere and 

as a consequence, the difficulty to obtain a wider Δ/Γ-grid.  

Some minor discrepancies between the data calculated using different tracer pairs across all 

depths exist in terms of Δ/Γ-ratios. Consistently higher ratios are obtained, when a 

combination of CFC-12&SF6, CFC-12&HCFC-22 or CFC-12&HFC-134a is employed, as opposed 

to including one of the other ‘Medusa’-tracers (HCFC-141b or HCFC-142b) in the analysis. The 

tracer pair of CFC-12&HFC-134a shows the largest scatter and uncertainties and thus the least 
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comparable results. This most likely arises from the difficulty to plot the measured 

concentrations onto the modelled grid, especially for deeper water samples. 
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Figure 7: 1:1-comparison of mean ages which were calculated based on measured concentrations of 

different tracer pairs. The color coding represents the different water masses (surface, AAW, dAAW 

and uPDW). The deep water is not included as this would hinder the comparison for younger waters. 
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Figure 8: 1:1-comparison of mode ages which were calculated based on concentrations measured for 

the different tracer pairs. The color coding represents the different water masses (surface, AAW, dAAW 

and uPDW). The deep water is not included as this would hinder the comparison for younger waters. 
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Figure 9: 1:1-comparison of D/G (Δ/Γ)-ratios which were calculated based on the concentrations of 

different tracer pairs. The color coding represents the different water masses (surface, AAW, dAAW, 

uPDW and DW). 
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4.4. Improvement of ventilation analysis using ‘Medusa’-tracers 

Due to the distribution of the TTSS across various basins and regions within the AO (see Figure 

2b), and by applying multiple tracer pairs in the analysis of ventilation dynamics, we were able 

to examine discrepancies of Δ/Γ-ratios and mean ages in and between the distinct regions. As 

discussed above, we observed advective-dominated flow patterns at depths between 200 and 

1000 m (Δ/Γ ratio < 1), with diffusive characteristics becoming more pronounced at greater 

depths. Notably, in the Makarov Basin (Station 28) the advective-dominated flow extends 

below 1000 m (see Figure 10a), whereas other stations already showed a transition towards 

a more diffusively influenced ventilation (Δ/Γ ratio > 1) at these depths. 
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Figure 10: Comparison of (a) Δ/Γ-ratios and (b) mean ages calculated using ‘Smith’s’ approach and the 

different tracer pair concentrations measured at each TTSS. The color coding represents the different 

tracer pairs and the error bars cover the lowest and highest possible parameter constrained within 

each underlying grid with errors resulting from imprecision in each tracer measurement. 
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The mean ages derived from the analyses of the different tracer combinations yield consistent 

findings for all regions and depths. A comparison of the various regions reveals slightly higher 

mean ages within the Makarov Basin (Station 28) in the intermediate layer at depths of 

1000 m, relative to the other regions. This trend is visible across all combinations of tracers 

used for the calculation and is in line with earlier results employing only CFC-12 and SF6 (e.g. 

Gerke et al., 2024).  

Larger discrepancies are visible in the Δ/Γ-ratios, with standard deviations exceeding 20 % at 

certain stations (Figure S8). Notably, the tracer combination of CFC-12&HFC-134a consistently 

shows higher Δ/Γ-ratios throughout the water column at each of the TTSS. Additionally, the 

mean age data derived from this tracer combination display slightly higher variations 

compared to results obtained by employing the other tracer pairs. As discussed above, this 

discrepancy can primarily be attributed to the challenges of plotting the measured 

concentrations onto the modelled tracer grid using ‘Smith’s’ approach. Consequently, we 

calculated standard deviations including and excluding this tracer pair. Excluding this tracer 

pair, the remaining demonstrate sufficient comparability at station 28 (Std-dev < 15 %; see 

Figure S8 (red and magenta dots)), suggesting that the assumption of a 1-IG distribution 

appears reasonable in this region (the Makarov Basin). However, at the other stations Δ/Γ-

ratio values exhibit higher variability across all tracer pair combination (Std-dev > 20 %). This 

discrepancy could stem from measurement or sampling uncertainties, especially at stations 5 

and 8 (see section 3.1) (marked yellow in Table S1). However, the variations in the Δ/Γ-ratios 

could also arise from the mixing of different water masses with different Δ/Γ-ratios, indicating 

that the assumption of a 1-IG distribution may not be suitable for the description of the 

distribution within these areas. 

Therefore, we applied the 2-IG TTD approach to all samples showing standard deviations > 

20 %. For this analysis, the boundary conditions (Δ/Γ-ratio and mean age) were chosen from 

the varying results of using ‘Smith’s’ TTD approach. The 2-IG TTD approach assumes the 

presence of an older and a more recently ventilated water mass, each characterized by distinct 

Δ/Γ-ratios. 

At station 8, the values were therefore set to Δ/Γ-ratios of 0.4 and 0.9 in the AAW, 0.1 and 1 

in the dAAW, and 0.5 and 1.5 in the uPDW, as the computed values from the individual tracer 

pairs using ‘Smith’s’ approach vary in between these ranges. At station 20, we considered 

AAW and dAAW Δ/Γ-ratios of 0.4 and 0.9 and those in the uPDW of 0.5 and 1.5. The ranges of 
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the mean ages (Γ-boundaries), also derived from the individual results of the tracer pairs, at 

these two stations as well as the boundary conditions for Δ/Γ-ratios and mean ages for stations 

5, 16 and 46 are given in Table S1.  

Applying the 2-IG TTD approach (see chapter 2.4.3) and utilizing these boundary conditions, 

computed the mean age results for the two different water masses (see Tables S1 and Figure 

11). 

Stations 8 and 20, where the intermediate water layer was effectively sampled show an 

interesting and consistent pattern, with some exceptions. Throughout the upper 700 m the 

water masses are primarily influenced by the water mass with the higher Δ/Γ-ratio 

(Δ1/Γ1-ratio), whereas below 1000 m the influence reverses and the effect of the water mass 

with the lower Δ/Γ-ratio (Δ2/Γ2-ratio) becomes predominant. Nonetheless, as the set values 

for the Δ1/Γ1 and Δ2/Γ2-ratios in the upper parts both show advective-dominated 

characteristics, i.e. Δ/Γ-ratios < 1, it appears likely that advective-dominated flow prevails at 

intermediate depths in the AO.  

The mean age values obtained following the 2-IG TTD approach at these selected stations, fall 

within the upper range of the predetermined Γ-boundary above 700 m. Below this depth, the 

computed mean age tends to be in the middle of the Γ-boundary. The overall mean age results 

are displayed in Figure 11 next to the results obtained using only single tracer pairs for the 

analysis.  

Figure 11: Comparison of mean ages calculated using the different tracer pair concentrations 

measured at the respective TTSS to the mean age results obtained via calculations employing the 2-IG 

TTD approach. The color coding represents the different tracer pairs used in ‘Smith’s’ approach and 
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the error bars cover the lowest and highest possible parameter constrained within the underlying grid 

with errors resulting from imprecision in each tracer measurement. The black star represents the mean 

age calculated with the 2-IG TTD. 

 

5. Conclusions 

The multi-tracer approach introduced in this study provides valuable insights into ocean 

ventilation in the AO. We show that concentrations of the so called ‘Medusa’-tracers can be 

used to effectively analyze water mean and mode ages as well as constrain Δ/Γ-ratios in this 

region. Unlike previous measurements of these tracers in the Mediterranean Sea (Li & Tanhua, 

2021), where the ‘Medusa’-tracers exhibited a reduced stability, our measurements reveal 

reasonable results for these tracers in the cold AO. Furthermore, we show that different 

analytical approaches (Smith’s and 1-IG) can be used to characterize ventilation in the AO, 

their efficiency is demonstrated and individual advantages and disadvantages are discussed. 

We analyzed multiple ventilation parameters within the intermediate layer (0 - 1500 m) 

across various regions of the AO, employing a range of transient tracers. The tracer pairs 

evaluated using ‘Smith’s’ approach, CFC-12&HCFC-22; CFC-12&HCFC-141b; 

CFC-12&HCFC-142b; CFC-12&HFC134a and CFC-12&SF6, all produce comparable results for 

the different ventilation parameters, Δ/Γ-ratio, mean and mode age of water masses, and thus 

show that the ‘Medusa’-tracers can be used for the analysis of ventilation dynamics in the AO. 

The results demonstrate more advective flow in the Atlantic layer, which transitions to 

increased diffusive characteristics at greater depths and reveal increasing mean ages with 

increasing depths. This transition is less apparent in the Makarov Basin, where below 1500 m 

the Δ/Γ-ratios determined still show values below 1. In regions on the Eurasian side of the AO 

the Δ/Γ-ratios exceed 1 at increasing depths, expressing the diffusive influence here.  

Despite the overall comparability, some variations in the computed Δ/Γ-ratios are evident 

among the different tracer pairs in certain regions of the AO. This suggests that assuming a 

single inverse Gaussian distribution may not be feasible in these regions and indicates that the 

respective water parcels are influenced by two distinct water masses with similar densities 

but distinct mean ages, one characterized by a larger Δ/Γ-ratio as compared to the other. With 

the exception of Station 28, located in the Makarov Basin, all other five TTSS exhibit high 

standard deviations in the values computed for the Δ/Γ-ratios using different tracer pair 

combinations. This indicates that the assumption of a single inverse Gaussian distribution is 
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valid in the Makarov Basin but probably not in the other regions analyzed here. These regions 

are likely characterized by the presence of two water masses with distinct Δ/Γ-ratios. 

Therefore the 2-IG TTD approach was introduced to calculate the ventilation parameters here. 

This approach revealed that the water mass with the higher Δ/Γ-ratio prevails at depths above 

700 m, transitioning to the water mass with lower Δ/Γ-ratio at depths below.  

 

6. Outlook 

This study constitutes one of the first efforts to analyze ventilation in the AO using multiple 

tracers, with ‘Medusa’-tracers being analyzed the first time in this region. Given the 

reproducible results obtained using different tracer pairs and because ‘Medusa’-tracers can 

provide important information in particular on the intermediate water layer, future sampling 

programs should consider measurements of these tracers. As the solubility functions are still 

unknown, experimental data deciphering these functions would be beneficial to enhance the 

applicability of these tracers in the future. 

Our analysis employing these multiple tracers was limited to samples from six stations 

covering different Arctic regions. Therefore, additional sampling efforts are required to obtain 

more detailed information on this rapidly changing region.  
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Supplemental Material 

 

Multiple tracer approach to analyze Arctic Ocean Ventilation 

 

Supplemental Methods 

Analysis of ‘Medusa’-Tracers 

At the six Transient Tracer Super Stations (TTSS) water samples for analyzing HCFC’s and HFC’s 

were collected using 1.3 L glass ampoules. The ampoules were connected to the Niskin bottles 

via a stainless steel mounting system (Stöven, 2011). While filling each ampoule, water was 

overflowed at least twice the volume of the ampoule to ensure removal of any previous 

contaminations. Directly after sampling, nitrogen gas was connected to the mounting system, 

which provided a headspace of pure nitrogen gas before flame-sealing the ampoule.  

Samples collected at the TTSS for analyzing HCFC’s and HFC’s were measured using a specially 

designed purge and trap system in combination with a gas chromatograph mass spectrometer 

(GC-MS), referred to as the ‘Medusa-Aqua’ analytical system (Li & Tanhua, 2021).  

The ‘Medusa’-GC-MS system was developed at the Scripps Institute of Oceanography and 

enables high precision and simultaneous measurements of approximately 40 atmospheric 

compounds, including  CFC’s, HCFC’s and HFC’s (Miller et al., 2008). The system uses two 

differently packed traps, kept at controlled low temperature (≈ -165 °C), to separate the less 

volatile analytes from the most volatile ones in the sample. By individually heating each trap 

to 100 °C for desorption, the compounds are transferred into the GC and separated within a 

pre and a main column. The analysis is then performed by a quadrupole mass spectrometer 

(see Figure S1). 
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Figure S1: Display of the ‘Medusa-Aqua’-system flow scheme, showing the seawater pretreatment 

module and the analyzing ‘Medusa’-GC-MS system (Li & Tanhua, 2021).  

The ‘Medusa’-system was equipped with an Ampoule-Cracker-System (Li & Tanhua, 2021; 

Stöven, 2011; Vollmer & Weiss, 2002), which permits to crack and purge the water samples 

within ampoules. The analytes are absorbed with pure nitrogen gas bubbling through the 

water sample and transported onto the two traps described previously. The final design is 

called, ‘Medusa-Aqua’ analytical system (Li & Tanhua, 2021).   

Before the measurement, each ampoule was placed in a 65 °C water bath for a minimum of 

24h. This increased the purge efficiency as more gas would previously enter the gas phase. 

Despite this enrichment of analytes in the gas phase, each sample was measured at least four 

times to ensure optimal purge efficiency. For exact volume determination each ampoule was 

weight with and without water following the measurement.  

Measurements of a gaseous standard were employed to generate standard curves, used to 

determine the concentration of each gas within every sample and to identify any potential 

detector drifts.  

The concentrations obtained in the initial measurements required some corrections. First, the 

measured standard curves had to be adjusted as they did not fully cover the range of 

concentrations found in the measured samples. To overcome this issue, previously measured 
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standard curves on the ‘Medusa’ encompassing higher amounts of tracers-analytes were also 

considered. These curves were adjusted to align closely with values measured from standard 

curves during the actual sample analysis, especially at low area values (see Figure S2a, S4a, 

S5a and S6a). This enabled an extension of the standard curves to cover a wider concentration 

range, accommodating larger amounts of gaseous standard (see Figure S2b, S3b, S4b and S5b). 

The corrected standard curves were then used to calculate concentrations of each tracer. 
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Figure S2: Graph of the shift (a) and extension (b) of the standard curve used to determine HCFC-22 

concentrations. The shifted standard curve in the top graph only shows the lower concentration ranges 

to fit it more precisely to the standard curve measured during the actual sample analysis. The actual 

concentrations measured in the ocean surface water samples are found in the high concentration 

range shown in the red box.  

Second, the HCFC-22 and HFC-134a concentrations obtained needed to be multiplied by a 

factor of 1.5 and 0.9, respectively. This aligned the surface water sample values with the 

atmospheric concentrations measured in the corresponding year (2021) in the northern 

hemisphere. To compare these values, the measured concentrations were converted from 

mol/L to partial pressure (ppt - parts per trillion) values, which is typically used for atmospheric 

values. Following these corrections all tracer concentrations measured in the surface water 

samples were found to be consistent with the respective atmospheric concentrations 

observed in 2021 (see Figure S3). 

 

Figure S3: Display of the calculated partial pressures of all samples using the Ostwald solubility of each 

tracer (Li et al., 2019) after implementing the adjustments. The different colors represent the samples 

collected at each of the six stations. The atmospheric partial pressures of each tracer in the northern 

hemisphere in 2021 of each tracer are displayed at the bottom. 
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Additional Supplemental Figures 

 

Figure S4: Graph of the shift (a) and extension (b) of the standard curve used to determine HCFC-141b 

concentrations. The shifted standard curve in the top graph only shows the lower concentration ranges 

to fit it more precisely to the standard curve measured during the actual sample analysis. 
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Figure S5: Graph of the shift (a) and extension (b) of the standard curve used to determine HCFC-142b 

concentrations. The shifted standard curve in the top graph only shows the lower concentration ranges 

to fit it more precisely to the standard curve measured during the actual sample analysis. 
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Figure S6: Graph of the shift (a) and extension (b) of the standard curve used to determine HFC-134a 

concentrations. The shifted standard curve in the top graph only shows the lower concentration ranges 

to fit it more precisely to the standard curve measured during the actual sample analysis. 
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Figure S7: Inverse Gaussian TTDs, showing the distribution of ages for a water parcel with the mean 

age and mode age displayed. The most probable functions for different basins in the Arctic Ocean are 

shown (Wefing et al., 2021). 
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Figure S8: Display of the relative standard deviations of the parameters (a) Δ/Γ-ratio and (b) mean age. 

The different colors represent the deviations in the calculations including or excluding the results from 

the tracer pair CFC-12&HFC-134a. They also depict if the min and max values, which result from the 

errors in concentration measurements, are included or not. 
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Additional Supplemental Tables 

Table S1: Calculated results of the overall mean age (Γ), as well as the individual mean ages of the two 

water masses mixing (Γ1, Γ2) and the determined α at the stations 5, 8, 16, 20 and 46. Also displayed 

are the predetermined boundary conditions for Δ/Γ-ratios and overall mean age of the two water 

masses. Results marked in yellow represent the stations, where measurement uncertainties are likely 

to cause standard deviations above 20 %, not the presence of two water masses.  

Station Depth Δ1/Γ1-

ratio 

Δ2/Γ2-

ratio 

Γ-

boundary 

α Γ1 Γ2 Γ 

5 300 1.0 0.4 17-25 0.1 2.5 22.5 25 

5 1000 1.8 1.0 61-119 1 112 NaN 112 

8 100 0.9 0.4 6-14 1 11 NaN 11 

8 300 0.9 0.4 13-22 1 18 NaN 18 

8 500 1.0 0.1 22-32 0.1 3.2 28.8 32 

8 700 1.0 0.1 26-32 1 32 NaN 32 

8 1000 1.5 0.5 33-45 0.2 9 36 45 

8 1500 1.5 0.5 63-169 0.1 8.1 72.9 81 

16 100 0.9 0.4 3-16 0.9 10.8 1.2 12 

16 300 0.9 0.4 14-21 0.1 2.1 18.9 21 

20 250 0.9 0.4 1-18 0.9 11.7 1.3 13 

20 500 0.9 0.4 2-20 0.9 15.3 1.7 17 

20 1000 1.5 0.5 20-45 1 39 NaN 39 

20 1500 1.5 0.5 105-169 0.3 36.3 84.7 121 

46 100 0.9 0.4 5-16 0.8 12.8 3.2 16 

46 300 0.9 0.4 1-24 1 19 NaN 19 

46 1000 1.5 0.5 59-82 0.1 6.9 62.1 69 
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6.  Summary, Discussion and Outlook 

This chapter presents a discussion and summary of the major findings of this thesis (chapters 

3, 4 and 5), and gives an outlook on possible future research directions. The first emphasis was 

on ventilation in the Arctic Ocean (AO), focusing on the general ventilation and circulation 

patterns observed during the ‘SAS-Oden 2021’ expedition, and a temporal variability 

identified through comparison with historical data. The second focus concerned the 

application of novel transient tracers also sampled in the AO and their usefulness to improve 

the ventilation analysis. In the third major aim, transient tracer measurements and ventilation 

analyses were carried out to obtain information on the deep water masses entering the Gulf 

of St. Lawrence (GSL) and identify possible changes in ventilation within the deep water inflow 

into the Gulf from the Atlantic Ocean.  

 

6.1  Arctic Ocean 

Using data obtained from transient tracer (CFC-12 and SF6) measurements collected during 

the ‘SAS-Oden 2021’ expedition aboard the icebreaker Oden, an analysis of ventilation and 

circulation was conducted. Samples were measured onboard and from the concentrations 

determined, the transit time distribution (TTD) was derived. The comparison of mean age 

results obtained for each of the two tracers enabled the determination of the most probable 

TTD, characterized by a time dependent saturation and a Δ/Γ-ratio of 1. The time dependent 

saturation of the tracers was determined by Jeansson et al. (2023) from measurements in the 

Greenland Sea, a region where surface water subducts and enters the AO.  

The general ventilation analysis revealed increasing mean ages (lower tracer concentrations) 

from the surface to the interior. The oldest water (lowest concentrations) was found at the 

bottom of the Makarov Basin, whereas somewhat younger ages were observed in the Nansen 

and Amundsen Basins. This indicates the presence of poorly ventilated older deep water on 

the Amerasian side of the Lomonosov Ridge in comparison to the Eurasian side, as previously 

also noted by Macdonald & Carmack (1991) and Jones et al. (1995). In each case this regional 

deep water is most likely formed by boundary convection processes that transport local brine 

enriched water formed at the shelfs into the deep basins (Aagaard & Carmack, 1989; Anderson 

et al., 1999; Tanhua et al., 2009; Wallace et al., 1992). 
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Slightly elevated tracer concentrations (younger water masses) were observed in the upper 

and intermediate layers at latitudes near the North Pole, close to the Lomonosov Ridge, 

compared to analogous depths within the central Nansen and Amundsen Basins. These were 

detected using the well-established tracers CFC-12 and SF6, but also by the newly introduced, 

so called ‘Medusa’-tracers (HCFC-22, HCFC-141b, HCFC-142b and HFC-134a) which all show 

elevated tracer concentrations at a station near the North Pole. The higher tracer 

concentrations signify the presence of the Arctic Ocean Boundary Current (AOBC). This current 

represents a boundary circulation of Atlantic Water (AW), which enters at the Fram Strait and 

through the Barents Sea, and circulates around the AO, primarily along the ocean ridges 

before returning to the Fram Strait. Water movement via the AOBC could explain the 

calculated mean ages, which at intermediate depths showed values of approximately 20 years 

at the North Pole and 10 years at stations near the Svalbard shelf, where the AW enters. This 

mean age difference of approximately 10 years fits precisely with the AW transport rates 

reported by Smith et al. (2011). 

The analysis of temporal changes in the ventilation focused on the intermediate water layer 

(250-1500 m), which was chosen due to the optimal representation of the age spectrum by 

the two tracers CFC-12 and SF6 at these depths. It included data from historical cruises 

conducted in 1991, 2005 and 2015. In addition to the transient tracer data, changes in AOU 

(Apparent Oxygen Utilization) rates and water properties (temperature and salinity) 

throughout the years were included in the analysis, which focused on the Eurasian Arctic 

Ocean. The comparison identified a decrease in the ventilation from 2005 through 2015 until 

2021 in all regions analyzed (Nansen and Amundsen Basins), which most likely can be 

attributed to changes in the AW entering the AO. Correspondingly, the computed mean ages 

increased from 2005 over 2015 until 2021. The water properties measured also showed 

variability, with increased temperatures observed in 2005 and 2015 at intermediate depths 

and AOU data displaying the same pattern as the mean ages, i.e. higher values in 2021 

compared to 2005 and 2015. 

Notably, mean age data from 1991 showed even slightly higher values compared to those 

observed in 2021 in all regions, apart from the northern Amundsen Basin. This suggests 

reduced ventilation in 1991 and 2021 relative to 2005 and 2015 and implies the presence of a 

multidecadal variability in the ventilation. The minor discrepancy in the AOU data, which 

showed comparable results in 1991 and 2021, and no elevation in 1991, potentially can be 
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attributed to measurement uncertainties in the 1991 data and possible changes in the 

respiration rates affecting the AOU values. A decline in respiration rates may have shifted the 

2005, 2015 and 2021 data towards higher AOU values, thereby closer to those observed in 

1991, thus resulting in similar values for 1991 and 2021. In contrast to other parts of the AO, 

the multidecadal variability was not observed in the North Pole region, where the AOBC is 

present. Here the 1991 mean ages were comparable to those observed in 2005. Given that 

the boundary current transports water masses from the Fram Strait to the North Pole within 

approximately 12 years (Smith et al., 2011), and considering the 14-year interval between 

1991 and 2005, multidecadal-scale changes do not significantly impact intermediate waters 

at these latitudes. Furthermore, the observations around the North Pole suggest a slowdown 

in the boundary current over the past 16 years, as the mean ages increased from 2005 until 

2021. 

The inclusion of multiple tracers in the ventilation analysis of the AO (manuscript III), provided 

more detailed information and permitted a more comprehensive and precise assessment of 

ventilation parameters. Given the age spectrum of the tracers used for the analysis, the focus 

remained on the intermediate layer until a depth of 1500 m. Employing six different tracers 

and comparing a variety of different tracer pairs under the assumption of a one-inverse 

Gaussian (1-IG) distribution of ages to represent the transit time distribution (TTD), revealed 

that advective flow (Δ/Γ-ratio < 1) dominates the ventilation within the upper parts of the 

intermediate layer. Diffusive characteristics, however, exhibit an increasing influence at the 

depths below. The intermediate layer of the Makarov Basin, showed the most pronounced 

advective flow at these depths, with only a slight diffusive influence as depth increased. As all 

tracer pairs displayed similar and meaningful results, this analysis demonstrated the suitability 

of ‘Medusa’-tracers for ventilation analyses in the AO region. Nevertheless, in certain regions 

of the AO, such as the Nansen and Amundsen Basins, some small difference in the mean age 

and especially the Δ/Γ-ratio were observed between the tracer pairs. Assuming that these 

discrepancies occurred due to the presence of two water masses mixing in the respective 

areas, the TTD analysis in these regions was extended from a 1-IG to a two-inverse Gaussian 

(2-IG) distribution to represent the TTD. This could account for the mixing of two water masses 

with distinct age histories and similar densities and could be carried out due to the unique suit 

of multiple tracers measured. The 2-IG TTD analyses employing multiple tracers indeed 

showed that the intermediate water layer in many areas of the Eurasian AO represents a 
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mixture of water masses with similar densities but distinct ages. Possibly this is due to a mixing 

of the AW, which enters the AO from the Atlantic, with water regionally formed at the shelf 

areas. However, the situation in the Makarov Basin is different. Here the results for mean age 

and Δ/Γ-ratio, calculated under the assumption of a 1-IG distribution of ages, were almost 

identical for different tracer pairs, suggesting a more homogeneous water distribution.  

Together, the analyses demonstrated that ocean ventilation and circulation patterns can be 

described using transient tracer measurements combined with the TTD method assuming a 

one- or two-inverse Gaussian age distribution. Important insights into the water mass ages 

and the interplay between advective and diffusive flow characteristics were obtained. The 

data emphasize the importance of continued sampling of well-established tracers, such as 

CFC-12 and SF6, in future campaigns and show the effectiveness of the ‘Medusa’-tracers in 

improving ventilation analysis in the cold AO region. 

 

6.2  Gulf of St. Lawrence 

Possible ventilation changes in the deep water of the GSL were assessed using a collection of 

transient tracer data which were obtained during two research expeditions in 2022. Previous 

studies had revealed that the deep water entering the Gulf comprises a mix of older North 

Atlantic Central Water (NACW) and younger Labrador Current Water (LCW) and had proposed 

a transition towards an increased influence of NACW. To further assess this possible trend, 

the transient tracer data were used to derive the most probable TTD for the ventilation 

analysis, incorporating a time dependent saturation of the tracers determined from 

measurements in the Labrador Sea (Raimondi et al., 2021) and a Δ/Γ-ratio of 1.2.  

The analysis identified the presence of relatively young, cooler, and fresher water in the Lower 

St. Lawrence Estuary and western Gulf. Older, warmer and more saline water on the other 

hand, was found entering through Cabot Strait. This distribution of water mass ages is 

opposite to what would be expected from the deep water flow pattern, which transports 

water from the east to the west at these depths, normally resulting in aging waters along the 

way (Dickie & Trites, 1983). Therefore, the distributions observed now provide clear evidence 

for a recent change in the composition of the GSL’s deep water inflow. They imply that the 

mixing proportions for this deep layer have changed significantly with the deep water 
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increasingly dominated by older NACW and less influenced by younger LCW. Jutras et al. 

(2023) also reported such a recent shift using an extended optimum multiparameter (eOMP) 

analysis of water mass properties. However, in contrast to the eOMP analysis by Jutras et al. 

(2023), which indicated that deep waters in the Lower Estuary were comprised solely of NACW 

in 2022, our calculations of age distributions based on transient tracer measurements in 2022 

provide evidence for a remaining contribution of LCW to the deep water within the Lower 

Estuary.  

In recent years, the GSL waters showed a trend towards decreasing oxygen concentration, 

partly being attributed to a shift in the deep water composition. Our analysis supports this 

view because due to the increased NACW influence, less oxygen is transported into the Gulf. 

The older NACW has been shielded from the atmosphere for longer and therefore has been 

subject to respiration processes in the water column for a longer time, resulting in lower 

oxygen levels relative to the younger LCW. Our analysis furthermore indicates that the LCW 

contribution to deep water entering the Gulf will continue to decline in the future. Therefore, 

further deoxygenation in the Lower Estuary of the GSL can be expected.  

Given the timing of our sampling in 2022 and estimated transit times of 1-2 years for water 

moving from Cabot Strait to Anticosti Island (S. W. Stevens, personal communication), the 

herein documented mid-channel transition from younger to older water suggests that a 

significant shift in inflow composition took place around 2020. This is in line with a drastic 

decrease of bottom water oxygen content observed around this time (Jutras et al., 2023).  

Another circulation feature observed by analyzing properties and age distribution of GSL deep 

waters is the cross-channel variability. Older, warmer and more saline water enters along the 

northern boundary of the Laurentian Channel, while younger, cooler and less saline water is 

found along the southern boundary. This is indicative of the presence of a cyclonic circulation 

in the Laurentian Channel (Han et al., 1999).  

 

6.3  Outlook 

6.3.1  General aspects 

As demonstrated in this thesis, the multiple tracer approach is a valuable tool to improve 

precision in the determination of the TTD for the analysis of ventilation in the AO. The use of 
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more than two tracers with significantly different input functions yields valuable information 

needed to constrain the most suitable TTD and this should be considered in planning future 

campaigns. However, this should not happen at the expense of sampling the well-established 

tracers CFC-12 and SF6 as their recordings will continue to yield important information on 

ventilation patterns in the intermediate water column. 

 

6.3.2  Arctic Ocean  

The analysis conducted in this study revealed variability in the ventilation and indicated a 

multidecadal change in the ventilation patterns. This emphasizes the need for further 

investigations, including transient tracer measurements in future campaigns. Preferably, the 

use of CFC-12 and SF6 should be continued, but measurements should also be expanded by 

sampling of ‘Medusa’ or other age tracers. Together, this should yield a more comprehensive 

understanding of ventilation dynamics in the rapidly changing environment of the AO. 

During the ‘SAS-Oden 2021’ expedition, water sampling was carried out not only to measure 

CFC-12, SF6 and ‘Medusa’ tracers but also to eventually determine concentrations of 

radioactive tracers such as Iodine-129, Uranium-236, Carbon-14, and Argon-39. As sampling 

occurred at the same location and time, these additional tracers hold the potential to further 

increase accuracy in the ventilation analysis. Considering the age spectrum of each tracer, a 

particular focus could be placed on the surface and intermediate waters utilizing 129I and 236U, 

while deep waters could be analyzed with the help of 14C and 39Ar data. Together, this would 

permit a comprehensive ventilation analysis spanning the entire water column in the AO. 

In addition to analyzing the most probable TTD for each region and depth, this information 

can be used to obtain detailed information on the anthropogenic carbon storage within the 

AO. Anthropogenic carbon can be treated as a tracer with increasing atmospheric 

concentrations since preindustrial times. Once the age distribution of a water parcel is known, 

it becomes feasible to calculate the anthropogenic carbon content within this given water 

parcel.  
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6.3.3  Gulf of St. Lawrence  

By analyzing transient tracer data this study has confirmed a recent change in the composition 

of the deep water in the GSL. This underscores the necessity for future expeditions to monitor 

these dynamics in the next years and thereby answer, among others, the following questions: 

Does the deep water continue to get older? And, does the older water in the eastern Gulf 

indeed move towards the western end, potentially reducing the oxygen supply to the Estuary? 

Addressing these questions through ongoing observations and analyses will be crucial for 

obtaining a comprehensive understanding of the evolving deep water dynamics in the Gulf.  
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Appendix A 

Temporal Variability of Ventilation in the Makarov Basin and the 

Svalbard Shelf area (extension to Chapter 3)  

The analysis of temporal variability in Arctic Ocean ventilation reported in manuscript 1 

focused solely on three regions: the Nansen Basin, the southern Amundsen Basin, and the 

northern Amundsen Basin. These regions were chosen due to the large number of comparable 

sampling stations set up within the respective areas over the 30-year time period. However, 

data from 1991, 2005, 2015 and 2021 were also available for the Makarov Basin, although 

more spatially dispersed. Furthermore, samples were also collected at one station in the 

Svalbard shelf area each for the years 2005, 2015 and 2021. The limited number of comparable 

stations in these two regions and the relatively low quantity of samples collected introduces 

uncertainties in the comparative analysis. Therefore, the data were excluded from the main 

manuscript, however, as they show some interesting and to some extend comparable results 

they are briefly summarized in this appendix.  

 

A.1  Makarov Basin 

The Makarov Basin is present on the Amerasian side of the Lomonosov Ridge. Here, data were 

available for the analysis of ventilation patterns from a total of 11 sampling stations over the 

30-year time period (1991, 2005, 2015 and 2021). Notably, the stations of the earlier cruises 

(1991 and 2005) were located further east and on the edge of the Lomonosov Ridge, while in 

2015, transient tracer data were collected at only 2 stations spread over the entire basin (see 

Figure A1).  

The data show results similar to those obtained for the ventilation patterns in the Eurasian AO 

(see Chapter 3). Again, the highest mean ages were computed from the 1991 data throughout 

the intermediate water column, followed by slightly younger water in 2021, and the youngest 

being present in 2005 and 2015 (see Figure A1a). Thus, water masses of the Makarov Basin 

are most likely also subject to temporal variability in ventilation over the last 30 years. 

Moreover, the data, suggest that the AW also affects the intermediate water on this side of 

the Lomonosov Ridge in the Central AO. The main differences compared to the results 

obtained for the Eurasian side of the Lomonosov Ridge are the mean age values below 1000 m, 
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which show less variation between the years 2005, 2015 and 2021. The variability in 

ventilation is significant only in the top 1000 meters of the water column over the past 16 

years, whereas slower ventilation was observed throughout the entire intermediate water 

column in 1991.  

The AOU comparison (see Figure A1b) of water masses in the Makarov Basin again shows 

results which are similar but less pronounced, as also observed on the Eurasian side. 

Compared to the mean age results the AOU data from 2021 and 1991 are more aligned in this 

analysis, but still show higher values compared to the data from 2005 and 2015. This supports 

the finding of a slower ventilation in 1991 and 2021 compared to 2005 and 2015. While the 

mean age data indicate that significant variability is observed in the upper 1000 m when 

comparing 2005, 2015 and 2021 data, the AOU differences are only evident in the upper 

800 m. This reduced variability in ventilation might be due to an influence of Pacific water 

entering though the Bering Strait on this side of the Lomonosov Ridge.  
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Figure A1: (a) Mean age comparison and (b) AOU comparison of stations in the Makarov Basin in year 

X: 1991 (green), 2005 (blue), 2015 (red) and 2021 (black). The left panels show data points from each 

station and depth above 2000 m, with the mean values depicted by the solid lines in (a). The right 

panels show the (a) average relative mean age and (b) average relative AOU difference with respect to 

the data from 2021. The dashed red lines represent the focus area of this study, the intermediate layer 

(250-1500 m). 

 

A.2  Svalbard Shelf area 

At the shelf close to Svalbard, the opportunity to compare data from one station of the Oden 

cruise in 2021 to stations sampled in 2005 and 2015 (see Figure A2) was utilized to analyze an 

area dominated by the inflow of the AW below the halocline.  
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The mean age data from 2005 and 2015 are comparable to each other and show slightly 

younger mean ages at a depth between 400 and 1200 m compared to 2021. This indicates a 

general decrease in the ventilation, which suggests reduced or slower supply of younger water 

at this depth. While it has to be considered that this variability could also be due to the 

somewhat different locations of the stations, it should be noted that stations from the cruises 

in 2005 and 2015 were situated further east. Therefore, tracer samples collected here should, 

in theory, indicate older water at intermediate depths because the FSBW would have travelled 

further to reach this location after subducting in the Fram Strait.  

The AOU data indicate no major variability in ventilation of the intermediate layer. Slightly 

lower AOU values were measured in samples of the upper waters column in 2021 (above 

400 m), but this difference could also be due to measurement uncertainties as only data from 

one station could be taken into consideration.  
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Figure A2: (a) Mean age comparison and (b) AOU comparison of stations from year X: 2005 (blue), 

2015 (red) and 2021 (black) at the shelf area near Svalbard. The left and right panels of the figures 

show the upper 1000 m and the data from depths between 1000 and 2000 m, respectively. The dashed 

red lines represent the focus area of this study, the intermediate layer (250-1500 m). 
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Appendix B 

Evidence of SF6 tracer release experiment in the Arctic Ocean 

Considering all transient tracer data collected during the SAS-Oden 2021 expedition and 

employing ‘Smith’s’ approach to analyze the ventilation patterns via the TTD, it was evident 

that at lower SF6 concentration (0.5 – 4 ppt), the measured values exceeded the modelled 

concentrations within the tracer grid (see Figure B1a – blue dots). A detailed examination of 

this feature revealed that these elevated values occurred at potential densities between 

σθ > 28.045 kg/m3 and σθ <= 28.07 kg/m3. Tanhua et al. (2005) documented that within a 

potential density interval of 28.045 to 28.06, increased SF6 tracer concentrations spread 

within the overflow water from the Greenland Sea to the Labrador Sea. This was related to a 

SF6 tracer release experiment carried out in August 1996 in the Greenland Sea (Watson et al., 

1999). As this density interval closely aligns with the interval where elevated SF6 values were 

measured in 2021 in the AO, the difference between modelled and measured SF6 

concentrations most likely can be attributed to this release experiment. The extended density 

interval to values of up to σθ = 28.07 kg/m3 most likely can be explained by the longer time 

that has passed since the release and to slow mixing with colder ambient water masses 

present in the AO. 
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Figure B1: (a) Δ-Γ grid obtained following Smith's approach for the CFC-12 – SF6 tracer combinations. 

The respective saturations used to obtain the modelled concentrations were 85% for CFC-12 and 100% 

for SF6. Measured tracer gas concentrations are plotted on top of the grid with the color-coding 

representing different potential density intervals. (b) Display of the same Δ-Γ grid with concentrations 

measured within the density interval of σθ >= 28.045 kg/m3 to σθ <= 28.07 kg/m3 plotted on top. The 

color coding represents the respective sampling position during the SAS-Oden 2021 cruise displayed 

on the top left. All tracer concentrations are given as partial pressure values (ppt – parts per trillion). 

 

Since the elevated concentrations within this density interval are only present on the Eurasian 

side of the AO (see Figure B1b), it appears that the influence of the SF6 tracer release 

experiment has not yet reached the Makarov Basin. However, the enhanced SF6 

concentrations expanded and spread since the release in 1996 within the Nansen and 
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Amundsen Basins. Overall, this indicates that deep tracer release experiments can significantly 

impact ventilation analysis and potentially cause misleading data if not properly considered in 

the analysis.   
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Appendix C 

Preliminary results on Argon-39 measurements in the Arctic Ocean 

during the SAS-Oden 2021 expedition 

(In cooperation with Yannis Arck, University of Heidelberg) 

For the deep water analysis within the Arctic Ocean (AO), the tracers CFC-12 and SF6 as well 

as the ‘Medusa’-tracers are not suitable. Due to their limited age range, these tracers can only 

be employed to analyze ventilation patterns in relatively recently ventilated waters, present 

in the upper and intermediate layers of the AO. Below approximately 2000 m, concentrations 

of these tracers are very low or undetectable. To improve deep water ventilation analysis, 

radioactive tracers, such as Argon-39, are more effective. During the ‘SAS- Oden 2021’ 

expedition, samples for this tracer were collected at the six transient tracer super stations 

(TTSS), covering the entire water column from the surface to the seafloor. Following the 

cruise, samples from so far three of these six sampling stations were measured at the 

University of Heidelberg using the ATTA system (see chapter 2.2.3 for description of the 

method). 

The isotope 39Ar is measured relative to its coexisting stable isotope (40Ar), ensuring that the 

analysis is not affected by to factors like ice cover or seasonality in the air-sea gas exchange 

process (Gu et al., 2022). The measured ratios are then compared to the constant atmospheric 

radioactive isotope ratio, expressed as percent of modern Argon (pmAr). A value of 100 pmAr 

represents 100% modern Argon, meaning that the 39Ar/40Ar ratio in the sample matches that 

of the atmosphere. Higher values are not possible and can only stem from measurement and 

statistical uncertainties. The age computed from the measured 39Ar/40Ar ratios is based on the 

radioactive decay of the isotope, having a half life of 268 years (Golovko, 2023) . For example, 

a measurement of 50 pmAr corresponds to an age of 268 years, equivalent to one half life. 

The data of the upper 1000 m show results indistinguishable from modern atmospheric 

values, i.e. around 100 pmAr. However, at depths below 1500 m, where this tracer is 

preferably used to analyze deep water masses, the measured values decrease. In the deep 

waters of the Makarov Basin, at depths between 1500 and 3000 m, values range from 30 to 

40 % modern indicating ages of up to 500 years (see Figure C1). This represents the oldest 

deep water in this basin, consistent with findings by Schlosser et al. (1994) and also in line with 
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calculations based on the tracer data of CFC-12 and SF6 from the ‘SAS-Oden 2021’ cruise. The 

analysis of mean ages via the TTD using these conventional tracers suggests that deep water 

masses in the Makarov Basin could be older than 700 years, though with high uncertainties 

due to low and almost undetectable concentrations (see Figure 4c in manuscript I).  

Based on the 39Ar analysis, the youngest deep water is found at station 46, close to the north 

coast of Greenland, displaying values of around 200 years. In contrast, station 20 though also 

located in the Amundsen Basin shows older deep waters between 2500 and 3500 m. This 

suggests that the deep water at station 46 might be influenced by more recently ventilated 

waters mixing with ambient water in the Amundsen Basin. These potentially enter from the 

Amerasian side through a channel between the Greenland coast and the Lomonosov Ridge. 

Interestingly, the 39Ar data from the bottom water of the Makarov Basin (4000 m) show 

increased concentrations, indicating younger water compared to measurements above (2000 

– 3000 m). This could be caused by a regional deep water formation event which involves 

boundary convection of extensively brine-enriched waters near to the Makarov Basin 

transporting waters directly into the deep layer at the bottom. However, as there is only one 

sample analyzed at this depth, measurement uncertainties have to be taken into account and 

the interpretation has to be considered preliminary. 
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Figure C1: Display of the Argon-39 values in pmAr (39Ar/40Ar ratio in percent of modern Argon) and 

ages of water masses at different depths calculated based on the pmAr data collected at three of the 

six TTSS. The map showing the locations of the stations is displayed at the bottom. 

The future analysis of all 39Ar samples from the six TTSS is likely to provide valuable insights 

on the deep water ventilation within the AO. Combining 39Ar values with CFC-12 

measurements will also benefit the TTD analysis of deep water masses. In combination with 

multiple tracers used in the upper and intermediate water layers, this will help to constrain 

the most probable TTD for each region and throughout the entire water column in the AO.  
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Appendix D 

Supplemental Material Chapters 1 & 2 

D.1 Supporting figures for the concentration determination of 

‘Medusa’-tracer samples 

The concentration analysis of the ‘Medusa’-tracers using the ‘Medusa-Aqua’-system required 

corrections of the standard curves recorded during the analysis (see Data and Methods, 

chapter 2.2.2). This involved shifting previously measured standard curves to match with 

those measured at a later time during the analysis. The figures below (see Figures D1 – D3) 

display the corrections and corrected standard curves used for determining the concentration 

of the tracers HCFC-141b, HCFC-142b and HFC-134a.  
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Figure D1: Graph of the shift (a) and extension (b) of the standard curve used to determine HCFC-141b 

concentrations. The shifted standard curve in the top graph only shows the lower concentration ranges 

to fit it more precisely to the standard curve measured during the actual sample analysis. 
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Figure D2: Graph of the shift (a) and extension (b) of the standard curve used to determine HCFC-142b 

concentrations. The shifted standard curve in the top graph only shows the lower concentration ranges 

to fit it more precisely to the standard curve measured during the actual sample analysis. 
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Figure D3: Graph of the shift (a) and extension (b) of the standard curve used to determine HFC-134a 

concentrations. The shifted standard curve in the top graph only shows the lower concentration ranges 

to fit it more precisely to the standard curve measured during the actual sample analysis. 
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D.2  Supporting figures for the experimental assessment of ‘Medusa’-

tracer solubilities 

In the solubility experiment, measured and expected fractions of dissolved tracer in a given 

volume of water were determined for each of the following tracers: CFC-12, SF6, HCFC-22, and 

HFC-134a, in waters of varying salinity and temperature (see Data and Methods, chapter 

2.2.2.1). The comparisons of measured to expected fractions are shown in the figures below 

(see Figures D4 – D9). These comparisons were used to assess the accuracy of the experiment 

(CFC-12 and SF6) and to attempt to determine solubility functions for the ‘Medusa’-tracers 

HCFC-22 and HFC-134a.  
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Figure D4: Solubility of (a) CFC-12 and (b) SF6 in 18 psu water. Comparison of the measured results 

(CFC-12 and SF6 measured) to those calculated using the solubility functions from Warner & Weiss 

(1985) and Bullister et al. (2002) (CFC-12 and SF6 expected). 

 

Figure D5: Solubility of (a) CFC-12 and (b) SF6 in 26.2 psu water. Comparison of the measured results 

(CFC-12 and SF6 measured) to those calculated using the solubility functions from Warner & Weiss 

(1985) and Bullister et al. (2002) (CFC-12 and SF6 expected). 
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Figure D6: Solubility of (a) CFC-12 and (b) SF6 in 34.4 psu water. Comparison of the measured results 

(CFC-12 and SF6 measured) to those calculated using the solubility functions from Warner & Weiss 

(1985) and Bullister et al. (2002) (CFC-12 and SF6 expected). 
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Figure D7: Solubility fraction of HCFC-22 in (a) 18 psu water and (b) 26.2 psu water. Shown is a 

comparison of the results measured (blue) to those calculated using the solubility function determined 

(yellow). 
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Figure D8: Solubility fraction of HFC-134a in (a) 18 psu water and (b) 26.2 psu water. Shown is a 

comparison of the results measured (blue) to those calculated using the solubility function determined 

(yellow). 
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Figure D9: Solubility fraction of HFC-134a in (a) MilliQ water (0 psu) and (b) 34.4 psu water. Shown is 

a comparison of the results measured (blue) to those calculated using the solubility function 

determined (yellow). 
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D.3  Standards used 

The table below displays the predetermined partial pressure values for each of the standard 

gas bottles used throughout this thesis. The bottle ‘DS3’ was used to provide standard curves 

for the concentration analysis of CFC-12 and SF6 during the research expeditions (SAS-Oden 

2021, TReX 2 and TReX 4). ‘DS4’ and the ‘Gold’ standard were used in the solubility experiment 

and for analysing ‘Medusa’-tracer concentrations in the laboratory from samples collected 

during the ‘SAS-Oden 2021’ cruise.   

Table D1: Partial pressure values of each tracer present in the used standard gas bottles.  

Tracer DS3 DS4 Gold 

CFC-12 826.76 ppt 400 ppt 544.61 ppt 

SF6 2.36 ppt 90 ppt 5.71 ppt 
HCFC-22 / 15 ppt 180.01 ppt 

HCFC-141b / / 19.08 ppt 
HCFC-142b / / 16.5 ppt 

HFC-134a / 13 ppt 38.63 ppt 
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List of Abbreviations 

AMS  Accelerator Mass Spectrometry 

ADCP  Acoustic Doppler Current Profiler 

Cant  anthropogenic carbon 

AOU  Apparent Oxygen Utilization 

AAW  Arctic Atlantic Water 

AO  Arctic Ocean 

AOBC  Arctic Ocean Boundary Current 

ARICE  Arctic Research Icebreaker Consortium 

AMOC  Atlantic Meridional Overturning Circulation 

AW  Atlantic Water 

ATTA  Atom Trap Trace Analysis 

BSBW  Barents Sea Branch Water 

CIOOS-SLGO Canadian Integrated Ocean Observing System – St. Lawrence Global 
Observatory 

CFC’s  Chlorofluorocarbons 

CFC-12  Chlorofluorocarbon-12 

CIL  Cold Intermediate Layer 

DW  Deep Water 

DSOW  Denmark Strait Overflow Water   

dAAW  dense Arctic Atlantic Water 

DFG  Deutsche Forschungsgesellschaft 

DO  Dissolved Oxygen 

ESM  Earth System Model 

ECD  Electron Capture Detector 

eOMP  extended optimum multiparameter analyses 

FOCI  Flexible Ocean and Climate Infrastructure 

FSBW  Fram Strait Branch Water 

GC  Gas Chromatograph 

GLODAP Global Ocean Data Analysis Project 

GSL  Gulf of St. Lawrence 
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HCFC’s  Hydrochluorofluorocarbons 

HCFC-141b Hydrochluorofluorocarbon-141b 

HCFC-142b Hydrochluorofluorocarbon-142b 

HCFC-22 Hydrochluorofluorocarbon-22 

HFC’s  Hydrofluorocarbons 

HFC-134a Hydrofluorocarbon-134a 

IHG  Interhemispheric Gradient 

IG  Inverse Gaussian 

LCW  Labrador Current Water 

LLC  Low Level Counting 

LSLE  Lower St. Lawrence Estuary 

MOT  Magneto-Optical Trap 

MEOPAR Marine Environmental Observation, Prediction and Response network 

MS  Mass Spectrometer 

NACW  North Atlantic Central Water 

NCC  Norwegian Coastal Current 

1-IG-TTD one-inverse Gaussian Transit Time Distribution 

2-IG-TTD two-inverse Gaussian Transit Time Distribution 

ppm  part per million 

ppt  parts per trillion 

PDF  Probability Density Function 

PT5  Purge and Trap system 5 

SIO  Scripps Institution of Oceanography 

Std-dev Standard deviation 

SF6  Sulphur hexafluoride 

SW  Surface Water 

SPRS  Swedish Polar Research Secretariat 

SAS  Synoptic Arctic Survey 

TReX  Tracer Release Experiment 

TReX2  Tracer Release Experiment 2 

TReX4 Tracer Release Experiment 4 
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TTSS  Transient Tracer Super Stations 

TTD  Transit Time Distribution 

SF5CF3  trifluoromethyl sulphur pentafluoride 

uPDW  upper Polar Deep Water 

USLE   Upper St. Lawrence Estuary 

Γ  Mean age 

Δ  Width of the distribution 
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