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Zusammenfassung

Ozeanische transiente Tracer (sog. Spurengase) sind seit mehr als vier Jahrzehnten als wichtig
angesehen, da mit ihnen die Ventilation der Ozeane visualisiert und quantifiziert, sowie die
Auswirkungen des Klimawandels verstanden werden kann. Sie beschreiben Wege, wenn sie in den
Ozean eintreten und sich durch ihn bewegen, und liefern uns wertvolle Zeitinformationen. Wenn
solche Zeitinformationen in Abhéngigkeit von der Eingabefunktion (zeitverdndernde Konzentrationen)
interpretiert werden, handelt es sich um chronologische transiente Tracer, wie Dichlordifluormethan
(CFC-12) und Schwefelhexafluorid (SFe). Wahrend der letzten 15 Jahre beschrénkte die nicht
monotone Veranderung der atmospharischen Konzentration von CFC-12 seine Féhigkeit als
ozeanischer transienter Tracer fir kiirzlich beliiftete Wassermassen, funktioniert aber immer noch fir
Tiefenwasser. Daher haben wir das Mittelmeer als Beispiel genommen und die jiingsten
Verdanderungen in der Tiefenbeluftung anhand von Langzeitbeobachtungen von CFC-12 und SFe im
ersten Manuskript untersucht. Da eine Kombination mehrerer transienter Tracer die Ozeanbeliiftung
besser interpretieren kann, haben wir im zweiten und dritten Manuskript nach potenziellen neuen
ozeanischen  transienten  Tracern  gesucht und  diese  bewertet:  teilhalogenierte
Fluorchlorkohlenwasserstoffe (H-FCKW), Fluorkohlenwasserstoffe (HFC) und
Perfluorkohlenwasserstoffe (PFC). Die jeweiligen Ergebnisse werden nachstehend beschrieben.

Die erste Studie zeigt eine zeitlich und rdumlich sehr variable Tiefenbellftung im Mittelmeer, die
auf einer Kombination von Beobachtungen traditioneller chronologischer transienter Tracer (CFC-12
und SFe), auf hydrografischen Eigenschaften (Salzgehalt, potenzielle Temperatur und potenzielle
Dichte) und auf der Sauerstoffverwertung (apparent oxygen utilization; AOU) von 13
Forschungsfahrten zwischen 1987 und 2018 basiert. Raumlich gesehen zeigen das 6stliche sowie das
westliche Tiefenwasser des Mittelmeeres (EMDW und WMDW) einen West.-Ost-Gradienten mit
steigender Salinitdt und steigender potentieller Temperatur sowie mit sinkender Sauerstoff- und
Tracer-Konzentration. Zeitlich gesehen herrscht in den meisten Gebieten des EMDW waéhrend der
letzten Dekade eine stagnierende bzw. geschwéchte Bellftung, obwohl zwischen 2011 und 2016 im
Tiefenwasser der Adria eine Bellftung stattfand, welche auf die Schwachung der Intensitat der
adriatischen Quelle zuriickzufiihren sein kénnte. Es konnte ein gréRere Beliftung des westlichen
Mittelmeers nach dem Ereignis des westlichen Mittelmeeriibergangs (Western Mediterranean
Transition; WMT) beobachtet werden, gefolgt von einer leichten Abschwéchung der Beluftung nach
2016, was ein kombinierter Einfluss des Ostlichen (fir die geschwachte Intensitat der adriatischen
Quelle) und des westlichen Mittelmeers (wegen des geschwachten Einflusses des WMT -Ereignisses)

sein konnte.
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In der zweiten und dritten Studie untersuchten und bewerteten wir mogliche neue chronologische
transiente Tracer: Chlordifluormethan (HCFC-22), 1,1-Dichlor-1-fluorethan (HCFC-141b), 1-Chlor-
1,1-difluorethan (HCFC-142b), 1,1,1,2-Tetrafluorethan (HFC-134a), Pentafluorethan (HFC-125),
Fluoroform (HFC-23), Tetrafluoridkohlenstoff (PFC-14, CF4) und Hexafluorethan (PFC-116) auf vier
Aspekte:  Eingabefunktion  (einschlielich — atmosphérischer ~ Geschichte und historischer
Oberflachenséttigung), Meerwasserloslichkeit, Durchfiihrbarkeit der Messung und Stabilitdt im
Meerwasser. Die konsistenten mittleren atmosphérischen Jahresverldaufe in der nérdlichen und
stdlichen Hemisphare wurden durch Kombination von In-situ-, Kolben-, archivierter Luft- und Firn-
Luftmessungen sowie verdffentlichten Modellberechnungen aus mehreren Netzwerken (einschlieBlich
AGAGE, SIO, CSIRO, NOAA und UEA) rekonstruiert. Die historische Oberflachenséttigung wurde
mit 94% berechnet, indem die mittlere Meerwassersattigung von jeder einzelnen Forschungsfahrtfahrt
im Mittelmeer zwischen 1987 und 2018 gemittelt wurde. Die Meerwasserloslichkeitsfunktionen
wurden basierend auf dem Clark-Glew-Weiss-Modell (CGW) konstruiert, welches an die
SuRwasserloslichkeitsfunktionen und Aussalzungskoeffizienten angepasst ist, die durch die linearen
Polyparameter-Beziehungen der freien Energie (pp-LFERS) geschatzt werden. Die Messungen von
HCFC-22, HCFC-141b, HCFC-142h, HFC-134a und HFC-125 in Tiefenprofilen in Meerwasser
wurden erstmals im Mittelmeer gleichzeitig mit dem Medusa-Aqua-System durchgefiihrt, wéahrend
HFC-23 und PFCs aufgrund eines Blankwertes bzw. einer niedrigen Nachweisgrenze nicht gemessen
werden konnten. Die Stabilitdt im Meerwasser wurde durch Analyse ihrer Oberflachenséttigung,
Beobachtungen des inneren Ozeans anhand von CFC-12-Messungen und des Durchschnittsalters im
Vergleich zu den aus CFC-12 / SF¢ geschétzten Werten ermittelt.

Nach umfassender Analyse und Bewertung sind die derzeit vielversprechendsten ozeanischen
transienten Tracer HCFC-142b und HCFC-141b, da sie aufgrund der gut dokumentierten
atmosphérischen Vorgeschichte, der nachgewiesenen Meerwasserldslichkeit, der Durchfiihrbarkeit der
Messungen und ihrer inerten Eigenschaft im Meerwasser mehrere wesentliche Anforderungen erfillen.
Sie werden jedoch wahrscheinlich nur in den nachsten Jahren / Jahrzehnten in dieser Funktion genutzt
werden kdnnen, da die durch das Montrealer Protokoll auferlegten Beschrédnkungen die Produktion
und den Verbrauch runterregulieren und ihre (kinftig) abnehmenden atmosphéarischen
Konzentrationen sie als transient Tracer unbrauchbar machen. Die Verbindungen, die in Zukunft das
grolte Potenzial als ozeanische transiente Tracer haben sind PFC-14 und PFC-116 aufgrund ihrer
hohen Stabilitit im Meerwasser, der langen und gut dokumentierten atmospharischen
Konzentrationshistorie und der gut konstruierten Meerwasserloslichkeitsfunktionen. Die
Herausforderung besteht darin, den Fehler der Messungen aufgrund ihrer geringen Loslichkeit
mdglichst gering zu halten. Fir HFC-134a konnen wir sein Potenzial als Tracer aufgrund der nicht
eindeutigen Ergebnisse, insbesondere hinsichtlich seiner Loslichkeit und Stabilitdt in Meerwasser,
aber auch im Hinblick auf potenzielle analytische Herausforderungen, nicht vollstandig bewerten.
HFC-125, HFC-23 und HCFC-22 kdnnen nicht mehr als transient Tracer berlicksichtigt werden, da es
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alternative Tracer mit dhnlichen Eingabefunktionen gibt, die sich besser als ozeanische transiente
Tracer eignen.

Zusammenfassend hilft diese Arbeit, die Ozeanbeliftung im Mittelmeer in den letzten 30 Jahren
(mit Schwerpunkt auf den jungsten Verdnderungen) aus der Perspektive der traditionellen
chronologischen transienten Tracer zu verstehen. Auflerdem untersucht und bewertet diese Arbeit
potenzielle neuartigen chronologischen transiente Tracer im Ozean. Das Ergebnis bildet die Grundlage
fiir die weitere Untersuchung dieser alternativen Tracer, um die Bellftung im globalen Ozean besser

interpretieren und die Auswirkungen des Klimawandels verstehen zu kdnnen.
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Abstract

Oceanic transient tracers have been concerned for more than four decades due to their ability in
visualizing and quantifying ocean ventilation and understanding the effects of changing climate. They
trace pathways climate anomalies follow as they enter and move through the ocean and provide us
with valuable time information. When such time information is interpreted depending on input
function (time changing concentrations), they are chronological transient tracers, such as
dichlorodifluoromethane (CFC-12) and sulfur hexafluoride (SFs). During the past ~15 years, the non-
monotonous change of atmospheric history of CFC-12 limited its ability as an oceanic transient tracer
for recently ventilated water masses, but it still works for deep waters. Therefore, we took the
Mediterranean Sea as an example and investigated the recent changes in deep ventilation based on
long-term observations of CFC-12 and SF¢ in the first manuscript. Since a combination of multiple
transient tracers can better interpret ocean ventilation, we looked for and evaluated potential novel
oceanic transient tracers: hydrochlorofluorocarbons (HCFCs), hydrofluorocarbons (HFCs) and
perfluorocarbons (PFCs) in the second and third manuscripts. The specific findings are described
below.

In the first study, highly variable deep ventilation in the Mediterranean Sea in time and space are
reported based on a combination of observations of traditional chronological transient tracers (CFC-12
and SFg), hydrographic properties (salinity, potential temperature and potential density) and apparent
oxygen utilization (AOU) from 13 cruises conducted during 1987-2018. Spatially, both the Eastern
and Western Mediterranean Deep Water (EMDW and WMDW) show a general west-to-east gradient
of increasing salinity and potential temperature but decreasing oxygen and transient tracer
concentrations. Temporally, stagnant and weak ventilation is found in most areas of the EMDW
during the last decade in spite of prevailing ventilation in the Adriatic Deep Water between 2011 and
2016, which could be a result of the weakened Adriatic source intensity. In the Western Mediterranean
Sea, enhanced ventilation after the Western Mediterranean Transition (WMT) event is observed, and
slightly weakened ventilation after 2016 could be a combined influence from the Eastern (for the
weakened Adriatic source intensity) and the Western (for the weakened influence from the WMT
event) Mediterranean Sea.

In the second and third studies, we explored and evaluated potential novel chronological transient
tracers: chlorodifluoromethane (HCFC-22), 1,1-dichloro-1-fluoroethane (HCFC-141b), 1-chloro-1,1-
difluoroethane (HCFC-142b), 1,1,1,2-tetrafluoroethane (HFC-134a), pentafluoroethane (HFC-125),
fluoroform (HFC-23), carbon tetrafluoride (PFC-14, CF4) and hexafluoroethane (PFC-116) from four
aspects: input function (including atmospheric history and historical surface saturation), seawater
solubility, feasibility of measurement and stability in seawater. The consistent annual mean

atmospheric histories in the Northern and Southern Hemisphere were reconstructed by combining in
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situ, flask, archived air, and firn air measurements as well as published model calculations from
multiple networks (including AGAGE, SIO, CSIRO, NOAA, and UEA). The historical surface
saturation was calculated to be 94 % by averaging the mean seawater saturation from every single
cruise in the Mediterranean Sea during 1987-2018. The seawater solubility functions have been
constructed based on the Clark—Glew-Weiss (CGW) model fitted freshwater solubility functions and
salting-out coefficients estimated by the poly-parameter linear free-energy relationships (pp-LFERS).
The measurements of HCFC-22, HCFC-141b, HCFC-142b, HFC-134a and HFC-125 in depth-profiles
in seawater have been simultaneous done in the Mediterranean Sea for the first time by the Medusa-
Agua system, while HFC-23 and PFCs were unable to be measured due to non-zero blank and low
detection limit, respectively. The stability in seawater was estimated by analyzing their surface
saturation, interior ocean observations against CFC-12 measurements and mean age compared to those
estimated from CFC-12/SFe.

By comprehensive analysis and evaluation, the most promising oceanic transient tracers are HCFC-
142h and HCFC-141b currently since they fulfill several essential requirements by virtue of well-
documented atmospheric history, established seawater solubility, feasible measurements and inertness
in seawater. However, they will likely only work for the next few years/decades considering the
restrictions on their production and consumption imposed by the Montreal Protocol and their (future)
decreasing atmospheric mole fractions. The compounds that have the greatest potential as oceanic
transient tracers in the future are PFC-14 and PFC-116 because of their high stability in seawater, the
long and well-document atmospheric concentration histories and well-constructed seawater solubility
functions. The challenge is how to measure them accurately due to their low solubility. For HFC-134a,
we are not able to fully evaluate its potential as a tracer due to the inconclusive results, especially on
its solubility and stability in seawater, but also with regard to potential analytical challenges. HFC-125,
HFC-23, and HCFC-22 can no longer be considered because there are alternative tracers with similar
input functions that are better suited as oceanic transient tracers.

In total, this work helps us understand ocean ventilation in the Mediterranean Sea in the past ~30
years (with an emphasis on the recent changes) from the perspective of the traditional chronological
transient tracers, as well as explored and evaluated the potential novel chronological transient tracers
in the ocean. The outcome sets the base for further investigation of these alternative tracers in order to

better interpreting ventilation in the global ocean and understanding the effects of climate change.
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Introduction 1

Introduction

Ocean ventilation, an important process on Earth, is defined by that a water parcel and its carried
climatic properties (such as heat, salinity, and dissolved gases, etc.) propagate from the mixed layer
into the ocean’s interior by advection and diffusion pathways (Fig. 1.1). One important method to
analyze the local and global ocean ventilation processes and understand the effects of changing
climate is based on the observations of transient tracers (belonging to dissolved gases in the climatic

properties mentioned above) in seawater.

Sea surface

Advection

Water parcel

Figure 1.1. Schematic illustrating the “advection” and “diffusion” pathways of ocean ventilation by which fluid

properties constituting a water parcel is transported in the ocean (Khatiwala et al., 2001).

Transient tracers can provide time information based on radioactive decay (radioactive transient
tracers) or input function (chronological transient tracers). The radioactive transient tracers include
tritium (®H), argon-39 isotope (**Ar) and radiocarbon (**C), etc. Tritium has been applied as a transient
tracer in the ocean, especially for shallow waters, since the 1970s but with weak signals recently
(Jenkins, 1987, 1998, 1977; Jenkins et al., 2019). Radioactive isotope **Ar is an ideal tracer for old
water masses and recent technological advancements have increased its feasibility of measurement in
seawater (Ebser et al., 2018). Radiocarbon is a powerful transient tracer for very old waters, although
with complex carbon dynamics (diluted and unstable atmospheric concentrations) and long air-sea
equilibrium time (almost 10 years).

The  chronological  transient  tracers include  trichlorofluoromethane  (CFC-11),
dichlorodifluoromethane  (CFC-12), 1,1,2-trichloro-1,2,2-trifluoroethane  (CFC-113), carbon
tetrachloride (CCl4) and sulfur hexafluoride (SF¢), etc. CFC-11, CFC-113 and CCl4 have now been
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discarded after they were found to be degraded in seawater and/or able to be replaced (Bullister and
Lee, 1995; Huhn et al., 2001; Roether et al., 2001). However, CFC-12 and SFe have been extensively
used to interpret ventilation in the global ocean since the 1980s and the 1990s, respectively (Fine,
2011; Talley et al., 2016) based on their well-documented atmospheric histories (Bullister, 2015;
Walker et al., 2000), feasibility of observation in seawater (Bullister and Wisegarver, 2008; Stoven
and Tanhua, 2014; Vollmer and Weiss, 2002), well-established seawater solubility functions (Bullister
et al., 2002; Warner and Weiss, 1985) and stability in warm seawaters as well as poorly oxygenated
seawaters (Tanhua and Olsson, 2005).

CFC-12 and SFs have also been used to interpret ventilation in the Mediterranean Sea which is
characterized by highly variable ventilation patterns both in time and space. However, most of the
previous studies focus on changes in ventilation less than ten years in the Mediterranean Sea (Rhein et
al., 1999; Roether et al., 2007; Roether et al., 1996; Schneider et al., 2014). Therefore, in this thesis
(Fig. 1.2), temporal and spatial variability in the past three decades, with an emphasis on the recent
changes, in deep ventilation of the Mediterranean Sea is interpreted based on long-term observations
of CFC-12 and SFs (Manuscript I). Since a combination of multiple oceanic transient tracers can better
interpret  ventilation, hydrochlorofluorocarbons (HCFCs), hydrofluorocarbons (HFCs) and
perfluorocarbons (PFCs), as the replacements of CFCs, are explored and evaluated as potential novel
chronological transient tracers (HCFCs, HFCs, and PFCs) from four aspects: input function, seawater
solubility (Manuscript 1), feasibility of measurement and stability in seawater (Manuscript 111). After
the evaluation, the most promising novel transient tracers have been found. These potential alternative
transient tracers need to be further evaluated before they are used to interpret ventilation in the

Mediterranean Sea, and even in the global ocean.

Mediterranean ventilation

CFC-12 and SF6

Traditional ° Interpreting
chronological
transient tracers

a Exploring ” Further interpreting
11
00 ;
Potential novel Evaluation Novel
chronological chronological
transient tracers Input function, seawater solubility, observation, stability transient tracers

HCFCs, HFCs and PFCs

Figure 1.2. Logistic structure of the thesis. I, Il and 111 represent the corresponding manuscripts.
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Introductions to the traditional (CFC-12 and SFe) and potential novel (HCFCs, HFCs and PFCs)
chronological transient tracers and their interpreting methods, as well as background information on
ocean ventilation and circulation in the Mediterranean Sea are reported in the following manuscripts.
The used data sets include CFC-12 and SF¢ observations conducted during cruises M5/6, M31/1, Ura2,
P234, Aegae098, Ura7, M44/4, M51/2, M84/3, ESAW?2, CRELEV2016, TALPro2016, and MSM72 in
the Mediterranean Sea, as well as HCFCs, HFCs and PFCs observations conducted during cruise
MSM72 in the Mediterranean Sea and during cruise AL516 in the Baltic Sea. The sampling and
measurement methodologies, specific data information and statistics are presented in the

corresponding manuscripts.
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Recent changes in deep ventilation of the Mediterranean Sea;

evidence from long-term transient tracer observations
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from long-term transient tracer observations, Frontiers in Marine Science, in review, 2020.

Abstract. The Mediterranean Sea is a small region of the global ocean but with a very active
overturning circulation that allows surface perturbations to be transported to the interior ocean.
Understanding of ventilation is important for understanding and predicting climate change and its
impact on ocean ecosystems. To quantify changes of deep ventilation, we investigated the
spatiotemporal variability of transient tracer (i.e. CFC-12 and SFs) observations combined with
temporal evolution of hydrographic and oxygen observations in the Mediterranean Sea from 13 cruises
conducted during 1987-2018, with emphasize on the update from 2011 to 2018. Spatially, both the
Eastern and Western Mediterranean Deep Water (EMDW and WMDW) show a general west-to-east
gradient of increasing salinity and potential temperature but decreasing oxygen and transient tracer
concentrations. Temporally, stagnant and weak ventilation is found in most areas of the EMDW
during the last decade despite the prevailing ventilation in the Adriatic Deep Water between 2011 and
2016, which could be a result of the weakened Adriatic source intensity. The EMDW has been a
mixture of the older Southern Aegean Sea dense waters formed during the Eastern Mediterranean
Transient (EMT) event, and the more recent ventilated deep-water of the Adriatic origin. In the
western Mediterranean basin, we found uplifting of old WMDW being replaced by the new deep-
water from the Western Mediterranean Transition (WMT) event and uplifting of the new WMDW
toward the Alboran Sea. The temporal variability revealed enhanced ventilation after the WMT event
but slightly weakened ventilation after 2016, which could be a result of combined influences from the
eastern (for the weakened Adriatic source intensity) and western (for the weakened influence from the
WMT event) Mediterranean Sea. Additionally, the Mediterranean Sea is characterized by a Tracer
Minimum Zone (TMZ) at mid-depth of the water column attributed to the rapid deep ventilation so
that the TMZ is the slowest ventilated layer. The TMZ ventilates stronger in the western basin
spatially but in the eastern basin during the past ~30 years, which highlights the strong influence of the

EMT than the WMT event to the intermediate layer of the Mediterranean Sea.

1 Introduction

Ocean ventilation is an important process in the Earth system that transports ocean surface properties,
such as salinity, heat, CO; and dissolved gases to the interior ocean. Knowledge of the temporal and

spatial variability of ocean ventilation is essential for understanding and predicting the response of the
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Earth system to global climate change. As a microcosm of the global ocean where climate change can
be observed on a shorter time-scale (Schroeder et al., 2016), the Mediterranean Sea (Fig. S1) is well
ventilated but with highly variable ventilation patterns both in time and space. Such ventilation
patterns can directly be illustrated by, for instance, long-term observations of transient tracers.
Transient tracers are taken up by the ocean at the air-sea interface and transferred into the deep ocean
by the Deep/Dense Water Formation (DWF) through convection or subduction processes. There are
four main DWF areas in the Mediterranean Sea: the Adriatic Sea, Southern Aegean Sea (Cretan Sea)
and the Rhodes Gyre in the eastern Mediterranean basin (EMed), and the Gulf of Lions in the western
Mediterranean basin (WMed). The deep water exchanges between the two basins are separated by the
Strait of Sicily, which leads to a relative independent deep water circulation in each basin.

In the EMed, the Adriatic Sea used to be the main DWF region prior to the late 1980s (Roether et
al., 1996). Interactions between Levantine Intermediate Water (LIW) and water masses from the
Northern Adriatic Sea mix and get preconditioned by heat loss and wind stress (Artegiani et al., 1996a;
1996b), creating high saline waters that dense during winter cooling, and leading to the formation of
the Adriatic Deep Water (AdDW). After deep convection, the ADDW flows over the Strait of Otranto
sill into the lonian Sea and then spreads southward and eastward to form the Eastern Mediterranean
Deep Water (EMDW). However, the formation of the AADW was in the “stagnation phase” from 1987
to 1999 (Manca et al., 2002; Roether et al., 2007). In the early 1990s, the Eastern Mediterranean
Transient (EMT) event took place. The event marked the dominant deep water source shift from the
Adriatic Sea to the Aegean Sea and characterized as the massive dense water output from the Aegean
Sea (Klein et al., 1999; Roether et al., 1996) triggered by the heat loss from the extremely cold winter
in 1992-1993 (Roether et al., 2007) and high salinity (Velaoras et al., 2017). The estimated DWF rate
in the Aegean Sea for the period 1989-1995 was three times higher than that of the Adriatic Sea
(Lascaratos et al., 1999). Very dense water from the Aegean Sea filled the EMed and blocked the
intrusion of the Adriatic-originated water into the Levantine basin (Akpinar et al., 2016). The Aegean-
originated water dominated in the Levantine Sea in the 1990s also by shading the DWF in the Rhodes
Cyclonic Gyre area (Malanotte-rizzoli and Hecht, 1988). However, in 1999, the water from the
Aegean source was not dense enough to reach the bottom of the adjacent lonian and Levantine basins
but ventilated at 1500-2500 m depth (Theocharis et al., 2002). In the 2000s, the Aegean source was
still characterized by dense water outflow but getting weak (Velaoras et al., 2014). A reversal of the
dominant source for the DWF in the EMed took place between 1999 and 2002 when the Adriatic deep
water formation restarted, and the Adriatic Sea returned to be again the major source region in the
EMed (Cardin et al., 2015; Hainbucher et al., 2006; Klein et al., 2000; Rubino and Hainbucher, 2007).
In 2012, the extremely cold winter triggered another strong deep water formation in the Adriatic Sea
(Gacic et al., 2014).

In the WMed, the Western Mediterranean Deep Water (WMDW) forms in the northwestern

Mediterranean, mainly in the Gulf of Lions. Open-ocean deep convection, combined with occasional
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dense shelf water cascading, is the major contributor to the thermohaline circulation and ventilation in
the source regions (Durrieu de Madron et al., 2013; Houpert et al., 2016; Testor et al., 2018). In
addition, the EMT event has influenced the DWF processes in the Gulf of Lions in winter (Schroeder
et al., 2006). Extensive DWF started from 2004-2006 and is known as the Western Mediterranean
Transition (WMT) event (Schroeder et al., 2010; Schroeder et al., 2008). The event is thought to be
triggered mainly by the atmospheric forcing in the WMed and the lateral advection of anomalously
salty and warm LIW because of increased heating and evaporation in the EMed (Medoc Group, 1970;
Schroeder et al., 2016; Schroeder et al., 2010). The WMT event caused the structure of intermediate
and deep layers abruptly changed in the WMed and a near-complete renewal of the WMDW
(Schneider et al., 2014). In the Tyrrhenian Sea, the situation is a little bit different. Beneath the LIW,
the transitional EMDW (tEMDW, a mixture of LIW and EMDW from the EMed) mix with the water
in the Tyrrhenian Sea and settles between 600 and 1500 dbar (Sparnocchia et al., 1999). Below the
tEMDW, WMDW enters the Tyrrhenian Sea (Schroeder et al., 2016). The mixture of partly tEMDW
and WMDW forms the Tyrrhenian Deep Water (TDW) with a core depth deeper than 1500 dbar
(Astraldi et al., 2002; Buffett et al., 2017).

As the area separating the EMed and WMed, the Strait of Sicily is composed of the surface
Modified Atlantic Water (MAW) flowing eastward, the lower LIW and bottom tEMDW flowing
westward (Astraldi et al., 1996; Astraldi et al., 2002; Sparnocchia et al., 1999).

Transient tracers have been used to understand ventilation and circulation processes, and determine
water mass characteristics in the Mediterranean Sea in multiple studies. For example, the vertical and
spatial distributions of transient tracers have been described in the EMed by studies (2007; Roether et
al., 1996) and in the WMed by Rhein et al. (1999) to quantify ventilation timescales. They have also
been used to identify the water mass structures and distributions by combined with analysis of
hydrographic properties such as salinity and temperature (Cardin et al., 2015; Theocharis et al., 2002),
as well as some biogeochemical properties such as dissolved oxygen, silicate and nitrate (Klein et al.,
2000; Klein et al., 1999). In addition, transient tracers have been used to estimate the anthropogenic
carbon content of the water (Schneider et al., 2010) by applying the Transit Time Distribution (TTD)
concept (Stoven and Tanhua, 2014; Waugh et al., 2003). Therefore, a combination of transient tracers
(CFC-12, SFg, etc.), hydrographic properties (salinity, temperature, density, etc.) and oxygen can
characterize ventilation processes on the basis of the water mass distributions. Roether et al. (2007)
and Cardin et al. (2015) both expressed that the water mass structures of the EMed in 2001 and 2011
were far from the pre-EMT status, but Cardin et al. (2015) also concluded that the 2011 observations
possibly indicate a slow return to the pre-EMT status.

The primary goal of this study is to investigate the temporal and spatial variability (with an
emphasis on the recent changes) in deep and intermediate ventilation of the Mediterranean Sea based
on transient tracer (CFC-12 and SFg) observations. To the end, we address the spatiotemporal

distributions of transient tracer (CFC-12 and SFs) concentrations as well as the temporal evolution of
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potential temperature-salinity (®-S) diagrams and depth-profiles of CFC-12 and SFs concentrations,
salinity, potential temperature, potential density and apparent oxygen utilization in pressure (CFC-
12/SFe/S/PT/6e/AOU vs. P) between 1987 and 2018. Previously, Schneider et al. (2014) discussed the
temporal variability of ventilation in the Mediterranean Sea for the timeframe 1987-2011. The authors
studied well-defined boxes in each basin and discussed the averaged vertical profiles of salinity,
temperature, oxygen, CFC-12 concentration, CFC-12 tracer age, CFC-12 mean age, tritium/helium age
and tritium mean age. In the study by Schneider et al. (2014), they carried out a comparison of
averaged profiles from different years within relatively large boxes, whereas, in this study, we
compare profiles in specific sampling stations in overlaid or close vicinity to each other (in small
boxes). For this approach, there is a risk that small-scale variability, such as eddies, will bias the

comparison, whereas for large boxes real variability within the box can bias the comparison.

2 Observations and methods

2.1 Observations from cruises

Table 1 lists the cruises used in this work from which we have transient tracer observations. Sampling
sites for each cruise are shown in Fig. 1. Seawater samples for CFC-12 and SFs were measured either
on board from syringe sampling or ashore from flame-sealed glass ampoules. For cruises in 1987-2001,
CFC-12 and CFC-11 were observed, although we focus on the CFC-12 observations due to no recent
CFC-11 observations, whereas for cruises in 2011-2018 both CFC-12 and SF¢ data are considered.
More details on measurement methods, precisions and accuracies for the observations can be found
from the correspondence references and/or cruise reports (Table 1). The observations of CFC-12 and
SFe from four cruises during the years 2016-2018 are reported here for the first time. The

measurement methods can refer to the corresponding cruise reports and/or Stéven and Tanhua (2014).

2.2 Methods for assessing tempo-spatial variability

The Transit Time Distribution (TTD) model describes the propagation of tracer boundary conditions
from the ocean surface into the interior based on the Green’s function (Hall and Plumb, 1994) and is
often used to assess ventilation time-scales. However, the ventilation of the Mediterranean Sea is time-
variant, making it difficult to apply the TTD concept. Therefore, in this study, we used (CFC-12 and
SFg) concentrations (in ppt, part per trillions) to assess the historical evolution of ventilation and
involved hydrography data to support conclusions of variability in ventilation patterns.

We start by discussing the tempo-spatial distributions of ventilation in the Mediterranean Sea by
analyzing CFC-12 and SF¢ concentration sections at roughly the same locations in the EMed and
WNMed separately. The equilibrium concentrations (in ppt) of the trace gases into the seawater are
chosen since their dependence on the salinity and temperature are removed. As a second step, we

consider the temporal variability of ventilation by comparing the correlations of potential temperature



Variability in Mediterranean ventilation 13

and salinity (©-S diagrams), as well as depth-profiles of transient tracer concentrations (CFC-12 and
SFe), salinity (S), potential temperature (PT or ® in °C), potential density (e in kg m™ referenced to 0
dbar pressure) and apparent oxygen utilization (AOU in umol kg™) for stations within each box in Fig.
1.

2.3 Tracer age difference

The age of a water parcel is defined as the time elapsed since it left the mixed layer where it was in
contact with the atmosphere and was transported into the ocean interior. The concept of tracer age
does not consider mixing, which is unrealistic but it provides a framework to compare the ventilation
time-scale at one location over time. The atmospheric histories of CFC-12 and SFs overlay when the
atmospheric history record of SFs shifted back 14 years (Tanhua et al., 2013b). Therefore, the tracer
age estimated by SFs should equal to that by CFC-12 based on measurements of CFC-12 taken 14
years earlier in the same region in a steady-state situation, independent of mixing patterns. Inspired by
this, Schneider et al. (2014) compared the tracer ages estimated by SFe in 2011 and CFC-12 in
1997/98. However, as seen from the vertical dash line in Fig. S2, the (shifted) atmospheric histories of
CFC-12 and SFg started to diverge after 2005, which means that the time shift of 14 years doesn’t
work well for the two tracers after this time. In other words, comparison of tracer age between SF¢ and
CFC-12 with a time gap of 14 years still works for deep and intermediate waters, but not so well for
more recently ventilated waters.

For this study, we were able to find locations where CFC-12 and SFs were measured in 2001 and
2016, respectively in the northern Cretan Passage and the Tyrrhenian Sea. The averaged tracer ages
are calculated by first interpolating the individual profiles to standard depths and then by taking the
arithmetic mean of the interpolated profiles (Tanhua et al., 2010). The bias created by the changing
growth rate of SF¢ from 2015 (time shift of 14 years) and 2016 is expected to be small (the standard

deviation is 0.35 %) based on the linear increasing atmospheric mole fraction of SF¢ (Fig. S2).

3 Spatial and temporal distributions of properties in the Mediterranean Sea

3.1 Spatial distributions of CFC-12 and SFs in the EMed

We show vertical sections of CFC-12 concentrations for 1987, 1995, 1999, 2001, 2011 and 2018, and
SFg concentrations for 2011 and 2018 to illustrate the spatial evolution of tracer distributions during
the last ~30 years in the Eastern Mediterranean Sea (Fig. 2). For more detailed discussions on
individual datasets, we refer the reader to previous studies shown in Table 1. In the following, we
describe the observations in relation to the temporal evolution.

1987. This data set represents the only pre-EMT transient tracer observation for the Mediterranean Sea
(Fig. 2a). The high CFC-12 concentration in the EMDW in the western lonian Sea is a signal of

recently formed deep water from the Adriatic Sea, with gradually decreasing CFC-12 concentrations
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eastward in the EMDW. The layer with the oldest water and CFC-12 concentrations less than ~30 ppt
marks the Tracer Minimum Zone (TMZ) at the depth of 1200-2800 dbar. This zone stretches from the
lonian Sea to the central Levantine basin where it reached the near-bottom. The low CFC-12
concentrations indicate an absence of direct ventilation for the deep and intermediate depth ranges in
the east. An area of elevated CFC-12 concentration water was centered at ~700 dbar depth in the
northern Cretan Passage originated from the Aegean Sea, which implies that newly ventilated Cretan
Intermediate Water (CIW) spread into the water below the LIW in the western Levantine basin and the
lonian Sea (Schlitzer et al., 1991). Thus, the EMDW below 1200 dbar depth was mainly fed by the
Adriatic-originated water and the intermediate layer between 200 and 1200 dbar fed by CIW and LIW
in 1987.

1995. The Meteor cruise in 1995 presents the first comprehensive transient tracer observations after
the EMT event (Fig. 2b) conducted in the framework of the POEM (Physical Oceanography in the
Eastern Mediterranean) project. The CFC-12 concentrations in 1995 are dramatically different from
those in 1987. The youngest water below ~500 dbar was found in the northern Cretan Passage bottom
water with a CFC-12 concentration of ~220 ppt, a signal of very strong ventilation since 1987. The
EMDW related to the Adriatic-derived water was still found in the western part of the section, with a
CFC-12 concentration of ~200 ppt, higher than that in 1987. The CFC-12 concentration in the oldest
water (the TMZ) became younger and the TMZ split into two main cores: the western and eastern
cores with CFC-12 concentrations of ~90 ppt and ~60 ppt, respectively. The CFC-12 concentration in
the TMZ thus increased significantly from 1987 to 1995. The TMZ in 1995 had at a narrower depth
range and was centred at a shallower depth, which has been interpreted as uplifted bottom waters by
intruding Cretan Deep Water (CDW) (Roether et al., 1996). Noting that the oldest water in 1987 was
replaced with the younger water, which indicated the strong renewal of water in the EMed in the early
1990s, as reported in previous studies (Roether et al., 2007; Roether et al., 1996; Theocharis et al.,
2002).

1999 and 2001. The double core TMZs still exist at the time, but with some changes. In the lonian Sea,
the CFC-12 concentration increased from ~90 ppt in 1995 to ~120 ppt in 1999/2001 (Fig. 2cd). There
is also a tendency for the TMZ to displace from the western to the eastern lonian Sea. In the Levantine
basin, the CFC-12 concentrations in the TMZ increased to ~70/80 ppt in 1999/2001 and shoaled from
~2000 dbar to ~1000 dbar. This was accompanied by a diminished thickness of the TMZ in 1999/2001
as the recently formed EMDW from the EMT event advected eastwards along with the deeper layers
of the Levantine basin. On the other hand, there is a more obvious signal of high transient tracer
concentration on the western sloop in 2001 than in 1999, which may suggest an Adriatic source of
deep water.

2011. The spatial distribution of CFC-12 concentrations in 2011 (Fig. 2e) is quite different from the
one in 2001. The new Adriatic-derived water is clearly observed in the bottom water of the western

lonian Sea in 2011 with a CFC-12 concentration of ~270 ppt and an SF¢ concentration of ~2.4 ppt (Fig.
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2Q). The TMZs still existed at roughly the same depth (~1000 dbar) as in 2001, but with significantly
higher CFC-12 concentrations: ~160 ppt in the eastern lonian Sea and ~120 ppt in the Levantine basin.
However, the TMZ as defined by the SFe concentrations is better defined with ~0.6 ppt in the
Levantine basin at slightly larger depth, reflecting the different input functions of the two tracers; SFe
being more sensitive to more recent changes in ventilation.

2018. Although the 2018 cruise was unable to sample the Levantine basin, there is evidence that the
extent of the Adriatic-derived water in the EMDW in the western lonian Sea expanded eastward and
upward from 2011 to 2018 (Fig. 2f). The spatial distribution of SFs concentrations in 2018 was
generally similar to that of CFC-12 above 500 dbar, but with significant differences below this depth
(Fig. 2h). Focusing on the lonian Sea and the northern Cretan Passage, the CFC-12 concentrations of
the two cores of the TMZ in 2018 are ~150 ppt in the northern Cretan Passage and ~170 ppt in the
eastern lonian Sea, which are slightly higher than those in 2011. However, for SFs, two cores are
found with ~0.9 ppt in the north-western and north-eastern Cretan Passage, which are slightly lower
than those in 2011. The TMZ is more clearly presented as two cores in 2018 than in 2011; possibly
associated with flow well ventilated through the Antikythera strait as the transient tracer profiles just
west of the strait (in 2018) show enhanced concentrations at intermediate levels down to 1200 dbar
depth. The oldest water was found at ~1500 dbar and 1000-3000 dbar in the northern Cretan Passage
defined by CFC-12 and SFs, respectively in both 2011 and 2018. The transient tracer concentrations in
the western lonian deep Sea decreased from ~270 ppt to ~240 ppt for CFC-12 and from ~2.4 ppt to
~1.9 ppt for SFe from 2011 to 2018, implying the weakened Adriatic source intensity. The relative
higher SF¢ concentrations shown in the deep layer but not in the bottom layer suggest that the water
from the Adriatic source was no longer dense enough to reach the bottom of the lonian Sea but
ventilated the 2000-3000 dbar depth layer between 2011 and 2018. The larger difference of spatial
distribution of CFC-12 and SF¢ concentrations took place in 2018 than in 2011, implied the weakened
ability of CFC-12 in interpreting ventilation in the Mediterranean Sea considering its decreasing

atmospheric history.

3.2 Temporal variability of properties in the EMed

3.2.1 Adriatic Sea

We have a time-series of properties from 1987 to 2016 in the Adriatic Sea (Fig. 3). The time-series
show nearly identical CFC-12 concentrations in the deep-water layer (below 600 dbar) dominated by
AdDW for the time from 1987 to 1999, while there is a sharp increase in the CFC-12 concentration of
~100 ppt from 1999 to 2011 and another increase of ~100 ppt from 2011 and 2016. A similar increase
during 2011-2016 is also found for the SF¢ concentration in the magnitude of ~3 ppt. For other
properties in the deep layer, the potential temperature (PT) slightly decreased from 1987 to 1995, and
then gradually increased up to 2016. During the same time, the salinity (S) gradually increases, with a
rapid increase in salinity of ~0.1 and PT of ~0.5 °C between 1999 and 2011. The high near-bottom
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salinities in 2011 are seen through the whole deep layer in 2016. The potential density (ce) generally
decreased from 1987 to 1999 and increased to 2011 followed by a decrease to 2016, following mainly
compensating trends in S and PT. There is a weak and variable trend for apparent oxygen utilization
(AOU) to increase between 1987 and 2016. Compared to the obviously increased salinity and PT
(~0.15 and ~0.5 °C) from 1995 to 2011/16, similar AOU values are found in 1995, 2011 and 2016 in
the near-bottom layer. All these changes support strong ventilation in the Adriatic Sea during the last
15-20 years (1999-2016) with the formation of new AdDW with higher S and PT.

3.2.2 Cretan Sea
Figure 4 shows that CFC-12 concentrations, salinity, PT and e in the Cretan Sea are relatively higher
than those in other areas in the Mediterranean Sea. In the deep-water layer (below ~1300 dbar), largely
increased salinity, oo and CFC-12 concentrations (~70 ppt) between 1987 and 1995 are in agreement
with the period of enhanced ventilation related to the EMT event, when compared with the nearly
unchanged CFC-12 concentrations in the ADDW (Fig. 3) for the same period. From 1995, the Aegean
deep-water source was getting weaker as indicated by the continuously decreased salinity, ce and
oxygen (increased AOU) in the Cretan Deep Water (CDW) from 1995 to 2018 (Fig. 4). Although with
weakened Aegean source intensity, the CDW still ventilated to 2011. The stagnant/weakened
ventilation after 2011 can be seen by the fact that CFC-12 concentrations in 2018 are slightly lower
than those in 2011, although SFe concentrations show the opposite change, related to decreasing CFC-
12 and increasing SFs atmospheric mole fractions.

Above the CDW, a characteristic ®-S inversion at 300 — 1300 dbar depth (Fig. 4) is thought to be
the core depths of the Transitional Mediterranean Water (TMW). The depth of the inversion is also the
depth of “local CFC-12/salinity/PT/oxygen minimum”, indicating infrequent (weak) ventilation

(renewal).

3.2.3 lonian Sea

Northern lonian Sea. For this area, we show clusters of stations from the western and eastern parts of
the basin south of Otranto Strait. For the deep layer (below ~1200 dbar) in the north-western lonian
Sea (Fig. 5), CFC-12 concentrations, as well as salinity and PT, continuously increased from 1987 to
2011but with a small decrease below ~2000 dbar from 1997 to 2011 for the latter two properties,
while AOU decreased from 1987 to 1995 then increased to 2011. In the deep layer of the north-eastern
lonian Sea, CFC-12 concentrations continuously increased from 1987 to 1997 but with a small
decrease to 2018, while salinity and PT increased from 1987 to 1995 but decreased to 2018, and AOU
showed the opposite change. The dramatic increase of salinity and PT found between 1987 and 1995
for the north-eastern lonian Sea, but between 1995 and 1997 for the north-western lonian Sea could be
related to the spreading direction and speed of the Aegean source. There was a large difference of

CFC-12 concentrations between the north-western and north-eastern lonian deep waters in 1987,
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indicating a larger Adriatic outflow that tends to follow the western slope. However, the similar CFC-
12 concentrations are found between the two deep waters in 1995/97, implying different sources.
Western and Central lonian Sea. In the western and central lonian Sea (Fig. 6), CFC-12
concentrations increased significantly from 1987 to 1995, constant levels up to 2001 and another
“jump” in concentrations to 2011, that remained essentially constant in 2018, although the SFs
concentrations slightly decreased from 2011 to 2018 in the layer below ~3000 dbar. Different from the
transient tracers, the S/T evolution is characterized by a large increase from 1987 to 1995, the year
with the highest S/T of the time-series. In 1999, the S/T decreased significantly but did not reach the
pre-EMT levels, and then gradually increased through the time-series up to 2011/18. The AOU story is
again slightly different. The AOU decreased from 1987 to 1995, dramatically increased to 1999,
decreased to 2001 and then slightly increased to 2018 below 1400 dbar. The stepwise increase and the
following decrease occasionally in CFC-12 concentration suggest variable ventilation. For instance,
the increased CFC-12 concentrations after 1987 and 2001 indicate enhanced ventilation during the
1987-1995 and 2001-2011 time-periods, stagnated ventilation during 1995-2001 and possibly slightly
weakened ventilation in the deep layer from 2011 to 2018 for the western and central lonian Sea.
Similarly, the increase of AOU in 2011-2018 supports the weakened ventilation in the deep layer. The
dramatically ®-S inversion and increased salinity and PT in 1995 found in the central lonian Sea but
not in the western lonian Sea are related to the EMT event. The difference of properties in the deep
layer between the western and central lonian Sea in 1995 are ~30 ppt for CFC-12 concentrations, ~0.1
for salinity, ~0.3 °C for PT and 10-15 umol kg™ for AOU.

Eastern lonian Sea. We have a time-series of 6 occupations from 1987 to 2018 in the eastern lonian
Sea (Fig. 7). The time-series show CFC-12 concentrations with little differences (~50 ppt) for the time
from 1995 to 2018 compared to its dramatic increase (~160 ppt) from 1987 to 1995 related to the EMT
event. A similar increase took place for other properties, such as salinity, PT and ce from 1987 to
1995, but this was followed by a relaxation towards pre-EMT conditions, although this condition is
not reached. From 2001 to 2011, salinity and PT continuously decreased but CFC-12 concentrations,
oo, and AOU increased. As to the time range 2011-2018, properties in the two years showed similar
values in general. In summary, dramatically enhanced ventilation is observed from 1987 to 1995

followed by nearly stagnated ventilation up to 2018 in the eastern lonian Sea.

3.2.4 Northern Cretan Passage

We have a time-series of 8 occupations from 1987 to 2018 in the northern Cretan Passage (Fig. 8).
Similar to that in the eastern lonian Sea, the time-series show CFC-12 concentrations with little
differences (~20 ppt) for the time from 1995 to 2018 in the layer below ~2500 dbar compared to its
dramatic increase (~200 ppt) from 1987 to 1995 related to the EMT event and strong ventilation. A
dramatic increase also took place for other properties, such as salinity (~2.0), PT (~0.55 °C) and ce
(~0.05 kg m®) but decrease for AOU (~25 umol kg™) from 1987 to 1995, as well as salinity, PT and
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oo gradually decrease from 1995 to 2011. The gradual but small decrease of CFC-12 concentrations
from the 1990s to 2011 indicates nearly stagnant ventilation after 1995. The decreased amplitude of
©®-S inversions between the EMDW of old Adriatic origin and that of Aegean origin from 1995 to
2018 illustrates the weakened Aegean source intensity after 1995 and the erosion of the EMT deep
water. Although there is a gradual change in S/T after 1995 towards pre-EMT conditions, there is no
change in CFC-12 indicating that the water that mixes with the EMT induced deep water is ventilated
at a similar time scale. Similarly, AOU generally increased from 1995 to 2011 after its decrease from
1987 to 1995. For the time range 2011-2018, properties showed various and small changes that can be
attributed to local variability. Significantly, AOU increased from 2011 to 2018 supporting slow
ventilation.

From the perspective of the tracer age difference (Fig. S3a), the 2001 profile in the northern Cretan
Passage represents the post-EMT situation, while the 2016 one represents the combined influence of
remnant Aegean and new Adriatic sources. Tracer ages estimated from CFC-12 in 2001 are lower than
those estimated from SFs in 2016 in the deep layer, supporting the stagnant ventilation in this area

during that ~15 years.

3.2.5 Levantine basin
Here we present two areas in the Levantine basin, east of Crete and west of Cyprus, where two ®—-S
inversions have developed since 1987. The first inversion appeared in the mid-depth (1000-1800 dbar)
in the 1995-2011 time-periods. The second inversion was found near-bottom in 2011, indicating that
the influence of the new Adriatic-originated water has been spread to the Levantine basin in 2011.
Increasing CFC-12 concentrations in the EMDW in the Levantine basin below ~1800 dbar from
1987 to 2011 indicates strong ventilation between 1987 and 1999 and slow ventilation after that (Fig.
9). The dramatic change of properties took place between 1987 and 1995 for the western Levantine
basin but up to 1999 for the central Levantine basin, consistent with the spreading of the Aegean
source. A similar delay of influence took place in the following years. For example, larger differences
of CFC-12 concentrations were observed between 1999 and 2001 in the western Levantine but
between 2001 and 2011 in the central Levantine. For other properties below ~1800 dbar, salinity, PT
and oo also showed increasing trends from 1987 to 1999 with the exception of 1998. After 1999, the
trend continued in the deep layer, but with a slight reversal in the near-bottom layer from 2001. As a
consequence of the influence of the EMT event, AOU decreased from 1987 to 1995 but increased to
1999, then decreased up to 2001 below ~500 dbar.

3.3 Temporal variability of properties in the Strait of Sicily

The Strait of Sicily is the relatively shallow area connecting the western and eastern Mediterranean
basins. In the deep-water layer (below ~600 dbar), the concentration of CFC-12 shows a generally
increasing trend after a small decrease between 1987 and 1995 (Fig. 10), as can be expected from the

transient of CFC-12 in the atmosphere. The salinity and PT also decreased slightly from 1987 to 1995
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and then steadily increased to 2001. Afterward, there is a significant increase in salinity and PT during
the rather long time-period up to 2018. The simultaneous changes in both PT and salinity tend to
compensate each other in density space, but the overall effect is an increase in density from 1987 to
1995, steady density to 2001 and then decreased density in 2018, which is approaching the lower
density found in 1987. The AOU shows a slightly different pattern, with similar concentrations from
1987 to 1995, significantly higher values in 1999 and then lower AOU to 2001/2018.

3.4 Spatial distribution of CFC-12 and SFs in the WMed

Sections of the vertical distribution of CFC-12 concentrations in the WMed for 1995, 1997, 2001,
2011 and 2018, and SFs concentrations for 2018 are presented in Fig. 11. Similar to the EMed, the
main feature of the transient tracer concentration is a TMZ centered at ~1000 dbar depth. In the deeper
layer, high concentrations of CFC-12 found in the bottom waters near the Sardinia Channel in 1995 is
maybe not that significant considering the limited number of observations, which is supported by the
CFC-11 concentrations in 1997 (Rhein et al., 1999). In 2001, the bottom tracer concentrations near the
Sardinia Channel have slightly increased to ~200 ppt, but the limited horizontal extent of that section
limits the interpretation to the eastern part. Thus, the CFC-12 concentrations in the deep water
changed slowly in the second half of the 1990s and the early 2000s attributed to the weak local source,
as can be expected from a transient tracer in a steady-state ventilation scenario. Subsequently, due to
the influence of the WMT event that started in winter 2004/05, the situations in 2011 and 2018 are
different with significantly higher CFC-12 concentrations (260 — 290 ppt) that tend to be higher in the
western part of the WMed, as opposed to the higher concentrations in the eastern part in the decade
prior to 2001. The elevated CFC-12 concentrations observed in the western WMed bottom water in
both 2011 and 2018 revealed the intrusion of the new WMDW toward the Alboran Sea. However, the
slightly increased CFC-12 concentrations from 2011 to 2018 in the WMed, especially in the bottom
water, are probably a result of the weakened influence of the WMT event during this period. The
spatial distributions of CFC-12 and SFe concentrations in the WMed deep layer in 2018 (Fig. 11ef) are

generally similar with three cores of higher concentrations in the WMed bottom waters.

3.5 Temporal variability of properties in the WMed

3.5.1 Tyrrhenian Sea

Although the Tyrrhenian Sea is influenced by both the EMed and WMed, no ®-S inversions are
observed in the Tyrrhenian Deep Water (TDW) during the last three decades (Fig. 12a), which is
significantly different from the cases in the two main basins. The small change in the ®—S diagrams
from 1997 to 2018 indicated the apparent synchronous change of salinity and PT, and the influence of
water masses from EMed and WMed to the Tyrrhenian Sea is not strong enough to lead to the

inversions.
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The CFC-12 concentrations increased dramatically (~100 ppt) between 1987 and 1997 in the deep-
water layer (below ~1500 dbar) in the Tyrrhenian Sea (Fig. 12). This was followed by nearly constant
concentrations between 1999 and 2001. In 2011, the increased transient tracer (CFC-12 and SFe)
concentrations in the TDW showed enhanced ventilation attributed to the combined influences from
the LIW, EMDW, and WMDW, especially the WMT event started from 2004-2006. In the 2010s, the
salinity in the TDW is similar in 2011, 2016 and 2018, but with increased CFC-12 concentrations and
oe from 2011 to 2016/18. Although the increase of SFs concentrations in the TDW below 2000 dbar
from 2011 to 2016/18 is consistent with the increased atmospheric SFe¢ concentrations, the less obvious
increase in CFC-12 concentrations at the same depths can be explained by intense ventilation in the
TDW driven by the WMT event considering the decreasing CFC-12 concentrations in the atmosphere.
From 2016 to 2018, SFs concentrations should increase in the TDW considering the increasing SFe
atmospheric mole fractions and steady-state ventilation. However, the steady SFs concentrations and
decreasing CFC-12 concentrations suggest a slowdown of the ventilation, although the changes are
small for such a short-time-interval. For other properties, salinity, PT, and ce in the TDW largely
increased from 1987 to 1997. Subsequently, oo decreased slightly to 1999 and 2001, and then
increased somewhat to 2011 and significantly to 2016/18. This increase in density is mainly driven by
increased salinity, and somewhat compensated by increasing PT. AOU increased significantly from
1987 to 1999, decreased to 2001, increased to 2011, slightly decreased to 2016 and then increased to
2018. The changes in AOU support the interpreted results of ventilation by transient tracers.

From the perspective of the tracer age difference (Fig. S3b), minor changed tracer ages in the
Tyrrhenian Sea between 2001 and 2016 are found at the depth below ~1700 dbar, which suggests
steady-state ventilation. Such a situation may be attributed to the counterbalance of the advective
influence of the WMT event, the TDW and the tEMDW. The large 15 years decrease of tracer ages
between ~500 and ~1700 dbar may be associated with the input of the LIW and the tEMDW from the
EMed because of the influence of the new Adriatic source. A similar tracer age decrease above the
deep layer is found in the south Liguro-Provencal basin between 1997 and 2011 (Schneider et al.,
2014).

3.5.2 Gulf of Lions and Liguro-Provencal basin

In the northern part of the Western Mediterranean Sea, Gulf of Lions and Liguro-Provengal basin, we
have only observations in two years (1997 and 2016), so that only limited information on the temporal
evolution can be made. Increased CFC-12 concentration, salinity, PT and oe are observed in the water

layer below ~1000 dbar (Fig. S4) indicating the steady to increased ventilation during the period.

3.5.3 Algerian basin
While similar CFC-12 concentrations in 1995, 1997 and 2001 at deep and intermediate depths of the
central Algerian basin (Fig. 13) reported the nearly stagnated ventilation before 2001, salinity, PT and

oe increased from 1995 to 1997. Following salinity showed similar values in 1997 and 2001, but ce
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decreased driven by increased PT. Subsequently, all properties increased significantly from 2001 to
2011 when intense DWF led to strong ventilation in the deep western Mediterranean basin, the WMT
event (Schroeder et al., 2008). This trend continued up to 2018, although at a slower pace. The CFC-
12 concentrations increased from 2011 to 2016 and then decreased slightly to 2018, although the SFe
concentration remained relatively constant. The decrease or constant concentration of the transient
tracers suggests weakened ventilation in the WMDW after 2016, which is also supported by the
increase of AOU from 2011 to 2018. During this time, salinity, PT and ce increased from 2011 to
2016 and showed similar values between 2016 and 2018. In the western Algerian deep layer (Fig. 13),
CFC-12 concentrations remain constant from 1995 to 1997 but increased afterward, while salinity, PT

and oo continuously increased from 1995 to 2018.

3.5.4 Alboran Sea

In the water layer below ~500 dbar in the Alboran Sea (Fig. 14), trends similar to those in the western
Algerian basin are found. That is, CFC-12 concentrations, salinity, PT and oe continuously increased
from 1997 to 2018, and AOU increased from 2011 to 2018. The increase of CFC-12 concentrations
from 1997 to 2018 depicted the generally enhanced ventilation in the Alboran Sea. Although the
influence of the WMT is seen in the Alboran Sea, no ®-S inversion is observed since the sea is not

deep enough (Fig. 11).

4 Discussions
We have compared transient tracer observations from 1987 to 2018 (CFC-12/11 and SFe) in the

Mediterranean Sea, focusing on the layers below the Levantine Intermediate Water (LIW), in order to
characterize the temporal evolution of ventilation. Here we discuss trends and variability of the
ventilation patterns in the Mediterranean Sea based on the combined observations of transient tracers,
salinity, potential temperature, potential density and apparent oxygen utilization described in the
previous section. We start with a discussion of the slowly ventilated TMZ and then discuss trends in

deep water ventilation for the different basins.

4.1 Tracer Minimum Zone (TMZ)

The Mediterranean Sea is one of few places in the global ocean with a pronounced TMZ at mid-depth
of the water column attributed to rapid ventilation in the deep waters so that the TMZ is the slowest
ventilated layer. During recent decades, the influences of the EMT and WMT events have led to
bottom and deep-water renewal that has modified the TMZ and bottom water ventilation patterns. The
TMZ in the contemporary Mediterranean Sea is presented from the Levantine basin to the Alboran Sea,
although with a break in the Strait of Sicily. The dominating water mass of the TMZ is the
Transitional Mediterranean Water (TMW) in the EMed and the transitional EMDW (tEMDW) in the
WNMed. The depth of the TMZ has shallowed in both the western and eastern basins before the strong
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ventilation episodes of the EMT and WMT events, but has been deepening after these events. For the
eastern basin, the TMZ shallows from 1987 to the 1990s and then deepens up to the 2010s. In the
western basin, this shift is not so obvious although the TMZ deepens from 1987 to 1995, shallows to
the mid-2000s (not shown) and then deepens slightly to the 2010s followed by slow upward motion
(Table S1). For instance, the TMZ shallows from ~1400 dbar (1987) to 600-800 dbar (the 1990s) and
then deepen to 1000-1300 dbar (2018) in the eastern lonian Sea, as well as deepens from ~700 dbar
(1987) to 900-1000 dbar (1995) and deepens again from 800-1000 dbar (2011) to 1200-1300 dbar
(2016/18) in the central Algerian basin. The transient tracer concentrations in the TMZ have increased
significantly in the EMed during the past ~30 years. However, the increase of transient tracers in the
TMZ of the WMed is less pronounced, indicating that ventilation of the TMZ has been stronger in the
EMed than in the WMed temporally. The transient tracer concentration in the TMZ is higher in the
WMed than in the EMed for any given year, which highlights that the ventilation of WMed is stronger

than the EMed in the same year.

4.2 Eastern Mediterranean basin

We start with the Adriatic Sea as a major source region of deep waters in the Eastern Mediterranean
basin. Here we observe no ventilation of the deep-water (below 600 dbar) from 1987 to 1999, but with
strong ventilation between 1999 and 2011 that continued in the period 2011-2016. Even though there
was no ventilation of the deep water in the Adriatic Sea up to 1999, as seen by constant CFC-12 and
increased AQU, it got slightly saltier and warmer. The trend for the intermediate layer (200-600 dbar)
is similar, but with a pronounced decrease of transient tracers between 1987 and 1995 and then
increased ventilation observed in 1999, indicating how changes in this layer are different from the
deep layer. The extremely cold winter in 2012 (Gaci¢ et al., 2014) and increased transient tracer
concentrations support strong ventilation in the Adriatic Deep Water between 2011 and 2016, although
with decreased bottom density (Chiggiato et al., 2016). The spatial distribution of SFs concentrations
(Fig. 2h) reveals that the ADDW was no longer dense enough to reach the bottom of the lonian Sea in
2018, indicating that the Adriatic source intensity weakened during recent years. This is also supported
by the decreased transient tracers and dissolved oxygen (i.e. increased AOU) from 2011 to 2018 in the
western lonian bottom water and in 2016 in the Adriatic near-bottom water column (below 1000 dbar).
In consequence, the Adriatic Deep Water is currently the dominant deep water source in the EMed,
although with weakened intensity during the last decade.

The intensified ventilation in the Adriatic Sea influenced the overflow through the Strait of Otranto
sill into the lonian Sea where the EMDW is formed from the AdDW as it mixes with the remnant deep
water from the Aegean source resulted from the EMT event. For the other deep water source of the
EMed, the Southern Aegean Sea (i.e. the Cretan Sea), a clear trend is observed with well-ventilated
waters in 1995, where after the concentrations remained essentially constant up to 1998, although with

considerable variability in the data and slightly higher concentrations in 2011 and 2018. Schneider et
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al. (2014) also showed slow ventilation of the Cretan Sea from 1998 to 2011. That is, the Aegean
source intensity weakened after 1995 (Fig. 4) and led to the stagnant/weakened ventilation currently
observed in the CDW.

For the EMDW in the lonian Sea where the Aegean and Adriatic sources meet, the temporal
increase of CFC-12 concentrations between 1987 and 1995 is larger in the east, which is coincident
with the east-to-west gradient of the influence of the dominant Aegean source in the lonian Sea at that
time. This is also illustrated by the amplitude of ®-S inversion related to the Aegean source, which
decreases from the eastern to the western lonian Sea, as well as from the eastern to the north-western
lonian Sea. In 1999, the influence of the Aegean source was weaker in the eastern and central lonian
deep water but stronger in the western lonian deep water compared to those in 1995, which describes
the delayed influence of the Aegean source to the western lonian Sea. Subsequently, the amplitude of
inversions related to the Aegean source became smaller in the whole lonian Sea and the extent of the
reversal decreased from 2001 to 2018. In 2018, the ®-S inversions created by the influence of the
Aegean source became very small and even invisible. When the influence of the Aegean source to the
EMDW in the lonian Sea became weaker and found at shallower depths (Theocharis et al., 2002), the
new Adriatic source started to influence the lonian Sea from the bottom layer (Cardin et al., 2015;
Hainbucher et al., 2006). This is noted by the more pronounced increase of CFC-12 concentrations in
the western and central lonian deep water than in the eastern lonian deep water between 2001 and
2011, and by the increase of salinity in the water column from ~3000 dbar to the bottom in the western
and central lonian Sea in 2011 (Roether et al., 2014). The new Adriatic source leads to the second ®-S
inversions with decreased salinity and PT observed in the lonian bottom water in 1999 and 2001.
However, the weaken ventilation of the western and central lonian deep water and nearly stagnated
ventilation in the eastern lonian deep water in 2011-2018, reveal the weakened influence of new
Adriatic source to the lonian Sea, although the ADDW has been the dominant source of deep water in
the eastern Mediterranean for the last two decades. Additionally, the CFC-12 concentrations increased
more during 2001-2011, and the SF¢ concentrations decreased more during 2011-2018, in the western
and central lonian deep water than those in the eastern lonian deep water. This implies a high inflow
of the new Adriatic source to the western and central lonian deep water in the 2000s, a signal that is
evident in the eastern lonian deep water in the 2010s.

The water from the Adriatic Sea spreads eastward from the lonian Sea toward the Cretan Passage,
as indicated by the ®-S inversions (Fig. 8a) in 2011 (Manca et al., 2006; Velaoras et al., 2018), which
led to the non-monotonous change of local salinity. The salinity decrease in the water column from
~3000 dbar to the bottom in 2011 is related to the less saline new Adriatic source (Cardin et al., 2015),
as is the continued salinity decrease from 2011 to 2016 (Velaoras et al., 2018). The salinity (38.74-
38.75) in the northern Cretan Passage in 2016/18 is closer to that in the Adriatic Sea in 2016 (38.72)
than that in the Southern Aegean Sea in 2018 (39.05). A similar decrease of salinity from 2015 to 2016

has been reported for the Myrtoan basin, located in the southwestern Aegean Sea (Velaoras et al.,
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2017). However, the salinity increased from 2016 to 2018 in the northern Cretan Passage (Fig. 8) and
from 2016 to 2017 in the Myrtoan basin (Velaoras et al., 2017), changing the trend.

It is worth noting that the change of physical properties (such as salinity, PT and ce) in the northern
Cretan Passage deep water after 1995 is significant while the change of CFC-12 concentrations during
the same time is, in practice, small. We see evidence of no new DWF in (the surrounding of) the
Aegean/Cretan Sea since the EMT event so that the new Adriatic-originated water could reach into the
Levantine basin, where it was detected in 2011.

Although the spatial distribution of CFC-12 concentrations in the EMed in 2018 is different from
that in 1987, similar CFC-12 water column gradients (bottom-to-intermediate) were found in 1987,
2011 and 2018 in the western lonian Sea. However, the distribution of CFC-12 in 2018 is closer to the
one in 1987 than that of 2011. Similarly, the distribution pattern of SF¢ in 2018 is closer to that of
CFC-12 concentrations in 1987 than that of SF¢ concentrations in 2011. This shows a trend of water
mass distributions towards the status of pre-EMT more in 2018 than in 2011. However, it is still far
away from the pre-EMT condition in 2018, although the transient tracer relative distributions support a

relaxation from the EMT condition to the pre-EMT condition.

4.3 Strait of Sicily

The Strait of Sicily plays a significant role in the communication between EMed and WMed. Due to
the data gap, more ®-S diagrams in 1985, 1986, 1992, 1997, 1998 and 2003 (Astraldi et al., 2002;
Gasparini et al., 2005) are combined here to refer three different phases: before the EMT event (1985-
1987), during the EMT event (1991-1993) and after the EMT event (after 1995). The deep waters of
the Strait are significantly better ventilated in 2018 than in 1995 and 2001 (i.e. significant increase of
CFC-12 concentrations), accompanied by increased salinity and PT but decreased density. This reveals
that the EMed continuously influences the Strait of Sicily. In 2018, the CFC-12 concentrations,
salinity and PT in the Strait of Sicily bottom layer tEMDW) are higher than those in the lonian Sea at
the same depth (Fig. 6-8, 10) but with lower density. This is an indication of stronger ventilation of the
tEMDW in the Strait of Sicily and it influenced more by the LIW than by the EMDW.

4.4 Western Mediterranean basin

The Gulf of Lions is the main source region for deep water in the WMed, but we have only two
repeats of transient tracers in this region. The increased transient tracer concentrations indicate
intensified ventilation from 1997 to 2016. When combined with more data from the CTD and mooring
in 1987, 1988, 1993, 1999 (Pinardi et al., 2015) and 2007-2013 (Houpert et al., 2016; Testor et al.,
2018), we found mild ®-S inversions in the 1990s, but stronger ones and even double inversions
starting from the winter 2004/05, which indicates the difference before and after the WMT event in the

source region.
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The evolution of properties in the deep waters of the Gulf of Lions is comparable to those in the
adjacent Algero-Provencal basin, the main basin in the WMed. The WMed deep water is characterized
by nearly constant CFC-12 concentrations, i.e. nearly stagnant ventilation, between 1995 and 2001
followed by enhanced ventilation up to 2016 and possibly slower ventilation during the last few years
of the time-series up to 2018. The recent slow ventilation could be attributed to the weakened
influence of the WMT event that started in winter 2004/05. The ®-S inversions that are tell-tales of
the WMT event were found in 2011, 2016 and 2018 in the central Algerian basin and 2011 and 2018
in the western Algerian basin (Fig. 13). From the mooring data (Schroeder et al., 2016), the near-
bottom warm and salty water intruded in 2005, and the layer below the ®-S inversions became ~600
m thick in 2006, ~1000 m in 2008, >1200 m in 2010, 1400 m in 2013 and >1500 m in 2015, which
described the uplifting old WMDW replaced by the new one from near the bottom. From the CTD
data (Fig. 13), the depths of inversions were all ~1500 dbar in the central Algerian basin, but ~1250
dbar in 2011 and ~1500 dbar in 2018 in the western Algerian basin. The shallower depths of ®-S
inversions in the western Algerian in 2011 revealed the uplift of the new WMDW toward the Alboran
Sea (Schroeder et al., 2010; Schroeder et al., 2008).

There is no direct deep ventilation in the Tyrrhenian Sea but the signal of ventilation is imported by
advected water masses. Similar to the Algerian basin, the Tyrrhenian Deep Water (TDW) is
characterized by intense signs of ventilation during the 2011-2016 period followed by a possible
slowdown of the ventilation after 2016. The increased transient tracer concentrations of the bottom
layer around the Sardinia Channel indicate the overflow of WMDW into the Tyrrhenian Sea, which is
a sign of intrusion of well-ventilated water resulted from the WMT event to the deep layer that
resulted in better-ventilated waters. Another possible sign is the weakened intensity of the EMed
influence via the intermediate layer ({(EMDW and LIW). This is conducted by the enhanced vertical
mixing of intermediate waters into the deep waters derived from the decreased CFC-12 and SFs
concentrations in the upper waters (above ~1500 dbar) accompanied by the increased tracer
concentrations in the deep waters for each year. On the other hand, there are lower CFC-12
concentrations (Fig. 12b) and a less well-developed TMZ (Fig. 11) in the Tyrrhenian Sea than those in
the western basin (Fig. 13b). This situation does change with deep-water rich in CFC-12
concentrations coming from the western basin filling the Tyrrhenian Sea near-bottom layer. The
differences in CFC-12 concentrations between the TDW and the WMDW are ~10 ppt in 2001, ~60 ppt
in 2011 and ~30 ppt in 2018, a development that coincides with the influenced period of the WMT
event.

As the shallow sea connected the Algerian basin with the Atlantic Ocean, the Alboran Sea is
characterized by well ventilated deep waters with signs of increased ventilation between 1997 and

2011 and constant ventilation up to 2018 due to the influence of the WMT event.

5 Conclusions and outlook
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In this study, we report on high spatiotemporal variability of deep and intermediate water ventilation
of the Mediterranean Sea using a 30+ year time-series of transient tracer and hydrographic
observations. During this period, the effects of two “events” dominate the variability of ventilation, the
Eastern Mediterranean Transition (EMT) and the Western Mediterranean Transition (WMT) events.
The Mediterranean Sea is one of the best-ventilated bodies of water in the global ocean and is as such
characterized by high tracer concentrations in the deep layer below a zone of lower tracer
concentrations in the intermediate layer, the Tracer Minimum Zone (TMZ). This zone of weak
ventilation stretches across the whole Mediterranean Sea from the Levantine basin into the western
basin. In general, the western Mediterranean Sea is better ventilated than the eastern one.

During the last three decades, the EMDW has been formed by the mixing of the dense waters of the
Aegean origin with the colder and less saline water of the Adriatic origin, where the dominant source
of deep water changed from the Adriatic Sea (before 1990) to the Aegean Sea (in the 1990s) and then
back to the Adriatic Sea (in the 2000s and 2010s). Due to the EMT event in the early 1990s, very
strong ventilation was found during 1987-1995 in the Aegean Sea and surrounding areas (such as the
northern Cretan Passage, eastern lonian Sea and western Levantine basin). For areas farther away
(such as the western lonian Sea and central Levantine basin), this was manifested for the period 1995-
1997/99. For the Adriatic Sea, we see no ventilation of the deep water from 1987 to 1999, but with
signs of ventilation up to 2011 and 2016, although weakened during the last decade. Since the restart
of the Adriatic deep water source during 1999-2002, the lonian Sea was well-ventilated whereas the
northern Cretan Passage deep water was not ventilated in the 2000s. After 2011, weak ventilation is
found in most areas of the EMed. The Eastern Mediterranean shows a general west-to-east gradient of
increasing salinity and PT but decreasing oxygen and transient tracer concentrations. The temporal
evolution of transient tracer concentrations reveals a trend of water mass distributions toward the
status of pre-EMT, and the trend is more obvious in 2018 than in 2011, although with evolving water
mass properties.

For the western Mediterranean Sea, the WMDW also shows a general west-to-east gradient of
increasing salinity and PT but decreasing oxygen and transient tracer concentrations. A steady-state
ventilation scenario with nearly stagnant ventilation is found in the deep-water before 2001. Since the
start of the WMT event during the winter 2004/05, strong ventilation is found in the western
Mediterranean between 2001 and 2011 and through to 2016 but weakened up to 2018. The latter could
be a result of a combined influence from both the WMed (e.g. weakened influence from the WMT
event) and the EMed (e.g. weakened Adriatic source intensity). During the past ~15 years, the deep
western Mediterranean has been influenced by the new WMDW that moves the old WMDW upward
leading to the intrusion of better ventilated deep waters toward the Alboran Sea.

The combination of two transient tracers (e.g. CFC-12 and SFs) can better constrain the ventilation.
In particular, considering the decreasing CFC-12 and increasing SF¢ atmospheric concentrations, the

ability of CFC-12 alone in interpreting ventilation in the Mediterranean Sea is decreasing, while SF¢ is
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able to deliver information of ventilation and changes in ventilation. The complicated and variable
ventilation of the Mediterranean Sea would benefit from an expanding suite of transient tracers. For
instance does a range of halogenated CFC replacement compound constitute possible additional
tracers (Li et al., 2019; Li and Tanhua, 2019) or the isotope 39-Ar (Ebser et al., 2018) that can be used
to better constrain TTDs, i.e. constrain ventilation (Stdven and Tanhua, 2014). For the Mediterranean
Sea, other models without the assumption of steady-state ventilation (as the TTD does) should be
considered in the future based on its high variable ventilation patterns.

Data availability

Cruise data in Table 1 in 1987-2011 are from
https://www.nodc.noaa.gov/ocads/oceans/Coastal/Meteor_Med_Sea.html. Observations of CFC-12
and SF¢ from cruises ESAW2, CRELEV2016 are available on request to the corresponding author.
Observations of CFC-12 and SFs from cruises TALPro2016 and MSM72 are available from
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Table 1. Key meta-data for the Mediterranean Sea cruises used in this study. Data of CFC-12 and SFg from

cruises below the dashed line has not yet been published elsewhere.

Year  Cruise Research vessel Cruise period \I\//IVQE CFC-12/SFs References
1987  M5/6 Meteor 1987.08.18-09.24 W,E  CFC-12 (Nellen et al., 1996); (Schlitzer et al., 1991)
1994.12.30—1995. . (Hemleben, 1996); (Roether et al., 1996);
1995 M3l1 Meteor 03.22 W.E  CFC-12 (Roether et al., 1998); (Klein et al., 1999)
1997  Ura2 Uranis 1997.08.30-09.08 E CFC-12 (Manca et al., 2002); (Roether et al., 2007)
1997  P234 Poseidon 1997.10.23-11.10 W CFC-12 (Rhein et al., 1999)
1998  Aegaeo98 Aegaeo 1998.10.14-10.19 E CFC-12 (Theocharis et al., 2002)
1999  Ura7? Uranis 1999.02.11-02.17 E CFC-12 (Manca et al., 2002); (Roether et al., 2007)
1999  M44/4 Meteor 1999.04.10-05.16 W, E  CFC-12 (Patzold, 2000); (Theocharis et al., 2002)
_ : (Hemleben et al., 2003); (Roether et al.,

2001  M51/2 Meteor 2001.10.18-11.11 W,E  CFC-12 2007); (Schneider et al,, 2010)

(Tanhua et al., 2013a); (Cardin et al., 2015);
2011 M84/3 Meteor 2011.04.05-04.28 W,E CFC-12, SFs (Stéven and Tanhua, 2014); (Schneider et al.,

2014)
2016  ESAW?2 Bios Dva 2016.04.05-04.10 CFC-12,SFs  (Santi¢etal., 2019)
2016 CRELEV2016 Aegaeo 2016.06.02-06.10 E CFC-12,SFs  (Velaorasetal, 2018)
2016  TALPro2016  Angeles Alvarino  2016.08.18-08.29 W CFC-12,SFs  (Jullion, 2016)
2018  MSM72 Maria S. Merian ~ 2018.03.02-04.03 W, E CFC-12,SFs  (Hainbucher etal., 2019b)
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Figure 1. Sampling sites of CFC-12 and SFs measurements from historical cruises listed in Table 1 in the
Mediterranean Sea; samples from a certain year (rather than cruise) have the same colour, which is used in the
plots below. The small red boxes are the areas selected for assessing the temporal variability of ventilation. The
areas are located in the (1) Southern Adriatic Sea, (2) Cretan Sea, (3) Northern lonian Sea, (4) Western and
Central lonian Sea, (5) Eastern lonian Sea, (6) Northern Cretan Passage, (7) Western and Central Levantine
basins, (8) Strait of Sicily, (9) Tyrrhenian Sea, (10) Gulf of Lions and Liguro-Provencal basin, (11) Eastern and
Western Algerian basin and (12) Alboran Sea. The depth contours are 500 m, 1000 m, 2000 m, 3000 m and 3500

m.
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Figure 2. Vertical sections of CFC-12 concentration ( in ppt) in the Eastern Mediterranean Sea (see inset map
for station locations) in (a) 1987 (Meteor M5/6), (b) 1995 (Meteor M31/1), (c) 1999 (Meteor M44/4), (d) 2001
(Meteor M51/2), (e) 2011 (Meteor M84/3) and (f) 2018 (Maria S. Merian MSM72) and vertical sections of SFg
concentration ( in ppt) in the EMed in (g) 2011 (Meteor M84/3) and (h) 2018 (Maria S. Merian MSM72). The
same scales of longitude and pressure are used for all figures, while the same colour bars are separately used for
CFC-12 and SF sections. The upper panels highlight the top 500 dbar. The markers on the top x-axis stand for
the station number.
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Figure 3. Temporal variability of the Southern Adriatic Sea illustrated with (a) ®—S diagrams with ce isolines,

(b) CFC-12 concentration vs. pressure, (c) SFe concentration vs. pressure, (d) salinity vs. pressure, (e) potential

temperature (PT) vs. pressure, (f) potential density (ce) VS. pressure and (g) apparent oxygen utilization (AOU)

vs. pressure. For site numbers see the legend and for site positions see inset map (isolines are 500, 1000, 2000,
3000 and 3500 m). The stations shown are (in the sequence of the legend) M5/6 766, M31/1 16 and 17, Ura2 18
and 11, Ura7 8, 7 and 5, M84/3 313 and ESAW?2 29, 8 and 7. Bottle data is indicated by crosses (for the first

station from each cruise) and dots (for the rest stations from each cruise) in ®-S diagrams and pluses in other

plots (for all stations from each cruise).
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Figure 4. Similar to Fig. 3 but in the Cretan Sea. The stations shown are M5/6 753, M31/1 41 and 42, Aegaeo98
10 and 13, M84/3 288 and MSM72 2.



Variability in Mediterranean ventilation

33

N lonian, 1987-2018: ©-S diagrams 0 CFC-12vs. P
13.8 1 |— 1987 o> < ]
Jof — 1995 500
13.7 £ [— 1997
— 2011 1000
& 136 -
— 1500
135+
134 - 2000
13.3 2500
2 -{7 a i 18°E~ 20°E b
132 — : ' : : LR - : 3000
38.66 38.68 38.7 38.72 38.74 38.76 38.78 38.8 38.82 0 100 200
Salinity CFC-12 [ppt]
o, vs. P
0 0 PT vs. P 0 )
500 500 500 Py
@ 1000 1000 1000 |
B 3
h=3
£ 1500 1500 1500
(72}
3
& 2000 2000 2000
2500 2500 2500
d e f
3000 3000 3000
38.65 387 3875 388 13.2 13.4 13.6 29.16 29.18 29.2
Sanility PT [°C] o [kgm™
(5]

SF6 vs. P

500

1000

1500

2000

2500

3000

2 4
SF [ppt]

500

1000

1500

2000

2500

AOU vs. P

3000
30

40 50 60 70
AOU [pmol kg™"]

Figure 5. Similar to Fig. 3 but in the northern lonian Sea. The stations shown in the north-western lonian Sea are
M5/6 770, M31/1 13, Ura2 21 and M84/3 314 and shown by continuous lines. The stations shown in the north-
eastern lonian Sea are M5/6 764, M31/1 23, Ura2 46 and MSM72 34 and shown by dotted lines.
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Figure 6. Similar to Fig. 3 but in the western and central lonian Sea. The stations shown in the western lonian
Sea are M5/6 777, M31/1 10, M44/4 303, M51/2 519, M84/3 305 and MSM72 57 and shown by dotted lines.
The stations in the central lonian Sea are M5/6 773 and 774, M31/1 27, M44/4 301 and 300, M51/2 520, M84/3

303 and

MSM72 53 and shown by continuous lines.
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Figure 7. Similar to Fig. 3 but in the eastern lonian Sea. The stations shown are M5/6 760, M31/1 32, M44/4
292 and 294, M51/2 522 and 523, M84/3 299 and MSM72 22, 44, 46 and 47.
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Figure 8. Similar to Fig. 3 but in the northern Cretan Passage. The stations shown are M5/6 751, M31/1 46,
Aegaeo98 40, M44/4 265, M51/2 530, M84/3 297, CRELEV2016 18 and MSM72 9. The structures of ®-S
diagrams in the northern Cretan Passage can be generally separated as three patterns: the one in 1987 with low
salinity and PT (38.66, 13.3) in the deep water (EMDW of old Adriatic origin); the one in 1995-2001 with an
inversion at 900-1300 dbar core depth (EMDW of old Adriatic origin) and the near-bottom water (EMDW of
Aegean origin) with high salinity and PT (38.87, 13.8); the one in 2011-2018 with an inversion at 1250-1500
dbar core depth (EMDW of old Adriatic origin) followed by another inversion at 2000-2300 dbar (EMDW of
Aegean origin) and the near-bottom water (EMDW of new Adriatic origin) with medium salinity and PT (38.75,

13.5).
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Figure 9. Similar to Fig. 3 but in the western and central Levantine basin. The stations shown in the western
Levantine basin are M5/6 747, M31/1 56, Aegae098 441, M44/4 238, M51/2 537 and M84/3 296 and shown by
continuous lines. The stations shown in the central Levantine basin are M5/6 746, M31/1 69, M44/4 236, M51/2
540 and M84/3 294 and shown by dotted lines.
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Figure 10. Similar to Fig. 3 but in the Strait of Sicily. The stations shown are M5/6 781, M31/1 6, M44/4 307,
M51/2 516 and MSM72 72 and 70.
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Figure 11. Vertical sections of CFC-12/CFC-11 concentration (in ppt) in the Western Mediterranean Sea (see
inset maps for station locations) in (a) 1995 (Meteor M31/1), (b) 1997 (Meteor 234), (c) 2001 (Meteor M51/2),
(d) 2011 (Meteor M84/3) and (e) 2018 (Maria S. Merian MSM72) and vertical section of SFs concentrations (in
ppt) in the WMed in (f) 2018 (Maria S. Merian MSM72). The vertical section of CFC-12 concentrations in 1997
is replaced by that of CFC-11 concentration due to the higher quality of CFC-11 data (Rhein et al., 1999). The
same scales of longitude and pressure are used for all figures, while the same colour bars are separately used for
CFC-12, CFC-11 and SFs sections. The upper panels highlight the top 500 dbar. The markers on the top x-axis
stand for the station number.
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Figure 12. Similar to Fig. 3 but in the Tyrrhenian Sea. The stations shown are M5/6 786, P234 767 and 768,
M44/4 310, M51/2 512, M84/3 317 and 320, TALPro2016 6 and 5, and MSM72 83 and 77.
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Figure 13. Similar to Fig. 3 but in the central and western Algerian basin. The stations shown in the central
Algerian basin are M31/1 3, P234 736, 737 and 738, M51/2 511, M84/3 324 and 323, TALPro2016 19 and
MSM72 99 and 101 and shown by continuous lines. The stations in the western Algerian basin are M31/1 2,
P234 720, M84/3 331 and MSM72 119 and shown by dotted lines.
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Figure 14. Similar to Fig. 3 but in the Alboran Sea. The stations shown are P234 716 and 715, M84/3 334 and
MSM72 130 and 129.
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Recent changes in deep ventilation of the Mediterranean Sea;

evidence from long-term transient tracer observations
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Figure S1. Map of the Mediterranean Sea. The depth contours are 500 m, 1000 m, 2000 m, 3000 m and 3500 m.
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Figure S2. (a) Atmospheric mole fractions of CFC-12 and SFe and growth rate of SFe in the Northern
Hemisphere; (b) Atmospheric mole fractions of CFC-12 and SFe but with the SFg record shifted back 14 years;
the vertical dash line shows 2005 for SFs and 1991 for CFC-12.
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TalPro2016, respectively.
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Table S1. Pressure (dbar) of the Tracer Minimum Zone (TMZ) during 1987-2018 based on CFC-12 (black) and

SFs (blue) observations.

Basin/Sea 1087 1995 1997 1999 2001 2011 2016 2018
Adriatic Sea ~200 300-400  300-400  500-800 e not E:g:ggt

Cretan Sea ~800 400-500 ﬁggbﬁoo Egggbzooo

North-western lonian Sea  1200-1300  800-900 ~800 :1888

North-eastern lonian Sea  ~1600 ~700 ~800 gggggg
Western lonian Sea ~1900 ~1000 700-800  ~1000 By 100
Central lonian Sea 1200-1400  ~700 700800 12001300 oo0s0o 1200300
Eastern lonian Sea ~1400 ~600 ~800 700800 o0 10004300
Northern Cretan Passage ~ 2100-2200  ~800 ~1000 ~1000 001000 MO0 aoo0-10m0
Western Levantine basin ~ ~1600 800-900 1200-1300  ~1200 o

Central Levantine basin ~ 1500-1600  1800-1900 ~1300 ~1200 By

Tyrrhenian Sea 1800-1900 1000-2400  2000-2100  1800-1900 %?grggr‘])t 17001800 12001600
Gulf of Lion 900-1000 700800

P basin 1100-1200 I;gg?lsoo

Central Algerian basin ~ ~700 900-1000 8001000 o000 19007300
Western Algerian basin ~ 800-900  ~1100 ~1000 12001300
Alboran Sea 600-700 ~1000 700-1000

700-1300
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Abstract. We present consistent annual mean atmospheric
histories and growth rates for the mainly anthropogenic halo-
genated compounds HCFC-22, HCFC-141b, HCFC-142b,
HFC-134a, HFC-125, HFC-23, PFC-14 and PFC-116, which
are all potentially useful oceanic transient tracers (tracers
of water transport within the ocean), for the Northern and
Southern Hemisphere with the aim of providing input his-
tories of these compounds for the equilibrium between the
atmosphere and surface ocean. We use observations of these
halogenated compounds made by the Advanced Global At-
mospheric Gases Experiment (AGAGE), the Scripps Institu-
tion of Oceanography (SIO), the Commonwealth Scientific
and Industrial Research Organization (CSIRO), the National
Oceanic and Atmospheric Administration (NOAA) and the
University of East Anglia (UEA). Prior to the direct ob-
servational record, we use archived air measurements, firn
air measurements and published model calculations to es-
timate the atmospheric mole fraction histories. The results
show that the atmospheric mole fractions for each species,
except HCFC-141b and HCFC-142b, have been increasing
since they were initially produced. Recently, the atmospheric
growth rates have been decreasing for the HCFCs (HCFC-
22, HCFC-141b and HCFC-142b), increasing for the HFCs

(HFC-134a, HFC-125, HFC-23) and stable with little fluc-
tuation for the PFCs (PFC-14 and PFC-116) investigated
here. The atmospheric histories (source functions) and nat-
ural background mole fractions show that HCFC-22, HCFC-
141b, HCFC-142b, HFC-134a, HFC-125 and HFC-23 have
the potential to be oceanic transient tracers for the next few
decades only because of the recently imposed bans on pro-
duction and consumption. When the atmospheric histories of
the compounds are not monotonically changing, the equilib-
rium atmospheric mole fraction (and ultimately the age as-
sociated with that mole fraction) calculated from their con-
centration in the ocean is not unique, reducing their poten-
tial as transient tracers. Moreover, HFCs have potential to
be oceanic transient tracers for a longer period in the fu-
ture than HCFCs as the growth rates of HFCs are increasing
and those of HCFCs are decreasing in the background atmo-
sphere. PFC-14 and PFC-116, however, have the potential to
be tracers for longer periods into the future due to their ex-
tremely long lifetimes, steady atmospheric growth rates and
no explicit ban on their emissions. In this work, we also de-
rive solubility functions for HCFC-22, HCFC-141b, HCFC-
142b, HFC-134a, HFC-125, HFC-23, PFC-14 and PFC-116
in water and seawater to facilitate their use as oceanic tran-
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sient tracers. These functions are based on the Clark—Glew—
Weiss (CGW) water solubility function fit and salting-out co-
efficients estimated by the poly-parameter linear free-energy
relationships (pp-LFERs). Here we also provide three meth-
ods of seawater solubility estimation for more compounds.
Even though our intention is for application in oceanic re-
search, the work described in this paper is potentially useful
for tracer studies in a wide range of natural waters, including
freshwater and saline lakes, and, for the more stable com-
pounds, groundwaters.

1 Introduction

Oceanic and natural water transient tracers have time-varying
sources and/or sinks. Chlorofluorocarbons (CFCs) were used
traditionally as oceanographic transient tracers because of
their continuously increasing atmospheric mole fractions un-
til some years ago. They are powerful tools in oceanography
for which they are used to, for instance, deduce transport
times, estimate mixing rates between water masses, study
formation rates of new water masses and determine the an-
thropogenic carbon (Cyp) content of seawater (Weiss et al.,
1985; Waugh et al., 2006; Fine, 2011; Schneider et al., 2012;
Stoven et al., 2016). The production and consumption of
CFCs have been phased out as a consequence of the imple-
mentation of the Montreal Protocol (MP) on Substances that
Deplete the Ozone Layer (first in developed nations by 1996,
followed by developing nations by 2010) designed to halt
the degradation of the Earth’s protective ozone layer (Fig. 1).
The atmospheric mole fractions of the major CFCs have been
decreasing since the mid-1990s to early 2000s (Carpenter et
al., 2014; Bullister, 2015), and although CFCs are valuable
indices to quantify deep water transport, the use of CFCs as
oceanographic transient tracers has become more difficult for
recently ventilated water masses. During recent decades sul-
fur hexafluoride (SFg) has been added to the suite of transient
tracers measured in the ocean (Tanhua et al., 2004; Bullis-
ter et al., 2006). Its atmospheric mole fractions are still in-
creasing and its atmospheric distribution is measured widely.
However, SFg is also facing restrictions; for example, in Eu-
rope it has been banned for release as a tracer gas and in
all applications except high-voltage switchgear since 1 Jan-
uary 2006 (Fig. 1). Since a combination of transient tracers is
needed to constrain ventilation (Waugh et al., 2002; Stéven
et al., 2015), it is necessary to explore other transient tracers
with positive growth rates for the study of mixing and trans-
port processes in the oceans and in other natural waters.

1.1 Potential transient tracers

Generally, several requirements for a useful oceanic tran-
sient tracer can be defined: the tracer should have a well-
established, transient source function (or well-defined decay
function); have a low or well-known natural background; be
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conservative (not produced or destroyed) in the marine en-
vironment; and be measured relatively inexpensively, accu-
rately and rapidly. Potential candidates as transient tracers
that fulfill at least some of the requirements listed above in-
clude hydrochlorofluorocarbons (HCFCs) such as HCFC-22,
HCFC-141b and HCFC-142b, hydrofluorocarbons (HFCs)
such as HFC-134a, HFC-125 and HFC-23, and perfluorocar-
bons (PFCs) such as PFC-14 and PFC-116. As a first step
in evaluating the usefulness of these compounds as oceanic
transient tracers, we synthesize their atmospheric mole frac-
tion histories and review their solubilities. An upcoming
work will evaluate the in-field data on these compounds.

HCFC-22. Chlorodifluoromethane (CHCIF,) is the most
abundant HCFC in the global atmosphere. It was first syn-
thesized in 1928 and commercial use started in 1936 (Calm
and Domanski, 2004). It has been used dispersedly in do-
mestic and commercial refrigeration, as a spray-can propel-
lant, and in extruded polystyrene foam industries (McCul-
loch et al., 2003; Jacobson, 2012) and nondispersedly as the
feedstock in fluoropolymer production (Miller et al., 2010).
HCFC-22 was first measured in the atmosphere in 1979 (Ras-
mussen et al., 1980); a pronounced increase in its abundance
in the 1990s was found in both hemispheres as HCFC-22 be-
came an interim replacement for CFC-12 since the late 1980s
(Xiang et al., 2014). There are no known natural emission
sources for HCFC-22 (Saikawa et al., 2012). A considerable
amount of literature has been published on the atmospheric
histories of HCFC-22. Montzka et al. (1993) presented the
NOAA network measurements and historic mole fractions
from a two-box model for HCFC-22 from 1980 to 1993,
and these have since been updated and augmented with mea-
surements from Antarctic firn air and box models to con-
struct an atmospheric history and emissions for HCFC-22
from 1944 to 2014 (Montzka et al., 2010a, 2015). Sturrock
et al. (2002) presented CSIRO HCFC-22 data from 1940 to
2000 based on an analysis of Antarctic firn air samples using
the AGAGE instrumentation. In 2012, Saikawa et al. (2012)
reported observations and archived air measurements from
multiple networks, combined with the Model for OZone And
Related chemical Tracers (MOZART), to present the atmo-
spheric mole fractions for HCFC-22 from 1995 to 2009.

HCFC-141b. 1,1-Dichloro-1-fluoroethane (CH3CCl;F)
has been widely used as a foam-blowing agent in rigid
polyurethane foams for insulation purposes and in integral
skin foams as a replacement for CFC-11. It was also em-
ployed as a solvent for lubricants, coatings and cleaning flu-
ids for aircraft maintenance and electrical equipment as a re-
placement for CFC-113 (Derwent et al., 2007). The industrial
production and use of HCFC-141b have greatly increased
since the early 1990s, as have its global mole fractions and
emissions (Oram et al., 1995; Sturrock et al., 2002; Montzka
et al., 2015; Prinn et al., 2018a).

HCFC-142b. 1-Chloro-1,1-difluoroethane (CH3CCIF,)
has largely been emitted from extruded polystyrene board
stock as a foam-blowing agent combined with small emis-
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Figure 1. Comparison of production and use histories of CFC-12, SF¢, HCFCs, HFCs and PFCs.

sions from refrigeration applications as a replacement for
CFC-12 (TEAP, 2003). Previous studies described measure-
ments of HCFC-141b and HCFC-142b from the AGAGE
network, UEA and CSIRO including measurements of the
Cape Grim Air Archive (CGAA) and Antarctic firn air (Oram
et al., 1995; Sturrock et al., 2002; Simmonds et al., 2017;
Prinn et al., 2018a). NOAA flask and firn air measurements
for both compounds have also been reported (Montzka et al.,
1994, 2009, 2015).

HFC-134a. 1,1,1,2-Tetrafluoroethane (CH,FCF3) is the
most abundant HFC in the Earth’s atmosphere. It was first
synthesized by Albert Henne in 1936 (Matsunaga, 2002). Ex-
tensive production and emission of HFC-134a began in the
early 1990s. It was used as a preferred refrigerant in domes-
tic, commercial and automotive air conditioning and refrig-
eration to replace CFC-12. It is also used to a lesser extent
as a foam-blowing agent, cleaning solvent, fire suppressant
and propellant in metered-dose inhalants and aerosols (Sim-
monds et al., 2015, 2017). Continuous and substantially in-
creasing atmospheric levels of HFC-134a were found over
the past 2 decades (Xiang et al., 2014). A number of re-
searchers have reported the atmospheric history of HFC-
134a. The observational record of HFC-134a started from
near-zero levels in the background atmosphere (Oram et al.,
1996). Montzka et al. (1996) reported initial measurements
from the NOAA network for HFC-134a from the late 1980s
to mid-1995, which have since been updated (Montzka et
al., 2015). Simmonds et al. (1998) presented AGAGE ob-
servations for HFC-134a from 1994 to 1997, updated by
O’Doherty et al. (2004) from 1998 to 2002, by Rigby et
al. (2014) and by Prinn et al. (2018a) to recent times.
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HFC-125. Pentafluoroethane (CHF,CF3) is currently the
third most abundant HFC. It is used primarily in refrig-
erant blends for commercial refrigeration applications and
has a minor use in fire-fighting equipment as a replace-
ment for halons. Atmospheric mole fractions of HFC-125 are
also rising consistently as one of the substitutes for CFCs
(O’Doherty et al., 2009; Rigby et al., 2014; Prinn et al.,
2018a). In 2009, O’Doherty et al. (2009) reported in situ and
archived air measurements from Mace Head and Cape Grim,
combined with the AGAGE 2-D 12-box model results for
HFC-125 from 1977 to 2009. In 2015, Montzka et al. (2015)
reported results of flask measurements of HFC-125 spanning
from 2007 to 2013.

HFC-23. Fluoroform or trifluoromethane (CHF3) is a by-
product from the industrial production of HCFC-22. Histori-
cally it has been considered as waste and simply vented to the
atmosphere, although process optimization and abatement
can eliminate most or all emissions. HFC-23 was also used
as a feedstock for halon-1301 (CBrF3) production. Small
amounts are reportedly used in semiconductor (plasma etch-
ing) fabrication, in very low-temperature refrigeration (dis-
persive) and in specialty fire-suppressant systems (disper-
sive) (McCulloch and Lindley, 2007). HFC-23 was first re-
ported in the background atmosphere by Oram et al. (1998)
in samples dating back to 1978. It continued to increase in
the atmosphere (Miller et al., 2010; Rigby et al., 2014; Sim-
monds et al., 2018) despite the voluntary and regulatory ef-
forts in developed nations and abatement measures in devel-
oping nations financially supported by the United Nations
Framework Convention on Climate Change (UNFCC) Clean
Development Mechanism (CDM). In the past 3 decades, a
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number of researchers have reported the atmospheric mole
fractions of HFC-23. In 1998, Oram et al. (1998) reported
measured and model-generated mole fractions of HFC-23
at Cape Grim from 1978 to 2005. Updated in situ AGAGE
measurements and results from the AGAGE 2-D atmospheric
12-box chemical transport model for HFC-23 from 1978 to
2010 and from 1950 to 2016 have been presented by Miller
et al. (2010) and Simmonds et al. (2018), respectively. A his-
tory derived from multiple firn air sample collections was
also published in 2010 (Montzka et al., 2010a).

PFC-14. Tetrafluoromethane or carbon tetrafluoride (CF4)
is the most abundant perfluorocarbon (PFC) in the Earth’s at-
mosphere and is one of the most long-lived tracer gases with
an atmospheric lifetime of more than 50 000 years. The pres-
ence of carbon tetrafluoride in the atmosphere was first de-
duced by Gassmann (1974) from an analysis of contaminant
levels of PFC-14 in high-purity krypton samples. The first
atmospheric measurements of PFC-14 were made by Ras-
mussen et al. (1979). It has a background atmospheric mole
fraction due to its natural source from the rocks and soils,
especially tectonic activity (Deeds et al., 2015). The prein-
dustrial level was 34.05 & 0.33 ppt for PFC-14 (Trudinger et
al., 2016). The primary anthropogenic sources of PFC-14 are
aluminum production, the semiconductor industry (Khalil et
al., 2003; Miihle et al., 2010; Fraser et al., 2013) and perhaps
the production of rare earth elements. Consequently, atmo-
spheric mole fractions have approximately doubled since the
early 20th century (Miihle et al., 2010; Trudinger et al., 2016;
Prinn et al., 2018a).

PFC-116. Hexafluoroethane (C,Fg) is another long-
lived tracer gas with an atmospheric lifetime of at least
10000 years. The tropospheric abundance of PFC-116 was
first determined by Penkett et al. (1981). It has a small natu-
ral abundance (Miihle et al., 2010; Trudinger et al., 2016);
the preindustrial level has been estimated to be 0.002 ppt
(Trudinger et al., 2016). Like CFy it is also emitted as a
by-product of aluminum production (Fraser et al., 2013) and
during semiconductor manufacturing.

1.2 Production and ban histories

The major atmospheric degradation pathway of HCFCs and
HFC:s is through reaction with hydroxyl radicals (OH) in the
troposphere (Montzka et al., 2010b). Combustion in thermal
power stations has been pointed out as a tropospheric sink
of PFCs (Cicerone, 1979; Ravishankara et al., 1993; Morris
et al., 1995). The atmospheric lifetimes, ocean partial life-
times, ozone depletion potentials (ODPs) and global warm-
ing potentials (GWPs) for HCFC-22, HCFC-141b, HCFC-
142b, HFC-23, HFC-134a, HFC-125, PFC-14 and PFC-116
are listed in the Table 1. As shown Table 1, the atmospheric
lifetimes of HCFCs and HFCs with respect to hydrolysis in
seawater are very long (Yvon-Lewis and Butler, 2002; Car-
penter et al., 2014), ranging from thousands to millions of
years, indicating that HCFCs and HFCs are relatively stable
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in seawater. PFCs have atmospheric lifetimes on the order of
thousands of years and very low solubilities in seawater. The
production and use histories of CFC-12, SFg, HCFCs, HFCs
and PFCs are plotted in Fig. 1. HCFCs have been regulated
with the aim of ceasing production and consumption by 2020
for non-Article 5 (developed) countries and 2030 for Article
5 (developing) countries (although this only covers disper-
sive applications) and phaseout beginning with a freeze in
1996 for developed nations and in 2013 for developing na-
tions under the MP and its more recent amendments. Because
of the high GWP of HFCs, 197 countries recently committed
to cutting the production and consumption of HFCs by more
than 80 % over the next 30 years under the Kigali Amend-
ment of the MP, although not all of these countries have rati-
fied this amendment. The reductions in HFC production and
consumption are based on GWP-weighted quantities. Devel-
oped countries that have ratified the amendment have agreed
to reduce HFC consumption beginning in 2019. Most devel-
oping countries will freeze consumption in 2024, some in
2028. This measure will most likely slow down HFC growth
rates, eventually leading to a decline in their atmospheric
mole fraction, similar to what is observed for CFCs.

In order to explore if these halogenated compounds can
be used as transient ocean tracers, their atmospheric histo-
ries (source functions) and natural background should be
established. Previous work has reconstructed annually av-
eraged atmospheric mole fraction histories for some trace
gases for use in tracer oceanographic applications. For exam-
ple, Walker et al. (2000) reported annual mean atmospheric
mole fractions for CFC-11, CFC-12, CFC-113 and CCly for
the period 1910-1998 and updated the data to 2008 on the
website (http://bluemoon.ucsd.edu/pub/cfchist/, last access:
20 December 2018). On the basis of Walker’s work, Bullis-
ter (2015) reported atmospheric histories for CFC-11, CFC-
12, CFC-113, CCly, SFg and N> O for the period 1765-2015.
Previous work related to our target compounds has mainly
focused on the atmospheric history over specific periods, of-
ten at a high temporal resolution. We have listed these works
above. For our purposes, we are interested in a consistent
record of the full atmospheric history at annual temporal res-
olution. As Trudinger et al. (2016) presented the consistent
atmospheric histories of PFC-14 and PFC-116 from 1900
to 2014, we only study the growth rates for these two com-
pounds and evaluate their utility as oceanic transient tracers.

In this study, drawing on previous literature and published
data, we present atmospheric mole fractions (JFM means,
annual means and JAS means) and growth rates for HCFC-
22, HCFC-141b, HCFC-142b, HFC-134a, HFC-125, HFC-
23, PFC-14 and PFC-116 for both the Northern (NH) and
Southern Hemisphere (SH). The JFM means (the average of
monthly means in January, February and March) and JAS
means (the average of monthly means in July, August and
September) are chosen to coincide with the coldest part of
the year in the NH and SH, respectively, i.e., the time of
(deep) water mass formation when ambient trace gases are
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Table 1. Atmospheric lifetimes, ocean partial lifetimes, ozone depletion and global warming potentials of HCFC-22, HCFC-141b, HCFC-

142b, HFC-134a, HFC-125, HFC-23, PFC-14 and PFC-116.

Compound Molecular formula  Atmospheric lifetimes®  Ocean partial lifetimes®  ODP® Gwpd

(years) (years) 100-year horizon
HCFC-22 CHCIF, 1174 0.025 1765
HCFC-141b  CyH3CILF 9190  0.082 782
HCFC-142b  CyH;3CIF, 122200  0.025 1982
HFC-134a CH,FCF3 5909 0 1301
HFC-125 C,HF;5 10650 0 3169
HFC-23 CHF; - 0 12398
PFC-14 CFy >50000 - 0 6626
PFC-116 CyFg >10000 - 0 11123

2 See SPARC (2013). b partial atmospheric lifetimes with respect to oceanic uptake; see Yvon-Lewis and Butler (2002) and Carpenter et al. (2014). © ODP:
ozone depletion potential; see Laube et al. (2013). d GWP: global warming potential; see Hodnebrog et al. (2013).

carried from the surface to the interior ocean. The recon-
structed atmospheric histories have been compiled from a
combination of air measurements and model calculations.
In order to provide a comprehensive and consistent view of
halogenated compound atmospheric distribution and changes
over time, ambient air measurements published by the Ad-
vanced Global Atmospheric Gases Experiment (AGAGE),
the Scripps Institution of Oceanography (SIO), the Com-
monwealth Scientific and Industrial Research Organization
(CSIRO), the National Oceanic and Atmospheric Adminis-
tration (NOAA) and the University of East Anglia (UEA)
are considered in this study. The calibration scale differ-
ences of these networks in the form of scale conversion
factors are determined. SIO and CSIRO data are reported
on AGAGE scales. NOAA and UEA data are converted to
AGAGE scales by these conversion factors. For years prior
to atmospheric observations, the reconstructed dry mole frac-
tions for each species were provided by a combination of
atmospheric models, firn air measurements and the analysis
of archived air samples. The aim of this work is to synthe-
size existing data and model results into one consistent data
product of atmospheric history with annual values useful for
ocean tracer applications; it is not intended to replace more
detailed atmospheric studies. All reported values in this study
are dry air mole fractions. In a similar work, Meinshausen
et al. (2017) provided consolidated datasets of historical at-
mospheric mole fractions of 43 greenhouse gases (GHGS).
Compared with this earlier study, the differences and added
value of this study are that we (1) incorporated UEA data not
included in the Meinshausen et al. (2017) study, (2) report
data on a common calibration scale (AGAGE) by convert-
ing NOAA and UEA data to AGAGE scales, (3) estimated
annual means based on baseline data with local pollution
events removed, (4) estimated the propagated uncertainties
based on the original standard deviations of monthly means
or data points, (5) used a different method for data fitting,
and (6) presented the atmospheric histories for winter (JFM
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means in the NH and JAS means in the SH), which is espe-
cially useful for oceanic transient tracers studies.

In addition, we explore whether these compounds can be
used as oceanic transient tracers by reporting on the solu-
bility characteristics of each of the gases. We are not aware
of any published estimates that directly provide solubility
functions of all target compounds in seawater, and only very
limited studies (with several data points) on the solubility
of these compounds in seawater have been reported. Schar-
lin and Battino (1995) published four solubility data points
in the temperature range 15-30°C and a salinity of 35.086
for PFC-14 in seawater. In the present analysis, the wa-
ter and seawater solubility functions of HCFC-22, HCFC-
141b, HCFC-142b, HFC-134a, HFC-125, HFC-23, PFC-14
and PFC-116 are derived by the combined method based on
the combination of the Clark—Glew—Weiss (CGW) fit to es-
timate their water solubility function and the poly-parameter
linear free-energy relationships (pp-LFERs) to estimate their
salting-out coefficients. Three concluded methods (the (re-
vised) method II only based on the pp-LFERS, the combined
method and the experimental method) for seawater solubil-
ity estimation are also provided for more compounds. Al-
though the atmospheric histories and solubility functions in
water and seawater of the target compounds are intended for
oceanic research, the work described in this paper is poten-
tially useful for studying a range of natural waters, including
freshwater, saline lakes and groundwaters.

2 Data and methods

2.1 Data from the AGAGE network

2.1.1 AGAGE in situ measurements and
instrumentation

In situ atmospheric measurements have been made by
the Advanced Global Atmospheric Gases Experiment
(AGAGE) (Prinn et al., 2000; O’Doherty et al., 2004,
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2009; Miller et al., 2010; Miihle et al., 2010; Prinn et al.,
2018a, b). The data are available on the AGAGE web-
site (http://agage.eas.gatech.edu/, last access: 20 December
2018) where historic and the newest atmospheric measure-
ments are reported. AGAGE provides measurements of more
than 40 compounds, whereas we focus only on HCFC-22,
HCFC-141b, HCFC-142b, HFC-134a, HFC-125, HFC-23,
PFC-14 and PFC-116 (Table S1 in the Supplement). There
are more than 10 AGAGE and affiliated stations globally,
mostly located at coastal or mountain sites. Here we exclude
all AGAGE stations at tropical latitudes that are periodically
subjected to air masses originating in the other hemisphere
(Prinn et al., 1992, 2000; Walker et al., 2000). Observations
at the AGAGE remote stations Mace Head, Ireland (MHD;
53°N, 10° W), and Trinidad Head, California (THD; 41° N,
124° W), were assumed to represent 30-90° N atmospheric
mole fractions, whereas observations at Cape Grim, Tas-
mania (CGO; 41° S, 145° E), represent 30-90° S mole frac-
tions. Small latitudinal gradients in the AGAGE Mace Head
and Trinidad Head observations of different compounds are
present but assumed to be of minor importance to this work.
These stations, their locations and the date ranges of the sam-
ples used in this study are listed in Table S1. The “pollution-
free” monthly mean atmospheric mole factions and standard
deviations for all target compounds are used in this study.

All ambient air measurements were carried out using two
similar measurement technologies over time based on the
cryogenic pre-concentration with gas chromatography sepa-
ration and mass spectrometry detection (GC-MS). The initial
instrument used was the ADS (adsorption—desorption sys-
tem) with GC-MS, but in the early to mid-2000s this was re-
placed by the Medusa GC-MS with a doubled sampling fre-
quency, upgraded sample pre-concentration methodologies,
extended compound selection and improved measurement
precisions. For more information on the instrumentation and
the working standards, see Simmonds et al. (1995), Miller et
al. (2008), Arnold et al. (2012) and Prinn et al. (2018a). For
the measurement precision, see Prinn et al. (2018a).

2.1.2 AGAGE measurements of CSIRO and SIO
archived air

To extend the available mole fraction records back in time,
NH and SH air archive samples collected by CSIRO and
SIO were measured using AGAGE instrumentation for target
compounds. Southern Hemisphere Cape Grim Air Archive
(CGAA) samples, which are background or “baseline” air,
were collected at the Baseline Air Pollution Station, Cape
Grim, Tasmania, by CSIRO and the Bureau of Meteorol-
ogy. The samples have been cryogenically collected into 34 L
electropolished stainless-steel canisters (Langenfelds et al.,
1996; Fraser et al., 2017) since 1978. The CGAA samples
were analyzed on Medusa-9 in the CSIRO laboratory at As-
pendale (Miller et al., 2010). Northern Hemisphere (NH)
samples used for this paper were filled during background
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conditions mostly at Trinidad Head, but also at La Jolla,
California, Cape Meares, Oregon (courtesy of the Oregon
Graduate Center via CSIRO, Aspendale, and the Norwegian
Institute for Air Research, Oslo, Norway), and Point Bar-
row, Alaska (courtesy of Robert Rhew, University of Califor-
nia, Berkeley), and analyzed at SIO, La Jolla, on laboratory-
based Medusa GC-MS instruments (Medusa-1, Medusa-7)
(O’Doherty et al., 2009). A stepwise tightening filtering algo-
rithm was applied based on their deviations from a fit through
all data from each semi-hemisphere (including pollution-free
monthly mean in situ data) to remove outliers (Miihle et al.,
2010; Vollmer et al., 2016).

HFC-134a air archive data obtained using AGAGE in-
strumentation at CSIRO and SIO are reported here for the
first time (Table S1d). The archived air measurements for
HFC-125 reported by O’Doherty et al. (2009) are used in
this study (Table Sle) and have been updated to include
more present data. The CGAA archived air measurements
for HCFC-22 reported by Miller et al. (1998) are used here.
CGAA Medusa-3 and Medusa-9 measurements for HFC-23
from AGAGE reported by Miller et al. (2010) are also re-
ported here (Table S1f). CSIRO SH and SIO NH archived air
samples have been analyzed on AGAGE GC-MS instrumen-
tation at CSIRO, Aspendale and at SIO, La Jolla, for PFC-14
and PFC-116 (Miihle et al., 2010).

2.1.3 AGAGE measurements of CSIRO firn air

The firn layer is unconsolidated snow overlaying an ice sheet.
Large volumes (hundreds of liters) of air trapped in firn can
be extracted for subsequent analysis. From the measured firn
depth profiles, atmospheric histories can be derived using firn
diffusion models. Firn air histories typically cover the period
from the present day (or drilling date) to up to 100 years ago.

The firn air samples for HCFC-141b and HCFC-142b were
collected from six depths at Law Dome, Antarctic, in 1997-
1998 at the DSSW20K site (Table S1b and c) (Sturrock et al.,
2002). The firn air samples were measured on the AGAGE
ADS-GC-MS instrument at Cape Grim. Antarctic firn air
samples have also been used for the reconstruction of the at-
mospheric histories of PFC-14 and PFC-116 (Trudinger et
al., 2016).

2.2 Data from the NOAA network
2.2.1 NOAA flask measurements

Flask air measurements of the compounds considered in this
study have been made by the National Oceanic and Atmo-
spheric Administration (NOAA) as early as 1992 (Montzka
et al., 1994, 1996, 2009, 2015). The data are available on
the NOAA website (ftp://ftp.cmdl.noaa.gov/hats/, last ac-
cess: 20 December 2018) where the latest atmospheric mea-
surements are reported. There are many NOAA and affiliated
stations globally. In order to be consistent with the chosen
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AGAGE stations, NOAA observations at only Mace Head,
Ireland (MHD; 42 m above sea level; ma.s.l.), for HCFC-22,
HCFC-141b, HCFC-142b and HFC-134a as well as Trinidad
Head, USA (THD; 120 m a.s.l.), for HCFC-22, HCFC-141b,
HCFC-142b, HFC-134a and HFC-125 are used to represent
atmospheric mole fractions from 30-90° N. The observations
at Cape Grim, Australia (CGO; 164 ma.s.l.), represent the
30-90° S mole fractions. These stations, their locations and
the sampling dates of the samples used in this study are listed
in Table S1 and are essentially identical to the corresponding
AGAGE stations.

Air samples are analyzed in the NOAA/ESRL/GMD Boul-
der laboratory by GC-MS techniques for HCFC-22, HCFC-
141b, HCFC-142b, HFC-134a and HFC-125. More details
are given by Montzka et al. (1993, 1994, 1996, 2015). The
working standards and measurement precision are also re-
ported in these studies.

2.2.2 NOAA measurements of archived and shipborne
air samples

Archived air and shipborne air measurements from both
hemispheres for HCFC-141b and HCFC-142b are given in
Thompson et al. (2004). The archived air samples for HCFC-
141b and HCFC-142b have been obtained at Niwot Ridge
(NWR; 40° N, 106° W) since 1986. The cruise air samples
were collected during the Soviet—American Gas and Aerosol
Experiment (SAGA) II cruise in the Pacific Ocean in 1987
(37°N-30° S, 160-170° W).

Archived air and shipborne air measurements for HFC-
134a were presented by Montzka et al. (1996). Samples were
collected at NWR. Samples were obtained shipboard dur-
ing two cruises, one in the Pacific Ocean in 1987 (SAGA 11
above) and in 1994 (41°N-47° S, 127-76° W) and another
in the Atlantic Ocean in 1994 (46° N-48° S, 14-60° W).

2.2.3 NOAA measurements of firn air

The first measurements of HCFC-141b and HFC-134a in firn
air were made by Butler et al. (1999) and showed that there
are no natural sources for these compounds.

2.3 Data from the UEA network
UEA archived air

University of East Anglia (UEA) measurements on Cape
Grim Air Archive subsamples (since 1978) and flask sam-
ples collected at Cape Grim are updated following the orig-
inal publications for HCFC-141b, HCFC-142b (Oram et al.,
1995) and HFC-134a (Oram et al., 1996). The Cape Grim
archived air contains trace gas records known to be represen-
tative of background air in the Southern Hemisphere. UEA
has analyzed subsamples of the Cape Grim Air Archive,
whereas the CGAA has been analyzed directly on AGAGE
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instrumentation at Cape Grim, CSIRO, Aspendale and at the
SIO, La Jolla (Sect. 2.1.2).

The Cape Grim archived air, which is located at CSIRO,
Aspendale, was subsampled for the UEA at Aspendale and
the UEA flask air samples were collected directly at Cape
Grim; both were analyzed by GC-MS at the UEA for HCFC-
141b, HCFC-142b and HFC-134a (Oram et al., 1995, 1996)
(Table S1b and c). The working standards and measurement
uncertainties were also shown in the abovementioned stud-
ies.

2.4 Data from models

In order to estimate atmospheric mole fractions before di-
rect atmospheric measurements commenced, the results from
published models, a two-box model for HCFC-22 (Montzka
et al., 2010a) and the AGAGE 2-D atmospheric 12-box
chemical transport model for HFC-23 (Cunnold et al., 1983,
1994; Miller et al., 2010; Rigby et al., 2011), PFC-14 and
PFC-116 (Trudinger et al., 2016), are also included in this
study (Table S1g and h).

The two-box model for HCFC-22 from Montzka et
al. (2010a) considers the atmosphere as two boxes — one box
representing each hemisphere. Each hemisphere is assumed
to be well mixed and a standing vertical gradient is assumed.
Using the two-box model, Montzka et al. (2010a) derived the
atmospheric mole fractions from 1944 to 2009 for HCFC-22
by assuming a constant 0.95 scaling of global emissions esti-
mated by the Alternative Fluorocarbons Environmental Ac-
ceptability Study (AFEAS).

The AGAGE two-dimensional atmospheric 12-box chem-
ical transport model, used here for HFC-23, PFC-14 and
PFC-116 mole fractions, contains four lower tropospheric
boxes, four upper tropospheric boxes and four stratospheric
boxes, with boundaries at 30° N, 0 and 30° S in the horizon-
tal and 500 and 200 hPa in the vertical (Cunnold et al., 1983,
1994; Rigby et al., 2011). It has previously used to estimate
mole fractions and emissions of CFC-11, CFC-12 and vari-
ous other trace gases. Miller et al. (2010) derived mole frac-
tions for HFC-23 for the period 1978-2009 through an inver-
sion technique using this 2-D 12-box model, but not back to
zero atmospheric mole fraction. Trudinger et al. (2016) cal-
culated the atmospheric mole fractions of PFC-14 and PFC-
116 in each semi-hemisphere since 1900 by combining the
data from ice core, firn, air archive and in situ measurements,
thus extending the work of Miihle et al. (2010).

2.5 AGAGE, NOAA and UEA calibration scales

The latest AGAGE absolute calibration scales for vari-
ous trace gases are displayed on the AGAGE website
(https://agage.mit.edu/, last access: 20 December 2018 and
http://agage.eas.gatech.edu/data, last access: 20 December
2018). AGAGE in situ measurements have been reported
on the latest SIO absolute calibration scales for HCFC-
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Table 2. Primary calibration scale conversion factors for HCFC-22, HCFC-141b, HCFC-142b, HFC-134a, HFC-125 and HFC-23 between

AGAGE (UB and SIO) and NOAA®.

P. Li et al.: Atmospheric histories, growth rates and solubilities in seawater

HCFC-22 S1I0-93 SIO-98 SIO-05 NOAA-1992
SI0-98 1.0053b - - -
NOAA-1992  0.99740.004¢  0.993 +0.007° - -
NOAA-2006 - ~ 0.9971£0.00274 1.005¢
HCFC-141b UB-98 SI0-05
NOAA-1994 1.006 £0.003%  0.9941 4 0.0049¢
HCFC-142b UB-98 SIO-05
NOAA-1994 0.9374£0.003>  0.9743 £0.00524
HFC-134a UB-98 SI0-05
NOAA-1995 1.0354+0.004>  1.0015+0.00484
HFC-125 UB-98 SIO-14
SIO-14 1.0826f -
NOAA-2008 - 0.946 + 0.0088

@ Example: for HCFC-22 measurement results reported on the SIO-98 scale, multiply 1.0053 to convert to the
SIO-93 scale. AGAGE: Advanced Global Atmospheric Gases Experiment, UB: University of Bristol, SIO: Scripps
Institution of Oceanography, NOAA: National Oceanic and Atmospheric Administration. b Prinn et al. (2000).

¢ Miller et al. (1998). 9 Prinn et al. (2018a). © NOAA calibration scales for various trace gases
(https://www.esrl.noaa.gov/gmd/ccl/scales.html, last access: 20 December 2018). f AGAGE calibration scale
(http://agage.eas.gatech.edu/data_archive/agage/AGAGE_scale_2018_v1.pdf, last access: 20 December 2018).

& Simmonds et al. (2017).

22 (SIO-05), HCFC-141b (SIO-05), HCFC-142b (SIO-05),
HFC-134a (SI0-05), HFC-125 (SIO-14), HFC-23 (SIO-07),
PFC-14 (SIO-05) and PFC-116 (SIO-07), as have archived
air measurements for HFC-134a and HFC-23. The archived
air measurements for HFC-125 reported by O’Doherty et
al. (2009) on the calibration scale UB-98 (UB: University
of Bristol) were converted to the latest scale SIO-14 by the
conversion factor SIO-14 /UB-98 = 1.0826 (see Table 2).
The archived air measurements for HCFC-22 reported by
Miller et al. (1998) on the calibration scale SIO-93 were con-
verted to the latest scale SIO-05 by the combined conver-
sion factors NOAA-1992 / SIO-93 = 0.997 £0.004, NOAA-
2006 / NOAA-1992=1.005 and NOAA-2006 / SIO-05 =
0.9971 £0.0027 (see Table 2). The firn air measurements
for HCFC-141b and HCFC-142b were reported on the cal-
ibration scale UB-98. Conversion factors NOAA-1994 / UB-
98 = 1.006 +0.003 and NOAA-1994 / SIO-05=0.9941 +
0.0049 are used to transfer data to the latest calibration scale
SI0-05 for HCFC-141b (Prinn et al., 2000; Simmonds et al.,
2017). For HCFC-142b, the data can be converted from scale
UB-98 to the latest calibration scale SIO-05 by conversion
factors NOAA-1994 /UB-98 = 0.937 £0.003 and NOAA-
1994 / S10-05 = 0.9743 £+ 0.0052 (Prinn et al., 2000; Sim-
monds et al., 2017).

All NOAA absolute calibration scales for various trace
gases are shown at https://www.esrl.noaa.gov/gmd/ccl/
scales.html (last access: 20 December 2018). NOAA flask
measurements were reported on the latest NOAA calibration
scale for HCFC-22 (NOAA-2006), HCFC-141b (NOAA-
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1994), HCFC-142b (NOAA-1994), HFC-134a (NOAA-
1995) and HFC-125 (NOAA-2008). NOAA archived air
measurements for HCFC-141b and HCFC-142b were also
reported on the latest scale. All data reported on NOAA
scales are converted here to AGAGE calibration scale for
both compounds. The conversion factors between AGAGE
and NOAA are shown in Table 2 and were derived on the ba-
sis of Table 12 from Prinn et al. (2000), Table S4 from Sim-
monds et al. (2017) and Table 5 from Prinn et al. (2018a).
The scale conversions between NOAA-1994 and SIO-98 for
HCFC-22 in Prinn et al. (2000) were based on the com-
parison of gas mole fractions in air samples in 1994-1995,
and the scale conversions between NOAA-1994 and UB-98
for HCFC-141b and HCFC-142b were based on the mea-
surements against the NOAA standard and UB standard in
1997-1998. In the recent studies, the scale conversions be-
tween NOAA and AGAGE were based on the compari-
son of gas mole fractions in air samples in 1998-2017 for
HCFC-22, HCFC-141b, HCFC-142b, and HFC-134 at CGO,
SMO, THD and MSD (Prinn et al., 2018a). For HFC-125,
the NOAA / AGAGE ratio was based on the comparison in
2007-2015 at CGO, SMO and THD (Simmonds et al., 2017).

Archived air measurements from UEA are obtained on
the NOAA-1994 scale for HCFC-141b and HCFC-142b and
on the NOAA-1995 scale for HFC-134a. It is important to
note that the original UEA calibration scale for HCFC-141b,
HCFC-142b and HFC-134a (Oram et al., 1995, 1996) has
been superseded by the NOAA scale. All UEA measure-
ments obtained on the NOAA scale are converted to the
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AGAGE calibration scale by the conversion factors shown
in Table 2.

2.6 Hemispheric annual mean and uncertainty
estimation

We assembled data from in situ, flask, archived air and
firn air measurements from the AGAGE, SIO, CSIRO,
NOAA and UEA networks and/or laboratories as well as
from AGAGE and NOAA model calculations (Table Sla—
h). As the AGAGE baseline monthly means are nominally
pollution-free data, the flask measurements from the NOAA
network were processed by a statistical procedure to iden-
tify measurements that may have been influenced by regional
pollution. Briefly, monthly means were calculated by averag-
ing around four values for each month. Then the resultant
standard deviations for each month were estimated by er-
ror propagation. For each month, values exceeding 3 stan-
dard deviations above the monthly mean were rejected as
polluted. Afterwards, the monthly means for flask measure-
ments were recalculated without pollution events, combined
with UEA data and converted to AGAGE scales. The com-
bined data from all networks and/or laboratories then formed
the database used here.

The initial database containing replicate times has been
converted into values without such replicates by using the
number of measurement-weighted averages at each replicate
time. That is to say, when measurements from different net-
works and sites are combined, hemispheric monthly averages
were first calculated by weighted averages to give monthly
means more weight as they are based on many individual
measurements.

Hemispheric monthly means for each compound were es-
timated by a smoothing spline fit to the combined and sorted
data. The inverses of the square of the standard deviations
(6 yi)_z) of each monthly mean or data points are used as the
weights for the spline fit. Although there are no significant
differences between the AGAGE and the NOAA monthly
means in the same hemisphere, the hemispheric monthly
means are closer to the AGAGE monthly means due to the
much higher number of measurements in a given month from
the AGAGE network (every 2 h, around 100-300 pollution-
free samples per month for each site) compared to the NOAA
network (weekly flask, around four samples per month for
each site).

Hemispheric annual means were calculated by averaging
the monthly means of the corresponding 12 months. The JFM
means and JAS means are estimated by averaging monthly
means of January, February and March and monthly means
of July, August and September of the same year.

The smoothing spline fit method discussed above was
based on previous studies (Reinsch, 1967; Craven and
Wahba, 1978; Wahba, 1983, 1990; Hutchinson and De Hoog,
1985). The method is briefly described below. For more de-
tails, see Sect. S1 in the Supplement.
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For a set of n data points taking values y; at times #;, the
smoothing spline fit g(¢) of the function g(#;) is defined to be
the minimizer of

L Te)—vil? P
Py | E + [ g wra. (1)

i=1

Generally, the function is given an initial guess by sam-
pling various values of the smoothing parameter p from
1074, 1073, ..., 10'°. The initial guess is the first local
maximum. If it does not exist, the minimum location is
used instead. The generalized cross-validation is used to es-
timate the smoothing parameter p. After estimating the opti-
mal smoothing parameter, the estimated variance (VAR) and
95 % Bayesian confidence intervals (CI) are calculated. The
weights (W) are assumed to be the inverse of the square of
standard deviations ((8y;)~2) associated with the observed
variables. The spline is calculated as specified by Rein-
sch (1967).

The uncertainties of the final annual means are calculated
based on the original uncertainties of the monthly means
(e.g., for AGAGE in situ data, a standard deviation from 100-
300 pollution-free measurements per month for each site) or
the measurement precisions for individual data points. The
uncertainties in the pollution-free AGAGE monthly means
and the calculated NOAA monthly means include uncer-
tainties in the measurements themselves (precision), scale
propagation errors and sampling frequency errors. When
the monthly means of the NOAA and UEA measurements
were converted to AGAGE scales, scale conversion errors
were also propagated. Following error propagation, the er-
rors of the hemispheric monthly means were first calculated
by the number of measurement-weighted root mean squares
(RMSs) of the standard deviation of replicate values. The fi-
nal uncertainties of hemispheric monthly means are calcu-
lated based on the misfit between the smoothing spline fit and
the observed values. The uncertainties of hemispheric annual
means were calculated as the square root of the squared er-
rors from each of the 12 months.

2.7 Seawater solubility estimation method

Solubility has been reported in terms of the Henry’s law
solubility coefficient H (molL~'atm™!), the mole frac-
tion solubility x (molmol™'), the Bunsen solubility coef-
ficient 8 (L L~!, in STP condition), the Ostwald solubil-
ity coefficient L (LL™"), the weight solubility coefficient
cw (mol kg’1 atm—!) or the Kiinen solubility coefficient S
(L g~1). The definitions of solubility are shown in Young et
al. (1982) and Gamsjdger et al. (2008, 2010). The relation-
ship between different solubility terms is
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where 7° =273.15K and p® =101.325kPa= 1 atm are
the standard temperature and pressure (STP); Vq is
the molar volume of the solvent, V;, =18.01528 x
103Lmol~! is the molar volume of water; R 1S
the ideal gas constant, 8.314459848 L kPaK ! mol~! (or
0.08205733847 L atm K~! mol’]); T is the temperature in
Kelvin; and M; is the molar mass of the solvent, which is
18.01528 ¢ mol~! for water. Next, we present three methods
to estimate the solubility of compounds in freshwater and
seawater.

2.7.1 Method I: the CGW model

The following method to estimate the solubility of gases
in seawater was reported in Deeds (2008) and is briefly
described here. The Clark—Glew—Weiss (CGW) solubility
equation can be used to calculate the solubility of gases in
freshwater and seawater. It is derived from the integrated
van 't Hoff equation and the Setschenow salinity dependence
(Weiss, 1970, 1974) and expressed as a function of tempera-
ture and salinity.

InL=a;+a>- (@) +az-In (i)
T 100
s [bl by (i) b (1)2} 3
100 100

where L is the Ostwald solubility coefficient in LL™! of a
gas in seawater, T is the absolute temperature in Kelvin, S is
the salinity in %o (or gkg™!), and a; and b; are constants.

When § = 0, this equation becomes the freshwater solu-
bility equation for a gas:

100 T
1nL0=a1+a2~ T +a3-1n m , (4)

where Ly is the Ostwald solubility in LL™! of a gas in fresh-
water.

We did not find complete studies on the solubility of our
target gases in seawater based on experiments. Fortunately,
the solubility of a gas in seawater can be determined from its
freshwater solubility, which can be represented by a modified
Setschenow equation (Masterton, 1975).

In(Lo/L) =k I, 5
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Here L is the freshwater solubility, L is the solubility in a
mixed electrolyte solution, such as seawater, k; is the salting-
out coefficient and I, is the ionic strength of the solution.
ks is an empirically derived, temperature-dependent constant.
It can be estimated as a function of temperature using the
freshwater and seawater solubility data by a least-square fit
with a second-order polynomial (Masterton, 1975).

ks =cit> +cat +c3 = ¢ (T —273.15)%
+ (T —273.15) + c3, (6)

where ¢ is the temperature in Celsius, 7 is the temperature in
Kelvin and ¢; represents the constants.

The ionic strength of seawater [, (g L~ 1) can be calculated
from its salinity (S) (Deeds, 2008):

~0.03600
"7 1.80655

xS x p(T,S), @)

where p(T, S) is the density of seawater in kg L~! estimated
using the equation of state of seawater (Millero and Poisson,
1981). This equation is suitable for temperature (7") from
273.15K (0°C) to 313.15K (40°C) and salinities (S) from
0.5 to 43.

The seawater solubility of the target compounds based on
method I can therefore be estimated by combining Eqs. (4),
(5), (6) and (7).

100 T
InL = a1 +ar - T +Clg~11’l m

cexpl—(c1 (T —273.15)2 + ¢»(T —273.15) + ¢3)
0.03600
1.80655

X

xS x p(T,S)] (8)

2.7.2 Method II: the pp-LFER model

The solubility estimation of compounds is based on a cavity
model: the poly-parameter linear free-energy relationships
(pp-LFERs) in Abraham (1993). The pp-LFER model has
been applied and validated for many types of partition co-
efficients (Abraham et al., 2004, 2012). In this model, the
process of dissolution of a gaseous or liquid solute in a sol-
vent involves setting up various exoergic solute—solvent in-
teractions. Each of these interactions is presented in rele-
vant solute parameters or descriptors. The selected Abra-
ham model solute descriptors are the excess molar refraction
(E) in cm®mol~!/10, the solute dipolarity—polarizability
(S), the overall solute hydrogen-bond acidity (A) and ba-
sicity (B), the McGowan’s characteristic molar volume (V)
in cm® mol~!/100, and the gas—hexadecane partition coeffi-
cient (log L'%) at 298.15K.
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logSP=c+¢eE+sS+aA+bB+vV )
logSP = c+¢E +5S+aA+bB +1logL'® (10)

In these equations, the dependent variable logSP is some
property of a series of solutes in a given system. Therefore,
SP could be the partition coefficient, P, for a series of solutes
in a given water—solvent system in Eq. (9) or L for a series
of solutes in a given gas—solvent system in Eq. (10).

In this work, logSP refers to some solubility-related prop-
erty of a series of gaseous solutes in water. SP is the gas—
water partition coefficient Ky, which can be defined in
terms of the equilibrium mole fractions of the solute through
Eq. (11).

Conc. of solute in water, in mol dm3

Ky 1)

" Conc. of solute in the gasphase, inmoldm™>

The Ostwald solubility coefficient Lo (in L L Yis usually
expressed as the gas—water partition coefficients Ky,, which
can be estimated by Eq. (10). But L( can be determined by
both Eqgs. (9) and (10) because the “solvent” in the “water—
solvent partition coefficient” could also be gas phase (Abra-
ham et al., 1994, 2001, 2012). Based on the definition of gas—
water partition coefficients in Eq. (11), the values calculated
from Eq. (9), the water—gas partition coefficients, should be
the reciprocal of the real solubility coefficients. But they are
not. When Abraham dealt with this in his work (Abraham et
al., 1994, 2001, 2012), he already treated the SP in Eq. (9)
as the Ostwald solubility coefficients Lg. So Lo can be de-
termined by both Eqgs. (12) and (13) by rewriting Egs. (9)
and (10).

loglo=c+eE+sS+aA+bB+vV (12)
logLo=c+eE +sS+aA+bB+1logL' (13)

Inspired by Endo et al. (2012) and Goss et al. (2006), us-
ing the pp-LFER model to estimate the salting-out coeffi-
cients based on corrected V (V;) (described afterwards), V.,
replaced V in Eq. (12) with the same coefficients and other
descriptors. It was also used to calculate the Ostwald solubil-
ity coefficient in water, expressed as Eq. (14), for compari-
son.

loglo=c+eE+sS+aA+bB+vV, (14)

L values estimated by Egs. (12), (13) and (14) based on
V,log L'® and V. were compared with the observed values.
The estimated L closest to the observed values will be cho-
sen as the one to estimate the Ostwald solubility coefficients
in water for the pp-LFER model method.
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Table 3. Regression coefficients in equations for partition.
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The set of coefficients, c, e, s, a, b, v and [ characterize a
solvent phase in terms of specific solute—solvent interactions.
They are determined by multiple linear regression (MLR)
analysis. The coefficients c, e, s, a, b, v and [ for Egs. (12),
(13) and (14) at 298.15 and 310.15K are shown in Table 3
(Abraham et al., 1994, 2001, 2012). The Abraham model so-
lute descriptors E, S, A, B, V, V; and 1ogL]6 are calculated
based on different methods and shown in Table 4. E for target
compounds except HCFC-22 and PFC-116 can be obtained
from Abraham et al. (2001). For HCFC-22, the value of the E
descriptor was calculated by Eq. (15) on the basis of the num-
ber of iodine, bromine, chlorine and fluorine atoms (nl, nBr,
nCl and nF) in a halocarbon (Abraham et al., 2012) obtained
from a regression analysis of 221 compounds. The methods
of determining S, A, B descriptors are reported in previous
studies (Abraham et al., 1989, 1991, 1993). The V descriptor,
which is the measure of the size of a solute, is the molar vol-
ume of a solute calculated from McGowan’s approach (Mc-
Gowan and Mellors, 1986; Abraham and McGowan, 1987).
The V. descriptor is the corrected McGowan’s characteris-
tic molar volume with the characteristic atomic volume for
a fluorine atom (Goss et al., 2006). L'° is the solute gas—
hexadecane partition coefficient or the Oswald solubility co-
efficient in hexadecane at 298.15 K, which can be obtained
from previous studies (Abraham et al., 1987, 2001, 2012).

E =0.641n1 4+0.328nBr +0.140nCI — 0.0984n F
n=221,SD =0.083 (15)

The solubility of a compound in salt solution can be deter-
mined from its solubility in water by Eq. (16). This equa-
tion is also the method for the quantitative description of
the salting-out effect in neutral organic solutes, expressed
in the following form using a modified Setschenow relation-
ship (Sander, 1999; Schwarzenbach et al., 2003; Endo et al.,
2012):

log(Lo/L) = Ks - [salt], (16)

where L is the Ostwald solubility coefficient in pure water
(in LL™1), L is the Ostwald solubility coefficient in the salt
solution (in LL™1), Ky is the molality-based Setschenow (or
salting-out) coefficient M~ for the salinity- and common-
logarithm-based Setschenow equation and is independent of
[salt], and [salt] is the molality of the salt in mol L1 The
relationship between [salt] and salinity (S, gL~') in seawa-
ter is [salt] = S/ Mnac1. Mnacl is the molar mass of sodium
chloride (NaCl, 58.44gm01’1). So the salt mole fraction
in seawater is approximately equivalent to 0.6 M NaCl (i.e.,
[NaCl] = ca. 0.6 M). It is best to define the salt solution based
on molality. Adding dry salt to a solution does not change the
molality of other solutes as the molality is the mass of the
solvent rather than the solution (Sander, 1999).
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The salting-out coefficient Kg should be estimated to cal-
culate the solubility of a compound in a salt solution. Kg can
be estimated by the poly-parameter linear free-energy rela-
tionships (pp-LFERSs) since Kg is formally comparable with
the common logarithm of the partition coefficient between
the 1 M NaCl solution and freshwater (Abraham et al., 2012;
Endo et al., 2012).

Ks=c+eE+sS+aA+bB+vV, 17

The coefficients c, e, s, a, b and v for Eq. (17) at 298.15+
2K are shown in Table 3 (Endo et al., 2012). E, S, A, B and
V. are the same as the ones described above. It is not easy
to calculate the error in the descriptors as all the descriptors
are calculated simultaneously (Abraham et al., 2001). E is
calculated without error. V. is the McGowan’s characteristic
molar volume without error. The general errors of S, A, B are
thought to be 0.03 (Abraham et al., 1998, 2001). We assume
that the error for each is 0.01 when S, A and B are all not zero
and that the error is 0.03 for S and O for A and B when S is
not zero but A and B are both zero. So the uncertainties of
salting-out coefficients could be calculated by error propaga-
tion based on different functions. Using the above pp-LFER
model, the Setschenow coefficient Kg can be estimated for
numerous compounds with various functional groups (Endo
et al., 2012).

The solubility of compounds in seawater based on the
pp-LFER model can be estimated by combining one of the
Egs. (12), (13), (14) with Egs. (16) and (17).

K-S
L=Ly 10" "na (18)

In order to distinguish between Abraham’s original
method and the revised method based on his method in es-
timating Ostwald solubility coefficients in water, we name it
“method II” when Ly is calculated by Egs. (12) or (13) and
“revised method II” when Ly is calculated by Eq. (14).

2.7.3 Combined method: combined CGW model and
pp-LFER model

The main difference between the two methods described
above to estimate the solubility of compounds in seawater
is the different methods to estimate the water solubility and
salting-out coefficients. Method I, reported in Deeds (2008),
is mainly based on the Clark—Glew—Weiss (CGW) solubil-
ity model. The water solubility functions of compounds are
constructed based on the CGW model and the salting-out co-
efficients are estimated as a function of temperature using the
freshwater and seawater solubility data by the least-square fit
with a second-order polynomial. In method I, more solubil-
ity measurements in water and seawater are needed and the
chemical properties of compounds are considered. Method
IT is based on the poly-parameter linear free-energy rela-
tionships (pp-LFERs). The water solubility of compounds
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Table 4. E, S, A, B, V, V. and log Lo descriptors of HCFC-22, HCFC-141b, HCFC-142b, HFC-134a, HFC-125, HFC-23, PFC-14, PFC-

116 and CFC-12 for the pp-LFER model.

Species Chemical formula E S A B Vv Ve loglL 16
HCFC-22 CHCIF, —0.056 0.380 0.040 0.050 0.4073 0.4473 0.692
HCFC-141b  CpH3CI,F 0.084 0.430 0.005 0.054 0.6530 0.6729 1.920
HCFC-142b  C,H;3CIF, —0.080 0.240 0.060 0.056 0.5482 0.5882 1.081
HFC-134a CH,FCF; —-0.410 0.342 0.060 0.040 04612 0.5412 0.318
HFC-125 C,HFj5 —0.510 —0.019 0.105 0.064 0.4789 0.6445 0.100
HFC-23 CHF3 —0.427 0.183 0.110 0.034 0.3026 03626 —0.274
PFC-14 CFy4 —0.550 —0.250 0.000 0.000 0.3203 0.4003 —0.819
PFC-116 C,Fg —0.590 —0.350 0.000 0.000 0.4966 0.6166 -
CFC-12 CClhF, 0.027 0.125 0.000 0.000 0.5297 0.5697 1.124

and salting-out coefficients are both estimated based on
the pp-LFERs. Consideration of the physical properties of
compounds is more important in method II. Both methods
have shortages and advantages. For method I, there are fre-
quently too few seawater solubility measurements for tar-
get compounds in order to construct the second-order poly-
nomial between the salting-out coefficient and temperature.
For method II, the water solubility functions for target com-
pounds are only constructed at 298.15 and 310.15 K (Abra-
ham et al., 2001, 2012).

The best approach is a combination of methods I and
IT to construct the solubility of compounds in water and
seawater. The freshwater solubility functions of compounds
can be constructed based on the Clark—Glew—Weiss (CGW)
solubility model (method I) with the advantage of valid-
ity over a larger temperature range. The seawater solubil-
ity functions of compounds can be constructed on the ba-
sis of the pp-LFERs in estimating the salting-out coefficients
(method II) with the advantage of working for more com-
pounds. By combining Egs. (4), (16) and (17), the solubility
of compounds in seawater (L, Ostwald solubility coefficient
in LL™!) based on the combined method can be estimated
by the following equation. This equation is used to estimate
the seawater solubility of the target compounds in this paper.

100
L= lo—KS-S/MNaCI ,exp [al +a2 . (T) +a3
T
Inl —
(100)]

3 Results and discussion

19)

3.1 Atmospheric histories and growth rates

During late winter, typically January, February and March in
the Northern Hemisphere and July, August and September in
the Southern Hemisphere, heat is lost from the surface sea-
water, which results in an increased density of the surface
seawater. During this process, the mixed layer deepens and
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older water (usually with lower transient tracer mole frac-
tions) is brought in contact with the atmosphere. The mixed
layer gains density and tends to be transported towards the
ocean interior through diffusive, advective and/or convec-
tive processes. This water then carries with it a signature of
the atmospheric mole fraction, pending the saturation state
of the water as it leaves the surface layer. For tracers with
rapidly increasing atmospheric mole fractions and for deep
mixed layers, under-saturation of the tracers has frequently
been reported (e.g., Tanhua et al., 2008). Since we are in-
terested in reporting the annual means for the compounds
for their use as oceanic tracers of water masses, it is use-
ful to know the atmospheric mole fractions of these com-
pounds in late winter compared to annual means. JFM and
JAS are nominally the coldest times in the Northern and
Southern Hemisphere, respectively, and normally the main
periods when water masses are formed. Therefore, we recon-
structed JFM mean and JAS mean atmospheric mole frac-
tions for all species in the Northern and the Southern Hemi-
sphere. The annual mean atmospheric mole fractions of these
compounds are mainly given to allow for comparison to the
annual mean atmospheric mole fractions for CFC-11, CFC-
12, CFC-113 and CCly given in previous studies (Walker et
al., 2000; Bullister, 2015).

As described in Sect. 2, there are a number of datasets
available for HCFC-22, HCFC-141b, HCFC-142b, HFC-
134a, HFC-125, HFC-23, PFC-14 and PFC-116 (Table S1,
Fig. Sla—h in the Supplement). Once consolidated into a sin-
gle dataset via a common calibration scale, all data were fit-
ted by a smoothing spline to determine the monthly means
for each compound. The hemispheric annual mean, JFM
mean (NH) and JAS mean (SH) atmospheric dry air mole
fractions in parts per trillion (ppt) are then estimated and
shown in Fig. Sla-h and the top of Fig. 2a—h. The associ-
ated uncertainties were estimated by error propagation and
are shown at the top of Fig. 2a—h. The mole fractions and as-
sociated uncertainties are also given with JFM means (e.g.,
2000.125), annual means (e.g., 2000.500) and JAS means
(e.g., 2000.625) and shown in Table S2. Annual growth
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Figure 2. (a) HCFC-22: the top of the panel shows the JEM means (NH), annual means (NH and SH) and JAS means (SH) of atmospheric
mole fractions and the interhemispheric gradients (IHG, in black, using the right axes). The lower section shows the annual growth rates in
ppt yr_l. Shadings in the figure reflect the uncertainties. (b) Similar to Fig. 2a, but for HCFC-141b. (¢) Similar to Fig. 2a, but for HCFC-
142b. (d) Similar to Fig. 2a, but for HFC-134a. (e) Similar to Fig. 2a, but for HFC-125. (f) Similar to Fig. 2a, but for HFC-23. (g) Similar to

Fig. 2a, but for PFC-14. (h) Similar to Fig. 2a, but for PFC-116.

rates were calculated based on the annual means combined
with their associated errors and are shown at the bottom of
Fig. 2a-h. Interhemispheric gradients (IHGs) are estimated
from the annual mean atmospheric mole fractions of a gas in
the NH minus the annual mean in the SH in the same year
(Fig. 2a-h). Errors of the IHG were estimated based on error
propagation of the annual means in the NH and the SH in the
same year (Fig. 2a-h).

3.1.1 HCFC-22

Annual mole fractions of HCFC-22 (Figs. 2a, S1a, Table S2)
were 253.2 £ 0.4 ppt (NH) and 231.2£0.3 ppt (SH) in 2017,
which is a 23 % increase from 2009 (Montzka et al., 2010a).
The interhemispheric gradient (IHG) initially increased but
has been diminishing since 2010 because of a decline in
emissions (growth rates). Growth rates for HCFC-22 rose
steadily until 1990, followed by a slight decrease, which co-
incides with the large production and consumption reported
between the 1950s and 1990s (Fig. 1) and a freeze of pro-
duction magnitudes in developed countries in 1996. A rapid
increase occurred between 2005 and 2008. Corresponding
step changes were also seen in 2005 in both observations
(upper panel in Fig. 2a) and emissions (Xiang et al., 2014)
in response to the United Nations Environment Programme
(UNEP) production changes (UNEP, 2018). The growth rate
peaked in 2007 (NH) at 8.4 pptyr—' and in 2008 (SH) at
7.6 pptyr~! before a sharp 91 % decline to 2016 at an annual
average rate of 0.8 ppt yr—2 (NH) and 0.7 ppt yr—2 (SH). This
suggests that global emissions are not growing as rapidly
as before 2008, as reported by Montzka et al. (2015) and
Graziosi et al. (2015), consistent with the phaseout in the
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dispersive application of HCFCs since 2007 (Graziosi et al.,
2015).

3.1.2 HCFC-141b

HCFC-141b (Figs. 2b, S1b, Table S2) annual mole fractions
increased from 1990, and a slowdown occurred in the second
half of the 2000s, corresponding to a sharp drop in produc-
tion and consumption in 2005 (Montzka et al., 2015). HCFC-
141b annual mole fractions have increased to a maximum
of 26.0£0.1ppt (NH) in 2016 and 23.6 £ 0.1 ppt (SH) in
2017, representing 36 % (NH) and 41 % (SH) increases from
2005 and 7 % (NH) and 12 % (SH) increases from 2012. This
also suggests that the annual mole fractions in the NH be-
gan to decrease. Rapid growth rates were seen before 1993
(NH) and 1995 (SH), coinciding with intensified industrial
production and consumption of HCFCs in the 1990s. This
is followed by a comparatively stable plateau period, 1994—
1999 (NH) and 1995-1999 (SH), consistent with UNEP pro-
duction (Montzka et al., 2015) and consumption changes
(UNEP, 2018). Subsequently, the growth rate declined un-
til around 2005. Since 2005, production has increased sub-
stantially in developing countries, so growth rates recovered
to higher values in 2006-2007. Growth rates in 2012 appear
to represent a 109 % (NH) and 59 % (SH) decline to 2016
of —0.07 pptyr~!' (NH) and 0.36 ppt yr—! (SH). The growth
rates in 2016 are very close to the growth rates seen in the
1980s. This decline coincides with the global production and
consumption of HCFCs being capped in 2013 in developing
countries (Montzka et al., 2015).
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3.1.3 HCFC-142b

Annual mean mole fractions for HCFC-142b (Figs. 2c, Slc,
Table S2) show a slow initial increase until 1989 followed
by a sharp increase in the 1990s, the same slowdown in the
mid-2000s as seen with HCFC-141b, and finally a plateau in
recent years. Annual mole fractions reached a maximum of
23.440.1 ppt (NH) and 21.9£0.1 ppt (SH) in 2017 at the end
of the time series, representing a 39 % (NH) and 48 % (SH)
increase since 2005. Annual mole fractions in the NH show a
declining trend. The IHG and growth rates exhibit two peaks,
one in the 1990s and another in 2007-2008, followed by a
substantial drop. There are minima in growth rates around
2005 for all three HCFCs. The peak—valley—peak distribution
patterns of HCFCs are consistent with the UNEP consump-
tion changes (UNEP, 2018). For HCFC-142b, this is followed
by a dramatic 99 % (NH) and 94 % (SH) decline to 2015
from 2007-2008 at an annual average rate of 0.14 ppt yr—2
for both hemispheres. This decline in both atmospheric mole
fractions and emissions follows reduced production and con-
sumption in developed countries and a leveling-off of pro-
duction and consumption in developing countries (Carpenter
et al., 2014). The current growth rates for HCFC-142b are
similar to those seen in the 1980s before the rapid increase in
emissions.

3.14 HFC-134a

Annual mean mole fractions of HFC-134a (Figs. 2d, S1d,
Table S2) have increased continuously since the 1990s. The
monotonical increase is reflected in emissions (Xiang et
al., 2014; Montzka et al., 2015; Simmonds et al., 2017).
HFC-134a annual mole fractions reached a maximum of
102.7£0.2 ppt (NH) and 89.4 0.2 ppt (SH) by the end of
the current time series, representing 163 % (NH) and 191 %
(SH) increases since 2005 and 40 % (NH) and 42 % (SH)
increases since 2012. IHG and growth rates started to in-
crease around 1992, then rapidly increased in 1995-2004,
followed by a stabilization of growth rate in 2009-2012 and
then an increase since 2012. The maximum growth rates are
shown at the end of the time series of 6.5 ppt yr~! (NH) and
6.0ppt yr~! (SH), representing a 3.7-3.8 % per year increase
from 2005 and a 6.3-6.5 % per year increase from 2012.

3.1.5 HFC-125

Annual mean mole fractions, IHG and growth rates of HFC-
125 (Figs. 2e, Sle, Table S2) increased throughout the atmo-
spheric history record, which reflects a continuing increase
in emissions (O’Doherty et al., 2009; Montzka et al., 2015;
Simmonds et al., 2017). Annual mole fractions reached a
maximum of 25.7£0.1ppt (NH) and 21.7 + 0.05 ppt (SH)
at the end of the time series, representing 199 % (NH) and
216 % (SH) increases since 2009 (O’Doherty et al., 2009).
The growth rate reached a peak of 3.1pptyr—! (NH) and
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2.6pptyr~! (SH) by the end of the time series, represent-
ing 117 % (NH) and 138 % (SH) increases from 2009. The
increase in the growth rate of HFC-125 is more than 3 times
the growth rate increase for HFC-134a.

3.1.6 HFC-23

Annual mean mole fractions of HFC-23 (Figs. 2f, S1f, Ta-
ble S2) have increased since 1978. HFC-23 atmospheric
mole fractions peaked at 30.7 £ 0.05 ppt (NH) and 29.2 &+
0.06 ppt (SH) by the end of the time series (in 2017), rep-
resenting a 4-4.1 % per year increase since 2009 (Miller et
al., 2010). IHG and growth rates exhibit an increasing trend
with large fluctuations over the time series, with local max-
ima in the growth rate in 2006 and 2013 and a minimum in
2009, which reflect changes in emissions (Carpenter et al.,
2014; Simmonds et al., 2018). The slowing in growth rate
was in response to emission reductions in developed coun-
tries that began in the late 1990s, combined with the UN-
FCCC CDM destruction program for developing countries
that started around 2007 (Miller and Kuijpers, 2011; Car-
penter et al., 2014). The higher values in growth rates could
be attributed to the increase in production of HCFC-22 with
no subsequent incineration of HFC-23 (Miller and Kuijpers,
2011; Carpenter et al., 2014). The current annual growth
rates are 1.1 ppt yr~! (NH) and 0.86 ppt yr~! (SH), represent-
ing 100 % (NH) and 68 % (SH) increases since 2009. The in-
crease in the growth rates for HFC-23 is between the ones for
HFC-134a and for HFC-125.

3.1.7 PFC-14 (CFy)

Trudinger et al. (2016) used a firn diffusion model to deter-
mine the atmospheric abundance of PFC-14 (Figs. 2g, Slg,
Table S2) since 1900 from ice core, firn air, archived air and
in situ measurements. Here we updated and extended the
time series assembled by Trudinger et al. (2016). PFC-14 has
a natural background of 34.05 &£ 0.33 ppt (Trudinger et al.,
2016). Annual mean mole fractions and growth rates began
to increase around 1900, with a local maximum in growth
rate around 1943. The maximum reflects changing emissions
from increasing aluminium production during World War 11
(Barber and Tabereaux, 2014; Trudinger et al., 2016), for ex-
ample for the construction of aircraft. Mole fractions of PFC-
14 began to increase rapidly in the 1970s. Since then it has
continued to grow, reaching a maximum of 84.30 4= 0.04 ppt
(NH) and 83.05£0.03 ppt (SH) at the end of the time se-
ries (in 2017), representing 8 % (NH) and 7 % (SH) increases
from 2009. The growth rates began to increase from the
1950s and peaked in 1980 before declining. The decline is
attributed to a concerted effort by the aluminium and semi-
conductor industries to reduce their emissions (Trudinger et
al., 2016). The growth rate minimum in 2009 could be re-
lated to the global financial crisis (Trudinger et al., 2016).
PFC-14 growth rates have increased again during the last
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5 years probably due to increased aluminium production and
perhaps rare earth element production in developing coun-
tries (Vogel and Friedrich, 2018). The current growth rates
are 0.91 pptyr~' (NH) and 0.85 pptyr~—! (SH), representing
48 % (NH) and 49 % (SH) increases from 2009.

3.1.8 PFC-116

We updated and extended the time series previously shown
in Trudinger et al. (2016). PFC-116 (Figs. 2h, S1h, Table S2)
has a preindustrial background of 0.002 ppt (Trudinger et
al., 2016). PFC-116 shows a similar atmospheric trend to
PFC-14. Annual mean mole fractions have increased since
~ 1900, with a step-up around 1943 (discussed above; PFC-
116 is coproduced with PFC-14 during aluminium produc-
tion), and increased significantly in the 1970s, reaching
4.73 £0.007 ppt (NH) and 4.06 & 0.007 ppt (SH) by the end
of the record, representing 16 % increases from 2009. PFC-
116 growth rates began to increase slowly, followed by max-
ima around 1943 (discussed above for PFC-14). Then they
declined and stayed relatively stable until 1965 when they
started to climb to a maximum at the end of the 1990s.
Subsequently, they declined and stayed relatively stable at
0.104 pptyr—! (NH) and 0.09 (SH) pptyr—!.

Global annual mean mole fractions of HCFCs, HFCs and
PFCs, except HCFC-141b and HCFC-142b, have increased
continuously in the background atmosphere throughout the
whole atmospheric history record (Fig. 2a-h). Recent growth
rates are decreasing for HCFCs, increasing for HFCs and sta-
ble for PFCs. From Fig. 2a-h, it is clear that the mole frac-
tions for target compounds in the NH are always larger than
those in the SH but follow similar trends; the growth rates in
both hemispheres are also similar (lagged in the SH) and the
trends in IHG and in emissions and growth rates are very sim-
ilar. This behavior is because the majority of the emissions
(typically >95 %) occur in the NH extratropics (O’ Doherty et
al., 2009; Saikawa et al., 2012; Carpenter et al., 2014; UNEP,
2018) and the interhemispheric mixing time is around 1 or
2 years. Thus, the larger the increase in emissions in the NH,
the higher the resultant IHG. If all emissions stop, long-lived
compounds would expect to reach near-identical mole frac-
tions in both hemispheres.

3.2 Growth patterns

The atmospheric history trends of target compounds gener-
ally follow expected patterns based on the history of their
known industrial applications and production bans. We can
make out three distinct behavioral patterns with which we
could predict the trend of annual mean mole fractions of
these compounds. In pattern I, the annual mean mole frac-
tions show sigmoidal (S-shaped) growth and the annual
growth rates exhibit the shape of Gaussian distribution over
the whole time period, such as HCFC-141b and HCFC-142b.
This means that the annual mole fractions of these com-
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pounds are going to decrease or are decreasing. In pattern
II, the annual mean mole fractions show initial exponential
growth followed by a period of linear increase, while the
growth rates show a sigmoidal pattern but a slight increase
recently, such as HFC-134a and HFC-23 (combined with the
modeled mole fraction output of HFC-23 from 1950 to 2016
shown in Fig. 1 in Simmonds et al., 2018). This means that
the mole fractions of these compounds are going to contin-
uously increase with relatively slower growth rates in the
near future. Afterward, they will likely experience a plateau
phase, followed by a decline following the restrictions im-
posed by the 2016 Kigali Amendment to the Montreal Proto-
col. Since the atmospheric lifetime of HFC-23 is much longer
than that of HFC-134a, time profiles and IHG change are ex-
pected to be a little different between HFC-134a and HFC-
23. In pattern III, the annual mean mole fractions and growth
rates both show exponential (J-shaped) growth, such as HFC-
125. So the atmospheric history and growth rates of HFC-125
are going to increase for a longer period of time than HFC-
134a and HFC-23, and then will likely follow a similar path
to the compounds in pattern II as they are subjected to the
same regulations.

The annual mean mole fractions of the remaining halo-
genated compounds, HCFC-22, PFC-14 and PFC-116, have
also increased throughout the time series and continue to
increase today. The growth rates of these compounds ini-
tially increased and experienced a peak before declining. The
growth trend for HCFC-22 is more likely to experience a
plateau and then a decrease, following the trends of HCFC-
141b and HCFC-142b as they are subjected to the same reg-
ulations. Different from all other target compounds, the an-
nual mean growth rates of PFC-14 and PFC-116 have sta-
bilized after a short decline without specific restrictions on
emissions. This could be attributed to the changing sources
of both PFC-14 and PFC-116. PFC emissions from the alu-
minium industry dominated for a long time but have likely
been declining for the past decade or so, while emissions
by the electronics industry (Kim et al., 2014) and probably
the rare earth elements industry became more important. The
very long lifetimes of PFCs in the atmosphere makes a de-
crease in the atmospheric mole fraction unlikely in the fore-
seeable future.

Considering the combined growth patterns and the produc-
tion and consumption histories for these gases (Fig. 1), the
sequence of atmospheric change in HCFCs and HFCs coin-
cides with the replacement sequence of CFCs. In the 1980s,
CFCs were found to be a threat to the ozone layer (Molina
and Rowland, 1974; Rowland and Molina, 1975). To facili-
tate the phaseout of the more potent ozone-depleting CFCs,
HCFC production and consumption increased rapidly in de-
veloped countries in the 1990s and in developing countries in
the mid-2000s as industrial and domestic usage of CFCs was
curtailed. Thus, atmospheric growth rates of HCFCs reached
a peak in the 1990s and/or 2000s. Following the 2007 amend-
ment to the Montreal Protocol, the production and consump-
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tion of HCFCs was phased out sooner than originally man-
dated. With a large emission source of HCFC-22 existing in
refrigeration systems and stockpiling, emissions are expected
to continue (Carpenter et al., 2014). The atmospheric mole
fractions of HCFCs tend toward stable values or decline as
a consequence of the freeze of HCFC production and con-
sumption for dispersive uses in 2013 in Article 5 countries.
Moreover, the growth rates of HCFCs are decreasing. HFCs
have been developed as potential substitutes for both CFCs
and HCFCs because they pose no harm to the ozone layer.
Their production and consumption has increased rapidly over
the past decade or so. This accounts for the rapid growth
of the atmospheric mole fractions of many HFCs and the J-
shaped or S-shaped patterns of their growth rates.

3.3 Solubility in seawater

The seawater solubility functions for HCFC-22, HCFC-
141b, HCFC-142b, HFC-134a, HFC-125, HFC-23, PFC-14
and PFC-116 are estimated based on their freshwater solu-
bilities as no direct studies of the solubility functions of the
target compounds in seawater have been published.

3.3.1 Solubility in freshwater

Available freshwater solubility data for HCFC-22, HCFC-
141b, HCFC-142b, HFC-134a, HFC-125, HFC-23, PFC-14
and PFC-116 from previous studies were compiled. These
data were converted to a common solubility unit (Ostwald
solubility, Lo, in LL™!) and fitted with the Clark—-Glew—
Weiss (CGW) function of temperature to construct the fresh-
water solubility equations shown in Fig. S2a-h. For data
from Abraham et al. (2001), only the observed values of wa-
ter solubility are involved in the fits; those calculated values
using the (revised) method II (described below) are shown
only for comparison. The water solubility functions in Ost-
wald solubility units for HCFC-22, HFC-134a, HFC-125,
HFC-23 and PFC-116 (Fig. S2a, d, e, f, h) are compared
with the results from Deeds (2008) and agree well. Except
for HFC-125, the results for other compounds match well
with each other.

For HFC-125, three fitted curves are shown in Fig. S2e,
reflecting the fact that data obtained by different methods
do not agree with each other. Curve 1 includes data from
Miguel et al. (2000), in which the ¢ — ¢ approach (the fu-
gacity coefficient—fugacity coefficient method) has been used
to predict the experimental results and the fugacity coeffi-
cients were calculated using a modified version of the Peng—
Robinson equation of state, and Battino et al. (2011), in
which the data were collected from the International Union
of Pure and Applied Chemistry (IUPAC) Solubility Data Se-
ries, in some cases as averages or estimates. Curve 2 includes
data from Mclinden (1990) obtained from the vapor pressure
of the pure substance divided by aqueous solubility (some-
times called VP / AS) and HSDB (2015), in which the data
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were calculated with the quantitative structure—property re-
lationship (QSPR) or a similar theoretical method. Curve 3
includes data from Reichl (1996) and Abraham et al. (2001),
which are both measured values from original publications.
Considering that the data based on measurements match with
our results (Fig. S2e) calculated by method II (only based on
the physical properties of compounds), curve 3 (the curve in
the bottom) is chosen as the water solubility fit.

For PFC-14, the freshwater solubility curve in Ostwald
solubility units (Fig. S2h) was compared with the ones from
both Clever (2005) and Deeds (2008). The curve in this study
matches better with the one from Clever (2005). In Fig. S2a-
h, the fits for water solubility functions agree within 4.0 %,
7.8%,2.5%,6.8%,59% 2.3 %,0.95% and 3.5 % with the
majority (two-thirds) of the data for HCFC-22, HCFC-141b,
HCFC-142b, HFC-134a, HFC-125, HFC-23, PFC-14 and
PFC-116, respectively. The constants ay, az, a3 for the solu-
bility functions of the target compounds in water are given in
Table 5.

In order to validate the calculation method of water sol-
ubility, the solubilities for CFC-12 in water calculated by
the combined method and by the method from Warner and
Weiss (1985) were compared. Warner and Weiss (1985) es-
timated the freshwater and seawater solubility function of
CFC-12 through experiments and a different model fit with-
out using a salting-out coefficient. The freshwater solubility
function of CFC-12 calculated by the combined method was
constructed by collecting freshwater solubility data from the
literature (Fig. S2i). The freshwater solubilities of CFC-12
from Warner and Weiss (1985) match data from other studies
very well (the root mean square of misfit is 0.006). Moreover,
the fits based on the function in Warner and Weiss (1985) and
the CGW model in this study match very well (Fig. S2i). The
average relative standard deviation (RSD) of water solubil-
ity estimated by the two methods for CFC-12 in the range of
273.15-313.15K (0-40°C) is 0.17 %. This means that our
method for estimating freshwater solubility is valid.

3.3.2 Salting-out coefficient

The salting-out coefficient Kg is independent of salinity and
is a function only of temperature, which can be obtained from
method I and method II in Sect. 2.7. In order to validate this,
Ks was calculated by Eq. (16) (method II) based on the ex-
perimental results of the freshwater and seawater solubility
of CFC-12 from Warner and Weiss (1985). The average of
Ks is 0.2294 (1.41 x 10719) Lg~! at 298.15K when the
salinity is in the range of 0—40. The RSD is 6.16 x 1013 %,
which is minor enough to be neglected. Thus, Kg is inde-
pendent of salinity. In Fig. S3, a quadratic relationship be-
tween the salting-out coefficient and temperature was found.
Ks is in the range of 0.229-0.249Lg~! (at a mean of
0.235+0.005L g™ ") at a salinity of 35 when the tempera-
ture is in the range of 273.15-313.15 K (0—-40°C). The RSD
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Table 5. Ostwald solubility coefficients of HCFC-22, HCFC-141b, HCFC-142b, HFC-134a, HFC-125, HFC-23, PFC-14, PFC-116 and

CFC-12 in seawater estimated based on the combined method.

Compound aj ap a3 Tiin Tiax Lgat latm, L at1atm,25°C,

(K) (K) 25°C(@LL™b 35.0%0 (LL™1)
HCFC-22 —66.9256  109.8625  27.3778 0.169+0.022 278.15 353.15 0.844 0.669
HCFC-141b  —85.6439  138.0940  35.6875 0.204+0.023 278.15 353.15 0.711 0.537
HCFC-142b  —73.3682  118.3104  29.8797 0.198+£0.022 278.15 353.15 0.352 0.268
HFC-134a —67.1680  109.1227  27.0984 0.193+0.022 278.15 353.15 0.381 0.292
HFC-125 —51.8823  84.5045 19.3067 0.224+£0.021 283.15 343.15 0.086 0.063
HFC-23 30.0046 —31.6631 —18.8072 0.168+0.021 278.15 348.15 0.313 0.249
PFC-14 —113.8218  162.6686  49.4215 0.202+0.022 273.15 328.15 0.00513 0.00388
PFC-116 —102.0437  147.9210  41.9999 0.244+0.022 278.15 328.15 0.00143 0.00102
CFC-12 —101.3445 1564709 422833 0.204%0.021 273.15 348.15 0.069 0.052

100

L = 10~KsS/Mxaci . exp [al +ay- (T) +a3-In (%)]

is 2.3 %. This means that the effect of temperature on the
salting-out coefficient is also very small.

In order to estimate the solubility functions for target com-
pounds in seawater, their salting-out coefficients (Ks) should
be estimated. As shown in Eq. (17), Kg is estimated based
on the descriptors of all target compounds. With the excep-
tion of PFC-116, E, S, A, B and V. values for the target
compounds were obtained from Abraham et al. (2001, 2012).
For PFC-116, the excess molar refraction (E) was calculated
by Eq. (15). The dipolarity—polarizability (S) for PFC-116
(C,Fg) was estimated as —0.350 based on the S of PFC-14
(CF4, —0.250) and PFC-218 (C3Fg, —0.450) (Abraham et
al., 2001) and the error for the estimate of S is estimated to
be 0.02 based on the error propagation. A and B for PFC-116
(CyFg) are both zero since it includes only carbon—halogen
atom bonds and no carbon-hydrogen bonds. V. of PFC-116
was obtained from Abraham and McGowan (1987) and Goss
et al. (2006). The values of all descriptors for the target com-
pounds are shown in Table 4. The errors in calculating the de-
scriptors were estimated as 0.088, 0.047, 0.128, 0.081, 0.095,
0.051, 0.071 and 0.088 for HCFC-22, HCFC-141b, HCFC-
142b, HFC-134a, HFC-125, HFC-23, PFC-14 and PFC-116,
respectively (Abraham et al., 2001). On the basis of the E,
S, A, B, V. descriptors, salting-out coefficients (Kg) were
estimated at 298.15 &2 K and are shown in Table 5.

As shown in Sect. 2.7.2, Kg changes with temperature,
which is described by the coefficients c, e, s, a, b and v in
Eq. (17). The salting-out coefficient is a second-order poly-
nomial function of temperature as we described for method
I in Sect. 2.7.1 and discussed above for CFC-12 (Fig. S3).
Based on the discussion for CFC-12, the effect of tempera-
ture on the salting-out coefficient is small. Also, very limited
studies of Kg have been reported and we assume that the
salting-out coefficient Kg does not change with temperature
(i.e., it is a constant). Thus, the final salting-out coefficients
are calculated using Eq. (17) at 298.15 K for the target com-
pounds and shown in Table 5.
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3.3.3 Solubility in seawater based on the combined
method

Following the calculation method shown in Sect. 2.7.3,
seawater solubility functions for HCFC-22, HCFC-141b,
HCFC-142b, HFC-134a, HFC-125, HFC-23, PFC-14 and
PFC-116 were constructed in the corresponding tempera-
ture range (Table 5) based on Eq. (19). Ostwald solubility
coefficients in seawater at 1atm, 25°C and 35 gkg™" were
estimated to be 0.669LL~! for HCFC-22, 0.537 (HCFC-
141b), 0.268 (HCFC-142b), 0.292 (HFC-134a), 0.063 (HFC-
125), 0.249 (HFC-23), 0.00388 (PFC-14) and 0.00102 (PFC-
116), respectively (Table 5). For comparison, the solubilities
of CFC-12, CFC-11, CFC-113, CCly and SFg in seawater
are converted to the Ostwald solubility unit at 1 atm, 25°C
and 35gkg’1. They are 0.0504, 0.177, 0.0518, 0.568 and
0.00401 LL™!, respectively. In previous studies, Mackay et
al. (2006) reported that many hydrocarbons have a solubil-
ity in seawater ~ 75 % of their solubility in distilled wa-
ter. Moore et al. (1995) reported that the solubility of short-
lived halocarbons (e.g., CH3I, CHBr3, CH,Bry, CHBr,Cl
and CHCI3) in seawater is 80 % of their solubility in fresh-
water. For comparison, the solubility of CFC-12 in seawa-
ter is 73 % of its solubility in freshwater (Warner and Weiss,
1985). The percentages are 72 % for CFC-11 (Warner and
Weiss, 1985), 74 % for CFC-113 (Bu and Warner, 1995),
78 % for CCly (Bullister and Wisegarver, 1998) and 73 % for
SFe (Bullister et al., 2002). For our target compounds, the
percentages of seawater solubility for freshwater solubility at
298.15K and a salinity of 35 % are 79 % for HCFC-22 and
HFC-23, 77 % for HFC-134a, 76 % for HCFC-141b, HCFC-
142b and PFC-14, 73 % for HFC-125, and 71 % for PFC-116.
Similar to the CFCs and SFg, the percentages for HCFCs,
HFCs and PFCs are also in the range of around 70 %—80 %.
The temperature dependence of the Ostwald solubility co-
efficients of the target compounds in seawater at a salinity of
35 is shown in Fig. 3. The dependence on salinity at 298.15 K
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Figure 3. Temperature dependence of the Ostwald solubility (OS) coefficients in seawater for HCFC-22, HCFC-141b, HCFC-142b, HFC-
134a, HFC-125, HFC-23, PFC-14 and PFC-116 at a salinity of 35.
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Figure 4. Salinity dependence of the Ostwald solubility (OS) coefficients in seawater for HCFC-22, HCFC-141b, HCFC-142b, HFC-134a,
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is shown in Fig. 4. Seawater solubilities fall monotonically
with increasing temperature and salinity. The latter shows a
near-linear decline.

Overall uncertainties of water solubility estimates for the
target compounds are calculated as the root mean square
of the misfit between the measurements and the fitted val-
ues. They are 0.0352LL~! for HCFC-22, 0.0283 (HCFC-
141b), 0.0065 (HCFC-142b), 0.0141 (HFC-134a), 0.0016
(HFC-125), 0.0132 (HFC-23), 9.0695 x 107> (PFC-14) and
9.1858 x 107 (PFC-116). The uncertainties of seawater sol-
ubility of the target compounds at different salinities (0-40)
and a temperature of 298.15 K are estimated by the propaga-
tion of uncertainty from water solubility and salting-out coef-
ficients. They are 0.034LL~! for HCFC-22, 0.032 (HCEFC-
141b), 0.031 (HCFC-142b), 0.031 (HFC-134a), 0.030 (HFC-
125),0.031 (HFC-23), 0.030 (PFC-14) and 0.029 (PFC-116).
The uncertainties of seawater solubility at different temper-
atures (273.15-313.15K) and a salinity of 35 are also esti-
mated by the same method. They are 0.041 LL~! for HCFC-
22, 0.037 (HCFC-141b), 0.029 (HCFC-142b), 0.030 (HFC-
134a), 0.026 (HFC-125), 0.029 (HFC-23), 0.027 for (PFC-
14) and 0.025 (PFC-116).

In order to evaluate the effectiveness of the combined
method, the Ostwald solubility coefficients of PFC-14 in sea-
water estimated by the combined method were compared
with the observed values (Table 6) because only the seawa-
ter solubilities of PFC-14 have been measured (Scharlin and
Battino, 1995). The estimated solubility of PFC-14 in sea-
water at 293.15 K is the closest to the measured values. The
RSD of the calculated value and the measured value is only
0.79 %.

3.3.4 Comparison of solubility in seawater based on
three methods

In order to validate the possibility of method I and method
II, and to find out the advantages of the combined method,
we estimated seawater solubilities of the target compounds
based on method I and method II and compared them to the
results from the combined method.

For method I, only the seawater solubility function of
PFC-14 was constructed (Table S3) as only the seawater sol-
ubilities of PFC-14 have been reported (Scharlin and Battino,
1995). The advantage of the constructed seawater solubil-
ity function is that it can be used over a greater temperature
range rather than only for a few selected temperatures.

The only difference between method II and the combined
method is the difference in estimating water solubility. For
water solubility calculations, method II uses the pp-LFERs
based only on the physical properties of compounds, whereas
the combined method uses the CGW model based on mea-
surements. For water solubility based on the pp-LFERs, the
water solubilities Lo estimated by Egs. (12), (13) and (14)
based on V, log L' and V, were compared to the observed
values (Table S4). As shown in Table S4, the water solu-
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bilities of most compounds calculated based on V. (revised
method II) are closer to both the observed values (Abraham
et al., 2001) and the CGW fitted values than when they are
calculated based on V or log L'® (method II). So the re-
vised method II is more suitable for the target compounds
except for HFC-125 for which the pp-LFER model method
is used. The calculated water solubilities based on the (re-
vised) method II are shown in Fig. S2a—i for comparison.
Small differences in water solubility calculated by the (re-
vised) method II and the combined method (CGW model)
verify the reliability of both methods. Compared with the
pp-LFER model method, the water solubility estimated by
the CGW model method is closer to the observed values (Ta-
ble S4). This is also the reason why the CGW model method
from method I is chosen for the combined method in estimat-
ing water solubility coefficients. The final seawater solubility
functions of the target compounds and CFC-12 based on (re-
vised) method II are shown in Table S5.

Until now, seawater solubility functions for the target com-
pounds and CFC-12 based on (revised) method II and the
combined method have been constructed. In order to bet-
ter understand the difference between experimental results
and model estimations, we compared the seawater solubility
of CFC-12 calculated from Warner and Weiss (1985), from
revised method II, and from the combined method. The re-
sults are shown in Fig. 5. The RSDs of the seawater solu-
bility for CFC-12 estimated by the revised method II and by
Warner and Weiss (1985) are 3.4 % at 298.15K and 13.5 %
at 310.15 K. The average RSDs of the seawater solubilities
estimated by Warner and Weiss (1985) and by the combined
method are 1.4£0.9 % in the coincidental temperature range
of 278.15-313.15 K at the same salinity of 35 and 2.94+0.4 %
in the coincidental salinity range of 0—40 at the same tem-
perature of 298.15 K. These results show that the seawater
solubility estimated by the combined method is very close to
measured values in Warner and Weiss (1985). Without mea-
surements of the seawater solubility of these compounds, the
combined method is a good way to estimate the seawater sol-
ubility.

Based on the discussion above we make the following rec-
ommendations with respect to the calculation of the seawater
solubilities of halogenated compounds.

1. The (revised) method II could be used to estimate the
seawater solubilities of compounds when neither water
solubility data nor seawater solubility data have been
obtained. This method is only based on the physical
properties of compounds. The water solubility values
and the salting-out coefficients are both estimated using
the pp-LFERs.

ii. The combined method is a better way to estimate the
seawater solubility of compounds when water solubil-
ity, but not seawater solubility, has been measured. This
is the case for the current study. The water solubility
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Table 6. Comparison of the Ostwald solubility coefficients (L, LL~1) of PFC-14 in seawater with previous results.

TX) t(°C) S (%o L,thisstudy L, (Scharlin  RSD* (%)
and Battino, 1995)

288.15 15 35.086 0.005052 0.005169 1.62

293.15 20 35.086 0.004578 0.004527 0.79

298.15 25 35.086 0.004217 0.004027 3.26

303.15 30 35.086 0.003944 0.003635 5.77

* Relative standard deviation (RSD) of the Ostwald solubility coefficients estimated by the combined
method and measured in Scharlin and Battino (1995).
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function is constructed based on the CGW fit and the
salting-out coefficient is estimated using the pp-LFERs.

iii. The method in published studies (Warner and Weiss,
1985; Bu and Warner, 1995; Bullister and Wisegarver,
1998; Bullister et al., 2002) is the best way to estimate
seawater solubilities. Here, both the water solubility val-
ues and seawater solubility values are experimentally
determined.

It is worth noting that these methods can potentially be ap-
plied to many more compounds.

3.4 Transient tracer potential and comparison with
CFC-12

The production and consumption history of CFC-12 is shown
in Fig. 1. The history of CFC-12 used as an oceanic transient
tracer is also presented here. In 1973, Lovelock et al. (1973)
first proposed that CFC-12 can be used as a transient tracer
to study water masses in the ocean. Subsequently, large num-
bers of studies (Gammon et al., 1982; Weiss et al., 1985;
Smethie et al., 1988; Kortzinger et al., 1999; Tanhua et al.,
2008; Smith et al., 2016; Fine et al., 2017) using CFC-12
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as an oceanic transient tracer have been published. In the
1990s, the World Ocean Circulation Experiments (WOCE)
used CFC-12 as the normal tracer to investigate global ocean
circulation and mixing. CFC-12 is still used as a tracer, al-
though its production was prohibited in 1996; its atmospheric
mole fraction subsequently peaked in the early 2000s and is
now in slow decline.

As one of the requirements to be a useful oceanic tracer,
transient source functions (i.e., atmospheric mole fraction
histories) have been established for HCFC-22, HCFC-141b,
HCFC-142b, HFC-134a, HFC-125, HFC-23, PFC-14 and
PFC-116 here. With the exception of HCFC-141b (Fig. S1b)
and HCFC-142b (Fig. Slc), the discussed compounds are
still steadily increasing in the atmosphere. Therefore, they
have the potential to be used as oceanic transient tracers if
only considering their source functions.

For HCFCs, only mole fractions of HCFC-22 are contin-
uing to increase in the global atmosphere. All three HCFCs
show declining growth rates since 2007. Combined with the
ban on HCFCs in 2007, freezing in 1996 (developed) to 2013
(developing) and the phaseout in 2020-2030 (Fig. 1), HCFCs
can likely be used as oceanic transient tracers for the next
several decades for recently ventilated waters. Due to a fall in
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emissions of HCFC-141b and HCFC-142b, the use of these
two compounds will be more limited than HCFC-22 consid-
ering that atmospheric mole fractions of HCFC-141b have
already begun to decrease and mole fractions of HCFC-142b
are likely to decrease quite soon. Therefore, the atmospheric
lifetimes of compounds are quite important, particularly once
emissions have fallen. When atmospheric mole fractions of
a given compound start to decrease, they are obviously no
longer monotonically increasing, and the resultant calculated
equilibrium atmospheric mole fraction in the ocean is no
longer unique. Consequently, there will be two possible ap-
parent ages for water masses so that this compound will have
limited use as an oceanic tracer.

The mole fractions of HFCs are continuously increasing
in the atmosphere, as are their growth rates. Restrictions
on HFC consumption in the 2016 Kigali Amendment, with
reduction of consumption beginning in 2019 in developed
countries and freezing of consumption in 2024-2028 in de-
veloping countries (Fig. 1), mean that HFCs can likely be
used as oceanic transient tracers for young waters for the next
several decades. Moreover, HFCs have a higher potential to
be oceanic transient tracers than HCFCs considering the in-
creasing growth rates in the background atmosphere.

PFCs are increasing in the atmosphere over well-known
natural background mole fractions. Combined with an at-
mospheric lifetime of over 50000 years for PFC-14 and
10000 years for PFC-116, PFCs have greater potential than
HCFCs and HFCs to be oceanic transient tracers. PFC-14
has the potential to be a tracer for a longer period thanks to
its longer lifetime, steady atmospheric growth rate and no
current ban, as discussed by Deeds et al. (2008). However,
PFC-14 is difficult to measure because it is extremely volatile
and difficult to trap and separate chromatographically. PFC-
116 can also be used as a transient tracer similar to PFC-14.
The challenges for PFC-116 as an oceanic tracer are that it is
a significant analytical challenge (low mole fractions in the
atmosphere) with low solubility in seawater.

Well-established source functions and solubility functions
in seawater are only two of the many requirements for an
oceanic tracer. To be an oceanic transient tracer, the com-
pound should also be conservative in the marine environment
and be capable of rapid, relatively inexpensive and accurate
measurement. The conservative nature of target compounds
is briefly discussed in Sect. 1.2 by estimating the oceanic
partial lifetimes of compounds with respect to hydrolysis in
seawater. As we discussed for CFC-12, it is still used as an
oceanic transient tracer though its production was phased out
in the 1990s. For our target compounds, they have opportu-
nities to be tracers once they are stable in seawater, can be
measured in the ocean and have potential while atmospheric
mole fractions continue to increase. This work provides two
of the requirements for potential new oceanic transient trac-
ers, while additional studies on compound conservation in
seawater (comprehensive and detailed discussion) and mea-
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surement methods of target compounds are needed to qualify
these compounds as suitable tracers.

4 Conclusions

This work has established the source functions for HCFC-
22, HCFC-141b, HCFC-142b, HFC-134a, HFC-125, HFC-
23, PFC-14 and PFC-116 based on a synthesis of available
data and models optimized for transient tracer work in two
ways: (1) the atmospheric mole fractions are calculated at
the time of water mass formation (late winter in each hemi-
sphere) and (2) the seawater solubility of these compounds
is reviewed for the first time. In general, the mole fractions
of most compounds have been continuously rising over the
past 3 decades and are still increasing today (though HCFC-
141b and 142b rise rates have slowed down significantly).
For HCFC-141b and HCFC-142b the annual mean mole frac-
tions show sigmoidal growth and the growth rates have the
shape of a normal distribution. For HFC-134a and HFC-
23, the annual mean mole fractions show initial exponen-
tial growth followed by linear increase and the growth rates
show a sigmoidal pattern. For HFC-125, the annual mean
mole fractions and growth rates both show an exponential in-
crease. To a certain extent, these growth patterns could pre-
dict the trends of annual mole fractions in the near future.
The source functions and natural background mole fractions
for all compounds show that HCFC-22, HCFC-141b, HCFC-
142b, HFC-134a, HFC-125 and HFC-23 have the potential to
be oceanic transient tracers for the next few decades, though
their growth rates are expected to reverse, particularly for the
HCEFCs, due to the restriction on production and consump-
tion imposed by the Montreal Protocol. HFCs have a higher
potential to be oceanic transient tracers than HCFCs due to
the increasing growth rates in the atmosphere, though these
are likely to fall as a result of the recent Kigali Amendment.
PFC-14 and PFC-116 have the potential to be tracers for a
longer period due to their longer lifetimes, more consistent
atmospheric growth rates and lack of direct production or
emission bans currently in place, though they are listed in
the Kyoto Protocol and industrial practices are changing to
try to reduce or minimize emissions. In addition, we have
used three different methods to estimate the seawater solu-
bilities of the compounds of interest based on available the-
oretical concepts and experimental data. The seawater solu-
bility functions of these compounds were subsequently con-
structed, completing the input functions of these potentially
useful oceanic transient tracers.

Data availability. Data described in Table S1 are available at http:
/lagage.eas.gatech.edu/data_archive/agage/ (last access: 20 Decem-
ber 2018) and ftp://ftp.cmdl.noaa.gov/hats/ (last access: 20 Decem-
ber 2018) or from the corresponding author upon reasonable re-
quest. The calculated hemispheric annual mean mole fractions, JFM
mean and JAS mean for target compounds can be found in Table S2.
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Section S1. Smoothing spline fit method
After the data containing replicate times have been converted into a value at each replicate time, the data were
sorted as x; < x, <...<x; <...< Xp.
Set x;,v;,0y; (i =1,2,...,n) to be the decimal time, the corresponding atmospheric mole fractions and the
standard deviation.
Normalize the x vector

t; = (x; —min(x;))/(max(x;) — min(x;)) 1)

The smoothing function f(¢) to be constructed shall
n
Minimizepz (L2024 f g6y @)
i=1 i

The solution of the minimum principle is a spline. By introducing the auxiliary variable z together with the

Lagrangian parameter p, we have to look for the minimum of the function

[ (90 = e
f g”(t)zdt + 7l (M) +ZZ] ©)
; 8y
1 i=1
From the corresponding Euler-Lagrange equations, we determine the optimal function f (t).
fO=a;+bt—t)+c(t—t)*+di(t—t)3 t;<t<ti 4)
We obtain the spline coefficients (Reinsch, 1967).

¢; = p(i:y’c = [0; ¢; 0]" ®)

a=y—W?3?Qc/p (6)

d; = (ci+1 — )/ (Bhy) (7

b; = (ai41 — a)/h; — cihy — d;h? )

coeffs = [d,c,b,a] ©)

Here, the following notation is used:

Ry =t —t; (10)
W = diag(8yy, ..., 6yn)s (11)

Tisthe (n — 1) x (n— 1) dimensional positive tridiagonal matrix with entries t;; (i,j = 1,2, ...,n — 1) given
by
ti =2(hiy + h)/3, tiipr = tigr = hi/3 (12)
Qisthe (n) x (n — 2) dimensional tridiagonal matrix with entries q;; (i = 1,2,...,n; j = 1,2, ...,n — 2) given
by
Qi1 = 1/hice, @ =—1/hioy = 1/h;,  Qir; =1/ (13)
The elements in the i column of Q given by the coefficients of the 2" order divided differences based on
ti, ..., ti4o. Let the coefficient matrix be denoted by
B, = Q"W?Q +pT (14)
The influence matrix associated with the smoothing spline is the unique n x n symmetric matrix A, satisfying
a=Ayy (15)
The error
error =y —a =WZ2QB,'Q"y (16)
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So that
1-A,=W2QB;1Q" 1)
The weighted residual sum of squares
RsS = [|(1 - 4,)y/wl|’ = [weB;*e"y|" (18)
The estimated value of the generalized cross-validation (GCV) minimization function V of p used in the
experiments below is the minimizer of the GCV function V, defined

_nllG = a,)y/wl

T W 4
The estimated degrees of freedom (Hutchinson and De Hoog, 1985)
Tr(I — A,) =n—2—pTr(T/B) (20)
The estimated variance
VAR = RSS/Tr(I — A,) (21)

The estimated 95% Bayesian confidence intervals (Cl) for the cross-validated smoothing spline (Wahba, 1983)

are given by
Cl = 1.96 /VAR * diag(Ap) (22)
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Figure Sla.. HCFC-22: Atmospheric mole fractions in the NH and SH based on collected data (Table S2a) in

the range of (i) 1943-2019; (ii) 2013-2019. Fig. (ii) is the enlarged figure of the square in Fig. (i).
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Figure S1b. HCFC-141b: Atmospheric mole fractions in the NH and SH based on collected data (Table S2b) in
the range of (i) 1977-2019; (ii) 2013-2019. Fig. (ii) is the enlarged figure of the square in Fig. (i).
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Figure Slc. HCFC-142b: Atmospheric mole fractions in the NH and SH based on collected data (Table S2c) in

the range of (i) 1935-2019; (ii) 2013-2019. Fig. (ii) is the enlarged figure of the square in Fig. (i).
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Figure S1d. HFC-134a: Atmospheric mole fractions in the NH and SH based on collected data (Table S2d) in
the range of (i) 1973-2019; (ii) 2013-2019. Fig. (ii) is the enlarged figure of the square in Fig. (i).
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Figure Sle. HFC-125: Atmospheric mole fractions in the NH and SH based on collected data (Table S2e) in the
range of (i) 1973-2018; (ii) 2012-2018. Fig. (ii) is the enlarged figure of the square in Fig. (i).
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Figure S1f. HFC-23: Atmospheric mole fractions in the NH and SH based on collected data (Table S2f) in the
range of (i) 1978-2018; (ii) 2012-2018. Fig. (ii) is the enlarged figure of the square in Fig. (i).
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Figure S1g. PFC-14: Atmospheric mole fractions in the NH and SH based on collected data (Table S2g) in the
range of (i) 1900-2018; (ii) 2012-2018. Fig. (ii) is the enlarged figure of the square in Fig. (i).



Atmospheric histories, growth rates and solubilities in seawater

103

5 T
* NH MHD Medusa
451 .« NHTHD Medusa
¢ NH model Trudinger2016
4 # SH CGO Medusa .
¢ SH model Trudinger2016
35+ NH JFM mean i
. * NH annual mean
a 3} * SHannual mean i
= SH JAS mean
225t .
1
2 2} .
o
1.5 .
1 L -
o5+ |
(i)
[ i e I L 1 =
1900 1920 1940 1960 1980 2000
Year
4.8 T T T T T
&
4.7 ¢
; ,;?,j
"‘»* ¥
4.6 ok r .
N il ox ¥
’-: "»?-‘, ¥ ’*‘ ‘
Q. * -
245} < 3B R 1
© .;_‘*.,*, L il
by e o
- %" N
2 44 e o
o *X g "
43} FRLX o 4
=, > L
K /‘}"'* 3
4.2 - . p* i
(ii)
4.1 1 1 1 1 1
2012 2013 2014 2015 2016 2017 2018
Year

Figure S1h. PFC-116: Atmospheric mole fractions in the NH and SH based on collected data (Table S2h) in the
range of (i) 1900-2018; (ii) 2012-2018. Fig. (ii) is the enlarged figure of the square in Fig. (i).
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Figure S2a. HCFC-22 freshwater solubility (Ostwald solubility coefficients) as a function of temperature based
on previous studies (Abraham et al., 2001; Battino et al., 2011; Boggs and Buck Jr, 1958; Hine and Mookerjee,
1975; Maalien, 1995; Mclinden, 1990; Reichl, 1996; Sander et al., 2011; Wilhelm et al., 1977; Zheng et al.,
1997). The Clarke-Glew-Weiss (CGW) model is used to fit the data (black markers) and compared with the
results from Deeds (2008) and from (Abraham et al., 2001)-calculated (blue Hexagram, calculated by the revised
method I1). The CGW fit in this study agrees to within 4.0 % with two-thirds of the data.
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Figure S2b. HCFC-141b freshwater solubility (Ostwald solubility coefficients) as a function of temperature
based on previous studies (Abraham et al., 2001; Kutsuna, 2013; MaaRen, 1995). The Clarke-Glew-Weiss (CGW)
model is used to fit the data (black markers) and compared with the results from (Abraham et al., 2001)-
calculated (blue Hexagram, calculated by the revised method Il). The CGW fit in this study agrees to within 7.8 %
with two-thirds of the data.
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Figure S2c. HCFC-142b freshwater solubility (Ostwald solubility coefficients) as a function of temperature
based on previous studies (Abraham et al., 2001; MaaRRen, 1995; Mclinden, 1990; Reichl, 1996). The Clarke-
Glew-Weiss (CGW) model is used to fit the data (black markers) and compared with the results from (Abraham
et al., 2001)-calculated (blue Hexagram, calculated by the revised method I1). The CGW fit in this study agrees
to within 2.5 % with two-thirds of the data.
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Figure S2d. HFC-134a freshwater solubility (Ostwald solubility coefficients) as a function of temperature based
on previous studies (Abraham et al., 2001; Maafen, 1995; Mclinden, 1990; Reichl, 1996; Zheng et al., 1997).
The Clarke-Glew-Weiss (CGW) model is used to fit the data (black markers) and compared with the results from
Deeds (2008) and from (Abraham et al., 2001)-calculated (blue Hexagram, calculated by the revised method I1).
The CGW fit in this study agrees to within 6.8 % with two-thirds of the data.
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Figure S2e. HFC-125 freshwater solubility (Ostwald solubility coefficients) as a function of temperature based
on previous studies (Abraham et al., 2001; Battino et al., 2011; HSDB, 2015; Mclinden, 1990; Miguel et al.,
2000; Reichl, 1996). The Clarke-Glew-Weiss (CGW) model is used to fit the data (black markers) and compared
with the results from Deeds (2008) and from Abraham et al. (2001)-calculated (blue Hexagram, calculated by the
method |1 based on Eq. (12)). The CGW fit in this study agrees to within 2.1 % with all data. Unfortunately, the
data from previous studies are not described by one CGW fit, but by three. Curve 1 is the upper and red solid
line fitted the data (Battino et al., 2011; Miguel et al., 2000) in the temperature range of 289.15-303.15 K. This
fit agrees to within 1.0 % with 2/3 data. Curve 2 is the middle and red dotted line fitted the data (HSDB, 2015;
Mclinden, 1990) from 273.15 K to 338.15 K. This fit agrees to within 0.75 % with 2/3 data. Curve 3 is the
bottom and red dashed line fitted the data (Abraham et al., 2001; Reichl, 1996) in the temperature range of
283.15-343.15 K. This fit agrees to within 3.3 % with two-thirds of the data. The discrepancy of the three fits is
discussed in the text.
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Figure S2f. HFC-23 freshwater solubility (Ostwald solubility coefficients) as a function of temperature based on
previous studies (Abraham et al., 2001; Battino et al., 2011; Hine and Mookerjee, 1975; Parmelee, 1953; Sander
et al., 2011; Wilhelm et al., 1977; Zheng et al., 1997). The Clarke-Glew-Weiss (CGW) model is used to fit the
data (black markers) and compared with the results from Deeds (2008) and from (Abraham et al., 2001)-
calculated (blue Hexagram, calculated by the revised method I1). The CGW fit in this study agrees to within 2.3 %
with two-thirds of the data.
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Figure S2g. PFC-14 freshwater solubility (Ostwald solubility coefficients) as a function of temperature based on
previous studies (Smith et al., 1981; Park et al., 1982; Scharlin and Battino, 1992; Abraham et al., 2001; Battino
et al., 2011; Sander et al., 2011). The Clarke-Glew-Weiss (CGW) model is used to fit the data (black markers)
and compared with the results from Deeds (2008), from Clever et al. (2005) and from (Abraham et al., 2001)-
calculated (blue Hexagram, calculated by the revised method I1). The CGW fit in this study agrees to within
0.95 % with two-thirds of the data.
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Figure S2h. PFC-116 freshwater solubility (Ostwald solubility coefficients) as a function of temperature based
on previous studies (Battino et al., 2011; Bonifécio et al., 2001; Park et al., 1982; Wen and Muccitelli, 1979).
The Clarke-Glew-Weiss (CGW) model is used to fit the data (black markers) and compared with the fit results
from Deeds (2008) and from the data calculated by the revised method Il (blue Hexagram). The CGW fit in this
study agrees to within 3.5 % with two-thirds of the data.



112 Atmospheric histories, growth rates and solubilities in seawater

0.22 1

(Parmelee, 1953)
(Hine and Mookerjee, 1975) ]
(Wihelm et al., 1977)
(Park et al.,1982) y
(Warner and Weiss, 1985)
(Scharlin and Battino, 1994) -
(Reichl, 1995)

(Abraham et al., 2001)-observed
(Sander et al., 2011)

(Abraham et al., 2001)-calculated
= CGW fit, this study

= == Fit, (Warner and Weiss, 1985)

0.18

T

0.16

T

0.14

T

AL DO X ¥+ 0

0.12

01r

0.08

Ostwald solubility coefficient for CFC-12
o
o
(2]

0- 02 1 1 1 1 1 1 1
270 280 290 300 310 320 330 340 350

Temperature(K)

Figure S2i. CFC-12 freshwater solubility (Ostwald solubility coefficients) as a function of temperature based on
previous studies (Abraham et al., 2001; Hine and Mookerjee, 1975; Park et al., 1982; Parmelee, 1953; Reichl,
1996; Sander et al., 2011; Scharlin and Battino, 1994; Warner and Weiss, 1985; Wilhelm et al., 1977). The
Clarke-Glew-Weiss (CGW) model is used to fit the data (black markers) and compared with the fit results from
Warner and Weiss (1985) and the data from (Abraham et al., 2001)-calculated (blue Hexagram, calculated by the
revised method I1). The CGW fit in this study agrees to within 6.6 % with two-thirds of the data.
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Figure S3. The relationship between salting-out coefficients (SOC) and temperature for CFC-12 calculated by
Eqg. (16) based on the data from Warner and Weiss (1985).
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novel potential halogenated transient tracers HCFCs, HFCs and PFCs in the ocean, Ocean Science
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Abstract. This study evaluates the potential usefulness of the halogenated compounds HCFC-22,
HCFC-141b, HCFC-142b, HFC-134a, HFC-125, HFC-23, PFC-14 and PFC-116 as oceanographic
transient tracers to better constrain ocean ventilation processes. We do this mainly from four aspects of
the characteristics of the potential tracers: input function (including atmospheric history and historical
surface saturation), seawater solubility, feasibility of measurement and stability in seawater. The
atmospheric history and seawater solubility have been investigated in previous work. In this study, the
historical surface saturation in the Mediterranean Sea is estimated to be 94 % based on cruise data in
1987-2018. In addition, we collected seawater samples and modified an established analytical
technique to the Medusa-Aqua system in order to simultaneously measure these compounds. HCFC-
22, HCFC-141b, HCFC-142b, HFC-134a and HFC-125 have been measured in depth-profiles in the
Mediterranean Sea for the first time. Of the investigated compounds, HCFC-142b and HCFC-141b are
found to be the most promising transient tracer in the ocean currently. The compounds that have the
greatest potential as future tracers are PFC-14 and PFC-116, although the low solubility in seawater
creates challenging analytical conditions (i.e. low concentration) that can potentially be improved by
modifying the Medusa-Aqua analytical system. HCFC-22 is found to be likely unstable in warm
seawater, which leads to low confidence in terms of its potential as an oceanic transient tracer,
although it is possibly useful in colder water. For compounds HFC-134a, HFC-125 and HFC-23, we
are not able to fully evaluate their potential as tracers due to the inconclusive results, especially on
their solubility and stability in seawater, but also with regard to potential analytical challenges. On the
other hand, HFC-125, HFC-23, and HCFC-22 can no longer be considered because there are

alternative tracers with similar input histories that are better suited as transient tracers.

1 Introduction

1.1 Why do we look for new transient tracers?
Transient tracers include chronological transient tracers such as dichlorodifluoromethane (CFC-12)

and sulfur hexafluoride (SFe), and radioactive transient tracers such as Tritium (°H), Argon-39 (**Ar)
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and Carbon-14 (*C). They have been used as oceanic transient tracers to study the oceanic processes,
such as ventilation, mixing and circulation processes. CFC-12 has been used since the 1980s, whereas
SFs has only been used since the 1990s. Both compounds are stable in seawater; their seawater
solubility functions are well-established (Bullister et al., 2002; Warner and Weiss, 1985) and their
historical atmospheric concentrations over time are known (Bullister, 2015; Walker et al., 2000).
However, the use of CFC-12 was phased-out as a result of the implementation of the Montreal
Protocol on Substances that Deplete the Ozone Layer designed to curtail the degradation of the Earth’s
ozone layer. Therefore, the atmospheric concentration of CFC-12 has decreased since the early 2000s
(Bullister, 2015), which has reduced its usefulness as an oceanographic transient tracer for recently
ventilated water masses. Consequently, SFes has been added to the suite of commonly measured
oceanic transient tracers (Bullister et al., 2006; Tanhua et al., 2004) as it is an inert gas whose
atmospheric abundance is increasing. Some local restrictions on the production and use of SFe,
however, due to its very high global warming potential, may restrict its future use. Both CFC-12 and
SFe are readily measured onboard a research vessel at a reasonable rate. The radioactive isotope *Ar is
in many ways an ideal tracer for ocean circulation for older water masses, but its use has been
impeded by difficult analytics. However, recent technological advancements have increased the
feasibility of oceanic *Ar observations (Ebser et al., 2018; Lu et al., 2014). In addition,
trichlorofluoromethane (CFC-11), 1,1,2-trichloro-1,2,2-trifluoroethane (CFC-113), and carbon
tetrachloride (CCls) have been extensively used as transient tracers, but have now been largely
discarded. CFC-11 was found to be degraded in anoxic marine waters (Bullister and Lee, 1995) and
has a time-history similar to that of CFC-12. Besides, the simultaneous measurement of SFs and CFC-
11 is complicated. Both CFC-113 and CCl4 have been found to be degraded in warm waters (Roether
et al., 2001) as well as in low oxygen waters (Huhn et al., 2001; Wallace and Krysell, 1989).

Since a combination of multiple transient tracers is needed to constrain ocean ventilation, it is
necessary to explore novel transient tracers with monotonically changing input functions for a better

understanding of ventilation and mixing processes in the ocean.

1.2 Potential alternative transient tracers

There are a few general requirements for a transient tracer: 1) known input function, 2) no (or well
known) natural background, 3) large dynamic range, 4) feasible measurement techniques and 5) non-
reactive and stable in seawater. In the previous work (Li et al., 2019), we focused on points 1, 2 and 3
for the potential alternative oceanographic transient tracers: hydrochlorofluorocarbons (HCFCs) such
as HCFC-22, HCFC-141b and HCFC-142b, hydrofluorocarbons (HFCs) such as HFC-134a, HFC-125
and HFC-23 and perfluorocarbons (PFCs) such as PFC-14 (CF4) and PFC-116. As the replacements of
CFCs, the atmospheric abundances of most HCFCs and HFCs are increasing, as are the concentrations
of PFCs. Here we describe the potential chronological transient tracers HCFC-22, HCFC-141b,
HCFC-142b, HFC-134a, HFC-125, HFC-23, PFC-14 and PFC-116 as the “Medusa tracers”, CFC-12
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and SFe as traditional chronological transient tracers and *H, **Ar and “C as radioactive transient
tracers. For the radioactive transient tracers, the half-lives of the three tracer nuclides have different
orders of magnitude, allowing them to cover a wide range of ages (“seawater timescales”, Fig. 1).
However, with the constraints of the weak signal of *H and the decreasing atmospheric mole fraction
of CFC-12, only SFs is a relatively reliable transient tracer in the seawater timescale range of 1-100
years at present (Fig. 1). Fortunately, the different atmospheric histories of the potential alternative
transient tracers (Li et al., 2019) allow us to find one or several compounds to replace or supplement
the established transient tracers.

1.3 Stability of alternative tracers in seawater

Chemical reactions (including hydrolysis), adsorption to particles and biological degradation process
should be considered with regard to the stability of compounds in seawater. PFCs have very long
atmospheric lifetimes, i.e. > 50 000 and > 10 000 years for PFC-14 and PFC-116, respectively. PFC-
14 (CF,) is thought to be stable and inert in the ocean (Cicerone, 1979; Ravishankara et al., 1993)
since CF4 is stable at temperatures of at least 1200°C and the rate of hydrolysis of CFs is
immeasurably small. Furthermore, no known marine natural products contain C-F bonds and there are
no indications of biological processes that can break C-F bonds. This reasoning applied to PFC-116
and other PFCs that are likely to be very stable in the environment. On the other hand, we are not
aware of any publications that directly discuss the stability of the other compounds in seawater.
Therefore, their stabilities are inferred from other studies with slightly different perspectives and
environmental foci.

One example is the contribution of the partial atmospheric lifetime with respect to oceanic uptake of
selected HCFCs and HFCs to the total lifetimes. Such partial atmospheric lifetimes depend on
solubility in seawater and other losses relative to their atmospheric concentration, and are always
larger than their total lifetimes. Considering the low fraction of these mainly non-polar compounds in
the ocean, a small loss in the ocean is insignificant for the overall budget of the compound, but can
still be of significance for a potential transient tracer. As far as we know from previous studies
(Carpenter et al., 2014; Yvon-Lewis and Butler, 2002), HCFCs and HFCs are relatively stable in
seawater and their partial atmospheric lifetimes with respect to oceanic uptake range from thousands
to millions of years (Table 1). Judged against their environmental total lifetimes, the oceanic
contributions of these compounds are small enough to be neglected. The partial atmospheric lifetimes
with respect to oceanic uptake in Table 1 were calculated only considering the chemical degradation
process.

Another route is to compare surface saturations of a tracer with unknown stability to the one of a
compound that is known to be unstable in seawater. Surface saturation of HCFCs is not as under-
saturated as those of CCl, (Butler et al., 2016) by the comparison of their saturations in various oceans

based on the results from the National Oceanic and Atmospheric Administration (NOAA) cruises in
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1992-2008 (ftp://ftp.cmdl.noaa.gov/hats/ocean/, last access: 20 January 2020). This suggests that
HCFCs are more stable than CCl, in surface seawater and possibly suited to be tracers in the ocean.

We also used published information on biodegradation of compounds in freshwater or soil, although
a compound can be degraded in the freshwater or soil but can still be stable in seawater, such as CFC-
12. Chang and Criddle (1995), Oremland (1996), and Streger et al. (1999) observed the aerobic
bacterial degradations of selected HCFCs and HFC-134a in very high oxygen concentrations and
substrate levels (Table 2), and these aerobic microorganisms are common inhabitants of soil and
aquatic systems. Although rapid removal in the soil can be an indication of non-conservative behavior
in the ocean, the lifetime of a compound in soil or freshwater can be considerably shorter than in open
ocean waters with few particles.

Based on these discussions, HCFCs seem to be relatively stable in the ocean when only considering
the chemical degradation process and surface saturation in seawater. However, the influence of
oxygen dependence and biological degradation processes in seawater have not been investigated
(Yvon-Lewis and Butler, 2002). In summary, no enough information is known on the stability of the
selected HCFCs and HFCs in the ocean.

1.4 Purpose of this study

The atmospheric history and seawater solubility of potential new oceanic transient tracers have been
previously reported by Li et al. (2019). This study extends that work, with a focus on evaluating their
usefulness. Based on observations of these tracers in the Mediterranean Sea, we mainly address points
4 and 5 of the general requirements in this study, i.e. we discuss if rapid, relatively inexpensive and
accurate measurements are possible and if these compounds are conservative in the oceanic
environment. We also estimate the historical surface saturation to supplement the input function and
discuss differences in tracer input functions and their ability to provide additional information on
ventilation. A suite of observations of transient tracers with sufficiently different input functions
would support the empiric determination of Transit Time Distributions (TTDs), as reported in Stéven
and Tanhua (2014). As the first step towards this, these Medusa tracers have been measured,
sometimes for the first time, and interpreted based on the Inverse Gaussian Transit Time Distribution
(IG-TTD) concept to identify their possibility as transient tracers in the ocean. The Mediterranean Sea
was chosen for this study because of its rapid ventilation, which causes transient tracers to penetrate
most of the water column. However, on the down-side, the time-variant ventilation and the

contribution of several deep-water sources make the TTD concept difficult in the Mediterranean Sea.

2Transient tracer interpreting methods

2.1 Ocean ventilation and transit time distribution (TTD) model
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Ventilation is defined as the time elapsed since the water parcel has left the mixed layer and been
transported to the ocean interior. Ocean ventilation and mixing processes play significant roles in
climate as they are important processes to propagate perturbations on the ocean surface to the interior.
They largely control the accumulated uptake of anthropogenic carbon (Can) at mid- and high latitudes
and the deep ocean’s oxygen supply. To describe these processes quantitatively, we used a conceptual
but well-established ocean ventilation model, the Transit Time Distribution (TTD) model that is based
on the Green’s function G(t,r) describing the propagation of tracer boundary conditions into the
interior (Hall and Plumb, 1994). As shown in Eq. (1), c(t,, ) describe the concentration of a transient
tracer at year t; and location r. The boundary concentration c,(t,, ) is the concentration at source
year (t; — t) related to the tracer input function, while the exponential term (e ~t) describes the decay
rate of radioactive transient tracers. This function is based on a steady and one-dimensional flow
model with time-invariant advective velocity and diffusivity gradient. One commonly used solution to
Eq. (1) is the one-dimensional Inverse Gaussian Transit Time Distribution (IG-TTD), simplified and
expressed as Eq. (2). G(t) is defined based on the mean age I, the width of the distribution A and the
time range t (Waugh et al., 2003).
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The A/T ratio of the TTD corresponds to the proportion of advective transport and eddy-diffusive
characteristics of the mixing processes for a water parcel; the higher the A/T" ratio, the more dominant

the diffusion and vice-versa.

2.2 Time range, tracer age, mean age and Transient Time Distribution

Time range. The time range where a tracer can be used as a transient tracer is defined by its input
function. For chronological transient tracers, the input functions are described by their atmospheric
histories and historical surface saturations. For ideal applicability, atmospheric histories of tracers
should increase monotonically in the atmosphere. Figure 2 shows the atmospheric histories of HCFC-
22, HCFC-141b, HCFC-142b, HFC-134a, HFC-125, HFC-23, PFC-14, PFC-116, CFC-12 and SFs in
the Northern Hemisphere (Bullister, 2015; Li et al., 2019).

Tracer age. Tracer age is defined as the age of a water parcel based on a purely advective flow in the
ocean, i.e. A/T equals zero in the IG-TTD concept. Each tracer has a specific time and application
range related to possible age information. Figure 3 shows the relation between the relative tracer
concentrations in percent, i.e. normalized to the contemporaneous atmospheric concentrations, and the
corresponding tracer ages for 10 transient tracers in two different sampling years 2018 and 2000,

which highlights tracer similarities and the specific application range for each tracer.
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Relatively similar trends of relative tracer concentrations (Fig. 3) are found for the following
couples: HCFC-141b and HCFC-142b, HFC-134a and HFC-125, SFs and HCFC-22/HFC-23, PFC-14
and PFC-116. Assuming that all these compounds fulfill the other criteria as transient tracers, one of
each couple could be chosen for further studies depending on their relative tracer concentrations.

The specific application ranges of tracer ages for tracers can be found in Fig. 3 with the compiled
results shown in Fig. 1. In Fig. 3, if the relative tracer concentrations are over 100 % then there has
been a decrease in atmospheric concentrations, such as the tracer age range of 0-30 years for CFC-12
(Fig. 3a) produced by the decreasing atmospheric mole fractions (Fig. 2). When the atmospheric
history of a compound is not monotonically changing, the equilibrium atmospheric mole fraction (and
ultimately the age associated with that mole fraction) calculated from its concentration in the ocean is
not unique, reducing its potential as a transient tracer (Li et al., 2019). Therefore, the tracer age range
is a function of the sampling year. For instance, the useful tracer age range of CFC-12 is 30-80 years
and 1-60 years for sampling in 2018 and 2000, respectively (Fig. 3). This indicates that the ability of
CFC-12 to be a transient tracer for recently ventilated water is decreasing with time, but CFC-12 still
provides important time information for intermediate and deep water layers with moderate ventilation
timescales. It is worth pointing out that PFCs have a longer tracer age range compared to other
compounds, even CFC-12, among the chronological transient tracers (Fig. 3). As CFC-12 is limited
for use as a tracer in the upper ocean, PFCs should be further evaluated for future use.

Mean age and Transient Time Distribution (TTD). The mean age, calculated as the average of the
TTD, can be used as an estimate of the age of a water parcel based on a combination of advective and
mixing flow in the ocean. Assuming an IG-TTD, the theoretical tracer concentrations c(ts, ) for a
range of A/I" ratios (0.2-1.8) based on Egs. (1) and (2) have been calculated for the Medusa tracers
(Fig. S1). Figure S2 shows the mean age matrices of A/I" = 1.0 (the blue lines in Fig. S1) for each
Medusa tracer and describes the expected tracer concentration as a function of different mean ages and
sampling years. More complicated or different TTDs than the IG-TTD can also be assumed, and if the
observed concentrations match the theoretical tracer concentrations for a range of tracers with different

input functions it is an indication that the assumption is valid.

3 Medusa-Aqua system

3.1 Progress in analytical technology of selected HCFCs, HFCs and PFCs

Measurement of halogenated compounds is often performed by "gas-solvent extraction" techniques,
e.g. purge-and-trap where an inert gas is bubbled through a seawater sample to move the analytes from
the sample into a cold trap for pre-concentration. By desorbing the content of the trap, the sample can
then be injected into a gas chromatograph (GC) for separation and detection. This is a well-established
technique that has been used successfully for CFCs and SFs (Bullister and Weiss, 1988; Bullister and

Wisegarver, 2008) achieving accuracies in the order of 1 % (Bullister and Tanhua, 2010). However,
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several HCFCs and HFCs (i.e. HCFC-22, HFC-134a, and HFC-125) have low responses and large
uncertainties when they are measured by an Electron Capture Detector (ECD) that is normally used for
CFC-12 and SF¢ (Beyer et al., 2014; Lobert et al., 1995). One alternative is to use a mass spectrometer
(MS) for detection that has the advantage of scanning for unique masses for different compounds,
allowing identification and quantification simultaneously. Using an MS as a detector is becoming
increasingly popular since the sensitivity is approaching that of an ECD. However, the HCFCs tend to
be more soluble, making it more difficult to quantitatively purge all of the tracers from a water sample.

The Medusa-GC-MS system (shorted as the Medusa system) for the precise and simultaneous
analysis of a wide range of volatile trace gases has been developed at the Scripps Institution of
Oceanography (Miller et al., 2008). This system is based on trapping volatile gases on two traps kept
at accurately controlled temperatures. The packing material of the traps and the temperature during the
trapping stage are designed in a way that allows for the fractionation of the compounds on two traps.
In this way, interferences from atmospheric permanent gases can be avoided and hard-to-measure
gases like PFC-14 (CF.) can be measured. This analytical system was designed to automatically and
continuously measure air samples at Advanced Global Atmospheric Gases Experiment (AGAGE)
remote field stations (Prinn et al., 2018) and is unique in that it provides high accuracy measurements
of more than 40 compounds including halocarbons, hydrocarbons and sulfur compounds involved in
ozone depletion and/or climate forcing from the same sample. The measurement precisions of the
majority of the halogenated compounds are less than 0.5 % in 2 L ambient air. The Medusa-Aqua
system as developed based on the Medusa system can measure the majority of the 40 halogenated

compounds in seawater samples.

3.2 Difference between Medusa-Aqua and Medusa system
The Medusa-Agqua system consists of a Medusa system (Miller et al., 2008) and a seawater sample
pretreatment system (Fig. 4). The Medusa system consists of a cryogenic pre-concentration unit,
named Medusa, an Agilent 6890N gas chromatograph (GC) and an Agilent 5975B quadrupole mass
spectrometer (MS). The seawater sample pretreatment system was developed to degas gaseous tracers
from the samples before injecting into the Medusa system, replacing the air sampling device of the
original Medusa system. The technology is based on a purge-and-trap technology where the Medusa
serves as the trap unit prior to the chromatographic separation of the sample for detection in the MS.
The main difference between Medusa and Medusa-Aqua system is that the former uses an air-pump
module as the gas sample pretreatment system and the sample volume is determined by an integrating
mass flow controller (MFC), while the latter uses a purge module as the seawater sample pretreatment
system and a gravimetrically calibrated standard loop for standard gases. For the injection of water
samples to the system, we use the Ampoule-Cracker-System, as designed by Vollmer and Weiss
(2002) and then modified by Stdven (2011).
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4 Sampling and Measurement

Here we describe the sampling and measurement methods for samples collected from cruise MSM72
to the Mediterranean Sea in March and cruise AL516 to the western Baltic Sea in September 2018.

4.1 Sample collection

Seawater samples were collected throughout the water column in three areas of the Mediterranean Sea
(Fig. 5): Southern lonian Sea (SIS), Tyrrhenian Sea (TS) and Western Mediterranean Sea (WMS) on
the cruise MSM72 by the research vessel Maria S. Merian from March 2™ to April 3", 2018 along the
GO-SHIP line MED-01 (Hainbucher et al., 2019a) and one station (10.1 °E, 54.5 °N) in the Baltic Sea on
the cruise AL516 by the research vessel Alkor from September 12" to 22", 2018 (Booge, 2018). These
seawater samples were collected in glass ampoules (~1.3 L), connected to the Niskin bottles via a
stainless steel mounting system (Vollmer and Weiss, 2002). 5 minutes is needed for the seawater to fill
up a whole glass ampoule and the sampling process lasted for 15 minutes to allow for the seawater to
flush the whole ampoule volume three times. After removing and closing the ampoule with a screw,
the ampoule was flame-sealed as soon as possible under a flow of high purity N2 (Air Liquide, grade
6.0, Germany) and then sent back to the laboratory in Kiel for measurement. As seen in Fig. 5, no
onboard CFC-12 and SFs measurements were conducted on the stations we sampled for the Medusa-
Agua system in the Mediterranean Sea. The distance between stations on this cruise was 15 nm

(nautical miles), and normally we sampled for chemistry on every second station.

4.2 Gas extraction, separation, and detection

The flow scheme for the Medusa-Aqua system is shown in Fig. 4. Before measurement, each ampoule
sample was immersed in a warm water bath at 65 °C overnight to enhance the purging efficiency by
driving the gases into the headspace. The stem of the ampoule is inserted vertically up into the
cracking chamber and is held by a screw-nut with nylon ferrule. Then the cracking chamber is flushed
with N for 10 minutes to flush out ambient air. A blank test for the cracking chamber is made by
simulating an extraction without breaking the glass ampoule. For analysis, the tip of the ampoule’s
stem is shattered inside the enclosed cracking chamber by rotating the cracking paddle. A straight
purge tube is then inserted down into the ampoule until touching the ampoule bottom for finer
bubbles. These bubbles will help strip the compounds out of the seawater and enhance the purge
efficiencies for the dissolved gases.

The extraction process is started by purging the gases in the ampoule with N (grade 6.0) for 20
minutes at a flow rate of 100 mL min™. Water vapor is removed from the sample by passing the gases
through two Nafion dryers of 1.8 m length and one of 0.6 m length. The counter-flow rate of Nafion
dryer gas (N2, grade 5.0) was set to 120 mL min™. After the purge gas is injected into Medusa, the
following path is the same as described by Miller et al. (2008). The tracer gases are separated on the

main column with helium (Air Liquide, grade 6.0, Germany) as a carrier gas and detected by the MS.
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The mass of seawater in the ampoules was calculated as the difference between the full weight of the
ampoule before measurement and the empty ampoule (including glass splinters) after rinsing with
distilled water and drying in an oven for around 96 h.

4.3 Standard and calibration

The standard gas used in the laboratory in Kiel is a tertiary standard calibrated by the Scripps
Institution of Oceanography (SIO) on the AGAGE relative scale “SIO-R1”. For details about the
propagation of the standard see Miller et al. (2008). Gravimetric calibration scales and calibrated
errors of compounds in the tertiary standard are reported in Table 3. Measurements in seawater are
reported on the latest SIO absolute calibration scales for HFC-125 (S10-14), HFC-23 and PF-114
(S10-07) and other compounds (SIO-05). The tertiary calibration scale is directly used as a working
standard to determine weekly calibration curves and daily drift corrections. These calibration
measurements are made by multiple injections of a 10.0 mL gravimetrically calibrated sample loop.
Each injection lasts 40 seconds at a flow rate of 50-60 mL min™. The detector responses for

compounds in Table 3 are linear in the range of our measurements.

4.4 Purging efficiency, detection limit, and precision

Each sample was measured 3-6 times until none of the compounds in Table 3 could be detected in the
seawater sample so that the purging efficiency for all compounds is 100 %. The precision of the
measurement is dependent on the size of the ampoules and the amount of tracer; the sample with a
higher amount of tracer has better precisions than those with a lower amount. The precision (or
reproducibility) for seawater sample measurements were determined by the relative standard
deviations (1o) of the concentrations for two pairs of duplicate samples (Table 3). The detection limits
for measurements of all compounds by the Medusa-Aqua system are also shown in Table 3 based on
the signals corresponding to the blank values or noises plus ten standard deviations.

The concentrations of SFe, PFC-14, and PFC-116 in most seawater samples were lower than the
detection limit, and HFC-23 had unstable and non-zero blank values in all measurements, preventing
us from evaluating those results. The observations of CFC-12, HCFC-22, HCFC-141b, HCFC-142b,
HFC-134a and HFC-125 measured by the Medusa-Aqua system in seawater from the cruise MSM72

are shown in Table S1 with quality flags marked.

4.5 Comparison of instruments measuring CFC-12

In order to explore the precision and accuracy of seawater measurements by the Medusa-Aqua system,
CFC-12 was measured by both the Medusa-Aqua system and a purge and trap GC-ECD instrument
(Syringe-PT-GC-ECD) used onboard the cruise MSM72. This is a mature system to measure CFC-12,
SFs and SFsCF; (Bullister and Wisegarver, 2008; Stéven, 2011; Stdven and Tanhua, 2014; Stéven et
al., 2016). For comparison, a similar purge and trap system set-up (Cracker-PT-GC-ECD) to measure

flame-sealed ampoules is added. A detailed comparison of the three instruments is shown in Table 4.
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Compared to other systems, the Medusa-Aqua system has lower purge efficiency due to its bigger
sampling volume if samples are only purged once (although we used multiple purge cycles to increase
the purging efficiency and reduce the uncertainty); has lower precision than that of the Syringe-PT-
GC-ECD but higher than that of the Cracker-PT-GC-ECD system; and can measure more compounds.

5 Results

5.1 Historical surface saturation in the Mediterranean Sea
The historical surface saturation of transient tracers is an important factor to illustrate ventilation. To
determine this for the Mediterranean Sea, we calculated seawater saturation in the winter mixed layer
(WML) from historical cruise data. The depths of the WMLs in summer and winter are shown in Fig.
6 for two exemplary density profiles. While saturation in warm, summer surface layers is often higher,
it is the winter saturation levels that are relevant for deep and intermediate water formation, and thus
for the input functions. Therefore, only the WML was considered in the calculation of historical
surface saturation for all cruises. The depth ranges of WMLs (Fig. S3) and the saturation level for
CFC-12 and SFs (Fig. 7) were determined by profiles of temperature, potential density, and CFC-12
concentrations for each historical cruise that we have access to in the Mediterranean Sea from 1987 to
2018 (Li and Tanhua, in preparation; Schneider et al., 2014). By averaging the mean surface saturation
from every single cruise, the saturation level is determined to be 94 + 6 % and 94 + 4 % for CFC-12
and SFe, respectively. These historical surface saturations do not show a clear trend over time. For
CFC-12, this is different from the situation in the North Atlantic Ocean (Tanhua et al., 2008), and is
probably an indication of the different oceanographic setting where the inflowing Atlantic Water (to
the Mediterranean Sea) has a long time to equilibrate with the atmosphere.

For the following calculations, the historical surface saturations are assumed to be a constant 94 %
(overtime) for all tracers in this study as no data exists to determine the historical surface saturation of
selected HCFCs and HFCs in the Mediterranean Sea. The historical surface saturation and the

atmospheric concentration histories of all compounds together describe their input functions.

5.2 Observations of the Medusa tracers in seawater

The observations of CFC-12 measured by the Medusa-Aqua system are generally comparable with
those in adjacent stations measured onboard by the PT-GC-ECD system (Fig. 8). The averaged
difference of CFC-12 concentrations measured by the two different instruments is 5.9 + 4.6 %
focusing on only the data with quality flagged “good”. Based on the reasonable correlation between
CFC-12 observations from the Medusa-Aqua system and the onboard PT-GC-ECD system, we can
move on and interpret the profiles of the Medusa tracers. Observations of CFC-12 and SFs from
profiles 51, 83 and 105 measured by the PT-GC-ECD and observations of CFC-12, HCFC-22, HCFC-
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141h, HCFC-142b, HFC-134a, and HFC-125 from the nearby profiles 52, 84 and 106 measured by the
Medusa-Aqua system are shown in Fig. 9.

5.3 Surface saturation of Medusa tracers in seawater

Surface saturation in seawater could be a factor that describes the stability of a compound in surface
seawater or confidence in the seawater solubility function. Saturation is influenced by multiple
parameters, such as partial pressures in the atmosphere and surface seawater, the air-sea exchange
velocity, the solubility and diffusivity of the gas, and the temperature dependence of these parameters
(Butler et al., 2016; Lobert et al., 1995).

In the Mediterranean Sea, the averaged saturations of SFe and CFC-12 measured by the PT-GC-
ECD are 945 + 4 % and 91.5 £ 1 %, respectively (Table 5), which is close to those estimated from
historical surface saturation (see Sect. 5.1). The surface saturation of CFC-12 measured by the
Medusa-Aqua system is ~20 % lower than adjacent measurements by the PT-GC-ECD. The averaged
surface saturations of HCFC-22, HCFC-141b and HFC-125 measured by the Medusa-Aqua system are
43 £ 1%, 52 +4 % and 37 £ 10 %, which are lower than expected. The averaged saturation of HCFC-
142h measured by the Medusa-Aqua system is 90 + 11 %, whereas the averaged saturation of HFC-
134a is 139 = 34 %. There are a few possible reasons for the lower than expected saturations: 1)
problems in measurements/sampling; 2) poorly defined solubility functions; 3) degradation in
seawater. Degradation is not likely for CFC-12, which is known to be stable in flame-sealed glass-
ampoules. Based on these, we conclude that there is an as yet undefined issue with sampling or
measurement of these surface samples. Since we have the benefit of “reference” measurements from a
proven technique (the PT-GC-ECD system) in the Mediterranean Sea, we flagged data where the
Medusa-CFC-12 values are inconsistent with the CFC-12 values from PT-GC-ECD (Fig. 8).

In the Baltic Sea, the averaged seawater surface saturation of CFC-12, HCFC-22, HCFC-141b,
HCFC-142b, HFC-134a and HFC-125 are 122 + 8 %, 77 + 8 %, 74 £ 12 %, 114 + 2 %, 125 + 23 %
and 252 * 35 %, respectively (Table 5). These higher and more realistic surface saturation levels also
indicate that a sampling or measurement issue might be responsible for the compounds with low
saturations, such as HCFC-22, HCFC-141b and HFC-125, in the Mediterranean Sea. But in the Baltic
Sea, the lower saturation of HCFC-22 may be attributed to degradation considering its higher partial
pressures in the atmosphere than in the surface seawater (increasing atmospheric history) and ease of
solubility in seawater; the lower saturation of HCFC-141b might due to degradation and/or lower
partial pressures in the atmosphere than in the surface seawater (decreasing atmospheric history)
considering its high solubility in seawater. For HFC-125, the very low saturations in the
Mediterranean Sea and very high saturations in the Baltic Sea are probably a result of issues in the

seawater solubility function and/or measurement.

5.4 Stability based on interior ocean observations
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In order to validate the stability of HCFCs and HFCs, the concentrations of CFC-12 from the adjacent
PT-GC-ECD measurements are vertically interpolated by a piecewise cubic hermite interpolating
method on potential density surfaces and averaged by the arithmetic mean of the interpolated profiles
(Schneider et al., 2014; Tanhua et al., 2010). Then the concentrations of HCFC-22, HCFC-141b,
HCFC-142b, HFC-134a and HFC-125 and SFs (measured by the PT-GC-ECD) are plotted against the
(interpolated) CFC-12 (Fig. 10). Concentrations in the shallow layers plot towards the upper right
corner with deep samples near the lower left. In the figure, we added the atmospheric history of the
Medusa tracers vs. CFC-12 as well as the theoretical mixing line between contemporary and pre-
industrial concentrations; all samples will have to fall between these two lines (i.e. the stability area) if
the tracer is conservative in seawater. Compounds where the samples fall below the “stability area” are
not stable (assuming that CFC-12 is stable), and for samples above it there are issues with too high
values (see below). For instance, HCFC-22 is found in the lower part of the stability area (samples
would fall on this lowest line if there were no mixing but only advection in the ocean); HCFC-141b,
HFC-125, and SF¢ are well in the allowed range; whereas HCFC-142b and HFC-134a are around or
above the upper boundary.

The increased ventilation of the (western) Mediterranean Sea during the last decade tends to result
in very different effects on CFC-12, which is decreasing in the atmosphere, and the Medusa tracers
that are mostly increasing. This argument suggests that we could expect higher than expected
concentrations (as SFe presented) for the Medusa tracers. This is exactly what we see from HCFC-
142b and HFC-125 (Fig. 10). However, too high concentrations for HFC-134a may associate with a
few possible reasons: 1) contamination during sampling or measurement in the laboratory; 2)
problems with solubility functions; 3) some other issues within the measurements in the laboratory

causing our observations to be high.

5.5 Comparison of mean age estimates
In order to compare the mean ages estimated from HCFCs and HFCs with those estimated from CFC-
12 and SFs, we calculated the mean ages of these tracers (Fig. 11). Here we assumed the A/TI" ratio of
IG-TTD to be 1.0 and the saturation of all tracers to be 94 % (see Sect. 5.1). However, the TTD of the
Mediterranean Sea is complicated by the variable ventilation and the influence of different source
regions for interior water, see Stdven and Tanhua (2014). While the assumption of an IG-TTD with
A/I' = 1.0 can be questioned, it can still serves as an initial assumption to evaluate the new tracers.
Note that the mean ages calculated from CFC-12 and SF¢ are not identical, although we have high
confidence in these data. Therefore, even though the assumptions made on the TTD are not entirely
correct, they are a reasonable starting point for the purpose of this study.

The mean age estimated from HCFC-141b is similar to (slightly higher than) those from CFC-12
and SFe, whereas the mean age estimated from HCFC-22 is higher while the mean ages from HCFC-

142h, HFC-134a and HFC-125 are significantly lower. If the mean age is lower than expected, it
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implies that the concentration is probably higher than expected (Fig. 10) and vice-versa. There are
different possible explanations for the difference in mean ages. One obvious explanation is uncertainty
in the A/I" ratio of TTD that will affect tracers with different input functions differently. Other
possible explanations include uncertainty in the solubility function or analytical error, see discussions

below.

6 Discussions

The results from this study on surface saturation in seawater, stability based on interior ocean
observations and mean age in relation to CFC-12 are summarized in Table 6. These results can be
evaluated to analyze the stability and further determine the potential of the Medusa tracers as oceanic
transient tracers, and are as such dependent on the confidence that the measurements are reasonably
accurate. The comparison between the mean ages calculated from the Medusa tracers and CFC-12 is
sensitive to the assumed shape of the TTD, and the differences in input history that make them
respond differently to the time-variant ventilation of the (western) Mediterranean Sea. As a component
of the input function, the historical surface saturation has been estimated to be 94 %; the atmospheric
histories of the Medusa tracers have been given by Li et al. (2019), who also used indirect methods to
estimate the solubility functions. HCFC-22, HCFC-141b, HCFC-142b, HFC-134a and HFC-125 can
be measured by the Medusa-Aqua system. Based on the combined results from Li et al. (2019) and
this study, the potential of the Medusa tracers as transient tracers in the ocean is summarized in Table
7 by mainly evaluating the confidence or feasibility of their atmospheric history, seawater solubility,
ease of measurement and stability in seawater. The more precise historical surface saturation will be a
future consideration

As a reference, we start with CFC-12, a commonly used transient tracer marked with medium/high
confidence/feasibility. The atmospheric history of CFC-12 is well-documented (Bullister, 2015;
Walker et al., 2000), and the seawater solubility function is well-established (Warner and Weiss, 1985).
In addition, CFC-12 has been observed for several decades by mature analytical techniques, and its
stability in warm waters, as well as poorly oxygenated waters, has been proven. However, the
decreasing atmospheric history of CFC-12 limits its ability as an oceanic transient tracer currently.
HCFC-22. The increasing atmospheric history (high confidence) is well-established by a combination
of the model results and observations (Li et al., 2019). The seawater solubility function has been
constructed by combining the CGW (Clark—Glew—Weiss) model on the experimental freshwater
solubility data and another model (poly-parameter linear free-energy relationships, pp-LFERS) on the
salting-out coefficients (Li et al., 2019). The results of freshwater solubility matched those published
by Deeds (2008) on measurements and the CGW model fitted results between 298-348 K, and those
published in Abraham et al. (2001) on observations and the pp-LFERs model results at 298 K and 310

K. Thus, our ability to estimate the seawater solubility was marked as medium confidence due to
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lacking the experimental seawater solubility empirical data to verify the function. As to measurement,
HCFC-22 has been measured on several cruises (Lobert et al., 1996; Yvon-Lewis et al., 2008) by GC-
ECD and GC-MS instruments and in this study by the Medusa-Aqua system (high feasibility). The
stability was evaluated by analyzing the surface saturations in seawater, comparison to CFC-12
observations, and comparison to mean ages estimated from CFC-12/SFs. The surface saturation was
lower than expected probably due to degradation (see Sect. 5.3), which may indicate that HCFC-22 is
unstable in surface seawater. Similarly, the clustering of HCFC-22 values in the lower range (Fig. 10)
could be an indication of slow degradation in warm seawater, which was also supported by the weak
hydrolysis of HCFC-22 in tropical and subtropical waters (Lobert et al., 1995). The mean ages
estimated from HCFC-22 were found to be higher (i.e. indicating low concentrations) than those
estimated from CFC-12 and SFg, supporting non-conservative behavior. Therefore, HCFC-22 was
determined to be unstable in warm waters; more measurements should be added for the stability
analysis, especially in poorly oxygenated and cold waters. In addition, HCFC-22 can be replaced by
SFe as a transient tracer since they have similar atmospheric histories (Fig. 2 and Fig. 3). These all
indicate that HCFC-22 seems not suitable to be a potential new transient tracer in the warm ocean, for
instance, the Mediterranean Sea, but could possibly be used for colder waters.

HCFC-141b. The atmospheric history (high confidence) was well reconstructed (Li et al., 2019).
However, the seawater solubility function (low confidence) was constructed for the first time (Li et al.,
2019) and the freshwater solubility only matched data in Abraham et al. (2001) at the two
temperatures. HCFC-141b has been measured on cruises (Lobert et al., 1996; Yvon-Lewis et al., 2008)
and also in this study, thus we have high confidence in the ability for measurement. As for the stability,
HCFC-141b was identified to be potentially stable in seawater (medium confidence) since its
concentrations are likely in similar ranges to those in the interior ocean (Fig. 10) assuming that the
solubility function is valid, and the observed mean ages are similar to those estimated from both CFC-
12 and SFs (Fig. 11). However, the low surface saturation points to the possibility of degradation (see
Sect. 5.3). The input function of HCFC-141b is different enough from the traditional transient tracers
to provide additional information, but since the atmospheric history started to decrease in 2017 (Li et
al., 2019), the use of HCFC-141b as a transient tracer for “young” waters become complicated. All
these indicate that HCFC-141b has a probably limited ability as a transient tracer in the future.
HCFC-142b. The confidence of the atmospheric history and seawater solubility function is similar to
those of HCFC-141b for the same reasons. HCFC-142b has been measured on some cruises (Lobert et
al., 1996; Yvon-Lewis et al., 2008) and also in this study, rendering us to determine that it is highly
feasible to measure this compound. We have medium confidence in our ability to estimate the stability
of HCFC-142b because of slightly higher than the expected concentrations in the interior ocean (Fig.
10), lower than expected mean ages particularly in the Atlantic Water Layer (Fig. 11), and its surface
saturation similar to those of CFC-12/SF¢ in seawater. The input function of HCFC-142b is different
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from those of most other tracers (only similar to that of HCFC-141b but with a longer time range).
Consequently, HCFC-142b has currently good potential to be used as a transient tracer.

HFC-134a. We judge that we have high and medium confidences in the atmospheric history and
seawater solubility function (Li et al., 2019), respectively. Although the estimated seawater solubility
function was constructed based on the modeled salting-out coefficients and the experimental
freshwater solubility (Li et al., 2019) that matched both the observations (Deeds, 2008) and model
results (Abraham et al., 2001), we have only medium confidence in the seawater solubility function
due to the lack of experimental seawater solubility data. HFC-134a was measured in Ooki and
Yokouchi (2011) by GC-MS and in this study by the Medusa-Aqua system, so we consider medium
feasibility for measurements in this study due to higher than expected concentrations (see Sect. 5.4).
We have only poor knowledge of the stability of HFC-134a because its higher than expected surface
saturation (Table 5) and concentration (Fig. 10), as well as lower than expected mean ages (Fig. 11)
don’t suggest degradation. The compound is not identified as unstable (see Sect. 5.4), but its stability
is still largely unknown considering the issues on seawater solubility function and/or measurements.
Besides, HFC-134a can only be considered as a tracer for “young” waters due to its short atmospheric
history. Based on all these discussions, HFC-134a has a lower possibility than HCFC-142b but a
higher possibility than HCFC-22 to be an oceanic transient tracer.

HFC-125. Concentrations of HFC-125 in the early 1990s in the atmosphere are unclear (Fig. 3),
possibly related to uncertainties in the reconstruction, although this only marginally influences its
ability as a transient tracer. Overall, we consider the knowledge of its reconstructed atmospheric
history to be of high confidence (Li et al., 2019). Three seawater solubility functions of HFC-125 can
be constructed (Li et al., 2019), although only two of them were considered; function 1 is supported by
freshwater solubility results from Deeds (2008) as well as stability analysis based on comparison to
CFC-12 in this study (Fig. 10), whereas the observations and model results from Abraham et al. (2001)
supported function 3. Besides, we found under-saturated waters in the Mediterranean Sea but over-
saturated waters in the Baltic Sea for HFC-125 (Table 5). All these lead to poor certainty about the
seawater solubility function of HFC-125, and we mark it to be of low confidence. We also evaluate the
feasibility to measure HFC-125 as low since this compound has been measured in this study for the
first time in seawater, and we find almost no vertical gradient (Fig. 9), which is unexpected.
Furthermore, observed HFC-125 concentrations in freshwater are inconsistent as indicated by three
freshwater solubility functions (Li et al., 2019), which suggests unresolved issues with its
measurements in water. Due to the poorly defined solubility and difficulties in measurement, it is
difficult to assess the stability of HFC-125 in this work. The low mean ages compared to those
estimated from CFC-12 and SFs (Fig. 11) do not support using HFC-125 as a tracer, and in any case,
HFC-125 can only be a tracer for “young” water due to its short atmospheric history. Therefore, we
consider that HFC-125 has currently low potential as a transient tracer in the ocean due to the poorly

constrained solubility and stability, possible problems in seawater measurements and the lower than
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expected mean ages. This might be remedied by constructing the experimental seawater solubility
function and solving possible measurement issues.

HFC-23. HFC-23 could not be reliably measured in our system due to unstable non-zero blanks (see
Sect. 4.4). Therefore, we can, obviously, not reliable assess the stability of HFC-23 in seawater, and
we have low confidence in the feasibility of the measurements, although the blank problem might
possibly be solved by a different instrument configuration. The atmospheric history of HFC-23 has
been constructed (Li et al., 2019; Simmonds et al., 2018), but we have only medium confidence as it
does not start from zero (Simmonds et al., 2018) due to limited data. Our ability to estimate the
seawater solubility function was marked as medium confidence for the same reason as for HFC-134a.
That is, the freshwater solubility function matched results from Deeds (2008) and Abraham et al.
(2001) but the seawater solubility function was not constructed by experimental seawater solubility
data. In consequence, unknown stability and current issues with measurements lead to an overall
assessment that HFC-23 has a low potential as a transient tracer in the ocean at this moment.

PFC-14 and PFC-116. The increasing atmospheric histories of PFC-14 and PFC-116 (high
confidence) have been established (Li et al., 2019; Trudinger et al., 2016). Also, the seawater
solubility functions were constructed, although we have only medium and low confidences for PFC-14
and PFC-116, respectively. Our confidence for PFC-14 is higher than for other compounds with
medium confidence as it matches both seawater measurements (Scharlin and Battino, 1995) and
freshwater solubility (Abraham et al., 2001; Clever et al., 2005). In contrast, low confidence for PFC-
116 was attributed to its freshwater solubility only matching that from Deeds (2008) but not the
theoretical assessment from Abraham et al. (2001). PFC-14 and PFC-116 are very stable in the
environment, but can’t easily be measured in seawater because of the low solubility (Li et al., 2019),
i.e. low concentration in seawater. The high stability and long atmospheric histories make PFCs
potentially promising transient tracers in the ocean, although it is challenging to measure these
compounds.

Based on all the above discussions, HCFC-22 is unlikely to be a transient tracer in warm waters.
HFC-23 can’t be identified as a transient tracer because of lacking too much information on the four
aspects. On the other hand, these two compounds can be replaced by SF¢ that has similar atmospheric
histories (Fig. 2 and Fig. 3). Since SF¢ is a mature transient tracer, we will no longer consider the use
of HCFC-22 and HFC-23. HCFC-141b and HCFC-142b can be used currently as transient tracers.
Considering their similar atmospheric history and the decreasing atmospheric history of HCFC-141b,
HCFC-142b can be further evaluated as a transient tracer by obtaining more reliable solubility and
stability information in seawater. HFC-134a and HFC-125 can’t be identified as transient tracers; the
former because of higher than expected concentrations pointing to issues on the seawater solubility
function and/or the measurements; the latter due to the lack of information on solubility, stability, and
feasibility of measurement in seawater. Considering the similar atmospheric histories of HFC-134a

and HFC-125, HFC-134a is a more promising candidate as a transient tracer. Last but not least, PFC-
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14 and PFC-116 can be used as transient tracers in the future (medium confidence) once their
measurement in seawater is resolved. Currently, HCFC-142b and HCFC-141b are better choices as

transient tracers.

7 Conclusions

This study, combined with the study by Li et al. (2019), provides a method to identify and evaluate if a
compound is suitable for use as a transient tracer in the ocean. HCFCs, HFCs and PFCs were selected
for evaluation as potential replacements for CFCs. The evaluation mainly considered four aspects:
input function (including atmospheric history and historical surface saturation), seawater solubility,
feasibility of measurement and stability in seawater. We also considered how Medusa tracers with
different atmospheric histories complement each other when constraining ocean ventilation, whereas
tracers with similar input functions provide little additional information. For these purposes, we
modified an existing analytical system for seawater measurements and observed the seawater
concentrations of HCFC-22, HCFC-141b, HCFC-142b, HFC-134a, and HFC-125. Unfortunately, the
poorly soluble PFCs could not be successfully measured with our current analytical system.

The atmospheric histories, combined with historical surface saturations, form the input functions.
The atmospheric histories have been reconstructed in our last study (Li et al., 2019), and the historical
surface saturation in the Mediterranean Sea was determined to be a constant 94 % based on historical
tracer observations.

The seawater solubility functions have been constructed by Li et al. (2019) by combining
experimental freshwater solubility data and a model on the salting-out effect. However, the results
from this study identify questions for some of the evaluated compounds, in particular for HFC-125, so
that seawater solubility functions constructed based on experimental seawater solubility data are
needed.

Measurements of CFC-12 by the Medusa-Aqua system were compared to observations by an
onboard, well-described analytical system. Based on the reasonable correlation between CFC-12
observations from the two systems, we conclude that HCFC-141b, HCFC-142b, and possibly HFC-
125, are probably stable in seawater, whereas there are indications of slow degradation of HCFC-22 in
warm seawater. We were not able to estimate the stability of HFC-134a. Although based on the
observations from this study, there are strong indications that the PFCs are stable in seawater.

By comprehensive evaluation of these aspects, HCFC-142b and HCFC-141b are found to be the
most promising novel oceanic transient tracers currently since they fulfill several essential
requirements by virtue of well-documented atmospheric history, established seawater solubility,
feasible measurements, and inertness in seawater. However, more information on seawater solubility
and stability (especially biodegradation) is needed to further assess their ability as transient tracers in

seawater. Furthermore, HCFC-142b and HCFC-141b will likely only work as transient tracers for the
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next few years/decades considering the restrictions on their production and consumption imposed by
the Montreal Protocol, and their (future) decreasing atmospheric mole fractions (Li et al., 2019).

The compounds that have the greatest potential as oceanic transient tracers in the future are PFC-14
and PFC-116 because of their high stability in seawater, the long and well-document atmospheric
concentration histories and well-constructed seawater solubility functions (Li et al., 2019). This view
is also supported by the work of Deeds et al. (2008). The challenge is how to measure the PFCs
accurately due to their low concentrations. Possible ways forward are to modify the Medusa system
according to Arnold et al. (2012) to improve the sensitivity for PFC-14 (CF,) and try field
measurements using the vacuum-sparge method by Law et al. (1994) to improve the speed of gas
extraction.

For other tracers, HFC-134a needs to be further evaluated as a transient tracer by adding more
reliable information on stability and solubility in seawater and measurement feasibility, whereas
HCFC-22, HFC-125 and HFC-23 can no longer be considered as oceanic transient tracers due to one
or more reasons, such as unconstrained solubility functions, seawater instability, and measurement

problems, and should be replaced by mature or better tracers having similar atmospheric history.

Data availability

Cruises data on historical surface saturation of CFC-12 and SF¢ in the Mediterranean Sea (Sect. 5.1)
are from https://www.nodc.noaa.gov/ocads/oceans/Coastal/Meteor_Med_Sea.html. Observations of
CFC-12 and SFg measured by the PT-GC-ECD and observations of CFC-12, HCFC-22, HCFC-141b,
HCFC-142b, HFC-134a and HFC-125 measured by the Medusa-Aqua system in seawater from cruise
MSM72 are shown in Table S1.
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Figure 1. Seawater timescales (“tracer age ranges”) of halogenated compound dating using potential
chronological transient tracers (selected HCFCs, HFCs, and PFCs, orange) as well as traditional chronological
transient tracers (CFC-12 and SFs, red) combined with radioisotope dating using radioactive transient tracers (°H,
3Ar, and “C, blue). Tracer age ranges of chronological transient tracers are estimated from Fig. 3 (see below),

while tracer age ranges of radioactive transient tracers are from Aggarwal (2013).
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Figure 2. Atmospheric histories of HCFC-22, HCFC-141b, HCFC-142h, HFC-134a, HFC-125, HFC-23, PFC-
14, PFC-116, CFC-12 and SFs in the Northern Hemisphere. HCFC-22, HFC-134a, PFC-14, and CFC-12 share
the left y-axis scale; other compounds share the right y-axis scale.
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Figure 3. Relative tracer concentrations in percent (i.e. normalized to the contemporaneous atmospheric
concentrations) and corresponding tracer age for HCFC-22, HCFC-141b, HCFC-142b, HFC-134a, HFC-125,
HFC-23, PFC-14, PFC-116, CFC-12, and SFs in the Northern Hemisphere. Reference year: (a) 2018 and (b)

2000.
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Figure 4. Medusa-Aqua system flow scheme. The Medusa system remains identical to that given by Miller et al.

(2008). The seawater pretreatment module is added to degas the samples from gaseous tracers before injecting

into Medusa. Electronic Pressure Controllers (EPC3, EPC4, and EPC5) supply helium throughout the system.

The Mass Flow Controller (MFC) used to measure the sample volume downstream of Trap 1 (T1), was not used

in this study. The cryogenic packing materials are 200 mg of 100/120 mesh HayeSep D (HSD) for Trap 1 (T1)
and 5.5 mg of HSD adsorbent for Trap 2 (T2).
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Figure 5. Sampling sites distributed in the Mediterranean Sea from the cruise MSM72 in three areas: the

Southern lonian Sea (SIS), the Tyrrhenian Sea (TS) and the Western Mediterranean Sea (WMS). Sampling sites

in red solid circles indicate samples measured by the Medusa-Aqua system for HCFCs, HFCs, PFCs and CFC-12,
blue solid circles were for CFC12 and SFs measured by the PT-GC-ECD. The depth contours are 500 m, 2000 m,
3000 m, 4000 m, 5000 m, and 6000 m.
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Figure 7. Historical surface saturations in winter mixed layers (blue solid circles) for (a) CFC-12 from 12
cruises in 1987-2018 and (b) SFs from 4 cruises in the Mediterranean Sea. In addition to the data from Schneider
et al. (2014), data from the cruises CRELEV2016 and TALPro2016 in 2016 and MSM72 in 2018 (Li and
Tanhua, in preparation) were added. Red solid circles denote the means of seawater saturation for each cruise.

Orange lines (94 %) are the means of averaged seawater saturation of every cruise.
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Figure 8. Comparison of CFC-12 observations from cruise MSM72 measured by the onboard PT-GC-ECD
(ECD) and the Medusa-Aqua system (Medusa) in three areas: (a) the Southern lonian Sea, (b) the Tyrrhenian

Sea and (c) the Western Mediterranean Sea. We used normal quality control routines and flagged outliers as

probably bad (“3” in Table S1), which are not further considered. One more step was done to compare the
Medusa-Aqua system observations with those from the PT-GC-ECD; if the Medusa-CFC-12 values are
inconsistent with the CFC-12 values from PT-GC-ECD measurements, they were flagged “5” in Table S1

indicating a possible issue during the sampling or measurement process; if they are consistent, they were flagged

“2” representing good data. In the following plots, we show all data with a quality flag of “2 (dots)” or “5

(crosses)”.
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Figure 9. Observations of (a) SFs and (b) CFC-12 in profiles 51, 83 and 105 measured by the PT-GC-ECD and
(c) CFC-12 (marked as CFC-12m), (d) HCFC-22, (e) HCFC-141b, (f) HCFC-142b, (g) HFC-134a and (h) HFC-
125 in profiles 52, 84 and 106 measured by the Medusa-Aqua system. For the explanation of (2), (5), dots and

crosses, refer to Fig. 8.
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Figure 10. Observations of (a) HCFC-22, (b) HCFC-141b, (¢) HCFC-142b, (d) HFC-134a and (e) HFC-125 in
profiles 52, 84 and 106 measured by the Medusa-Aqua system and (f) SFs in profiles 51, 83 and 105 measured
by the PT-GC-ECD plotted against the (interpolated) CFC-12 based on measurements by the PT-GC-ECD. The
thick black line is the atmospheric history of the tracer pair (A/I" = 0.0) and the thin black line is the theoretical
mixing line between contemporary and pre-industrial concentrations. The lines with A/I" = 0.2-1.8 based on 1G-
TTD have also been added. The values of the top two points of profile 52 are marked with a bigger size to

identify the samples in shallow layers. For the explanation of (2), (5), dots and crosses, refer to Fig. 8.
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size. For the explanation of (2), (5), dots and crosses, refer to Fig. 8.
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Table 1. Total lifetimes, partial atmospheric lifetimes with respect to oceanic uptake and ocean contributions for
HCFC-22, HCFC-141b, HCFC-142b, HFC-134a, HFC-125, HFC-23, PFC-14 and PFC-116

Species Total lifetime @ (years) Partial atmospheric lifetimes with Ocean contributions ° (%)
respect to oceanic uptake (years)
(Yvon-Lewis and Butler, 2002)

HCFC-22 11.9 1,174 1

HCFC-141b 9.4 9,190 0.1

HCFC-142b 18 122,200 0.01

HFC-134a 14 5,909 0.2

HFC-125 31 10,650 0.3

HFC-23 228

PFC-14 >50 000 low solubility

PFC-116 >10,000 low solubility

2 Total lifetime includes tropospheric OH and Cl atom reaction and photolysis loss, stratospheric loss due to reaction (OH and

O(*D)) and photolysis, and ocean and soil uptake as noted in the table, data from SPARC (2013); ° Based on the calculation

method in Huhn et al. (2001).

Table 2. Review on biodegradation of selected HCFCs and HFCs in freshwater or soil

_ _ HCFC HCFC-  HCFC HFC- HFC HFC

Microorganisms or culture References

-22 141b -142b  134a -125  -23
Methanotrophic bacterium Methylosinus e ) (DeFlaun et al.,, 1992)

X X
trichosporium OB3b(pure culture) (Streger et al., 1999)
Mixed methanotrophic culture (MM1) J J J (Chang and  Criddle,
with many heterotrophs 1995)
Cell suspensions of M. capsulatus,
_ \/ (Oremland, 1996)

methanotrophs in natural assemblages
Methanotrophic mixed culture ENV2040 X X (Streger et al., 1999)
Unidentified methanotroph ENV2041 X X X (Streger et al., 1999)
Propane-oxidizing bacteria, M. vaccae N0

X X X X (Streger et al., 1999)
JOB5 pmol h?)
Methylococcus capsulatus (Bath) \/ (Matheson et al., 1997)
Aerobic condition closed bottle tests X X (Berends et al., 1999)
Anoxic sediments (Oremland, 1996)
Landfill soil Ve X X (Scheutz et al., 2004)
Anaerobic conditions in sewage sludge .

X X X (Balsiger et al., 2005)

and aquifer sediment slurries

aqy: Biodegradation in freshwater/soil; ® x: No biodegradation in freshwater/soil; ¢ In the oxidative zone.
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Table 3. Selected Medusa-Aqua analytes, calibration scales and errors in standard gas, detection limits and
precision of seawater measurements

Industrial name Chemical  Full name Standard scale  Calibrated errors of  Detection limit  Precision
(abbreviation) formula the standard gas (%) (fmol kgt 2 (96)
SFe SFs sulfur hexafluoride SI0-05 0.37 0.48 -
CFC-12 CClzF2 dichlorodifluoromethane SI0-05 0.08 29.83 0.4
HCFC-22 CHCIF; chlorodifluoromethane SIO-05 0.22 13.75 31
HCFC-141b CHsCCI2F  1,1-dichloro-1-fluoroethane  SIO-05 0.20 4.01 6.1
HCFC-142b CH3CCIF2  1-chloro-1,1-difluoroethane  SIO-05 0.21 3.24 1.8
HFC-134a CH2FCFs  1,1,1,2-tetrafluoroethane SI0-05 0.21 7.31 9.7
HFC-125 CHF2CFs  pentafluoroethane SIO-14 0.23 1.19 2.0
HFC-23 CHF3 fluoroform SIO-07 0.49 6.71 -
PFC-14 CF4 carbon tetrafluoride SIO-05 0.30 0.44 -
PFC-116 CFsCFs hexafluoroethane SIO-07 0.32 1.41 -

2 Precision (reproducibility, 1o) of tracers in seawater was determined by samples at 23.5 dbar from cruise AL516 in the
Baltic Sea in September 2018.

Table 4. Comparison of instrument performance measuring CFC-12

System Medusa-Aqua system PT-GC-ECD PT-GC-ECD
Instrument Cracker-Medusa-GC-MS Syringe-PT-GC-ECD Cracker-PT-GC-ECD
Workplace Laboratory in Kiel Onboard Laboratory in Kiel
Purging efficiency (%) 99.5+05¢2 99.2+3.6" 99.6+0.1°¢

Precision (%) 0.4 0.3 1.4

Sampling volume (L) ~1.3 ~0.3 ~0.3

Measured compound CFCs, HCFCs, HFCs, PFCs, etc.  CFC-12, SFs, SFsCF3 CFC-12, SFg, SFsCFs

a After purging three times; ® After purging once; ¢ After purging twice.

Table 5. Seawater surface saturations (%) of SF¢ and CFC-12 in profiles 83 and 105 from cruise MSM72
(measured onboard with the PT-GC-ECD system) and CFC-12, HCFC-22, HCFC-141bh, HCFC-142h, HFC-
134a, and HFC-125 in profiles 84 and 106 from cruise MSM72 and in profile 30 from cruise AL516 (measured
in the laboratory in Kiel with the Medusa-Aqua system).

PT-GC-ECD Medusa-Aqua system
] Pressure CFC- ) Pressure CFC-  HCFC- HCFC- HCFC- HFC-  HFC-
Profile SFe Profile
(dbar) 12 (dbar) 12 22 141b 142b 134a 125
83 13.4 97 91 84 14.7 72 44 54 97 163 44
MSM72

105 14.3 92 92 106 14.0 65 42 49 82 115 30
30 1.6 132 68 61 115 150 287
AL516 30 235 118 79 84 112 105 218
30 235 117 83 77 115 120 250
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Table 6. Evaluating the stability of selected HCFCs and HFCs based on seawater measurements in relation to
observations of CFC-12

Compound Surface saturation  Location in the stability area Mean age in relation to CFC-12
HCFC-22 Low Low High

HCFC-141b Low Within area Slightly high

HCFC-142b As expected Slightly high Low

HFC-134a High High Low

HFC-125 Low and high 2 Within area Low

@ HFC-125 has low saturations in the Mediterranean Sea but high saturations in the Baltic Sea.

Table 7. Evaluating the possibilities of selected HCFCs, HFCs and PFCs as transient tracers in the ocean from

four aspects

Atmospheric  Solubility Feasibility of measurement  Stability in Possibility to be
Compound history in seawater  in seawater seawater transient tracer
CFC-12 o o o o ok
HCFC-22 o ool o o
HCFC-141b  *** * o o o
HCFC-142b  *** * o o o
HFC-134a  *** o o * *
HFC-125 ok * * * *
HFC-23 Hok ok * * *
PFC-14 — ok * — *ox
PFC-116 — * * — *ox

2 The total number of (black and red) stars represent current knowledge: one star means “largely unknown”, two stars
“reasonably well resolved” and three stars “well documented or resolved”; the number of black stars represents the ability of

a compound as an oceanic transient tracer through current assessments.
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Figure S1. Transient tracer concentrations (ppt, parts per trillion) of HCFC-22, HCFC-141b, HCFC-142b, HFC-
134a, HFC-125, HFC-23, PFC-14 and PFC-116 vs. mean age for different A/ ratios (a range of 0.2-1.8) in the

Northern Hemisphere. The unity ratio of 1.0 is shown as a blue line.
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Figure S2. HCFC-22, HCFC-141b, HCFC-142b, HFC-134a, HFC-125, HFC-23, PFC-14, PFC-116 CFC-12 and
SFe: concentrations (ppt) in different sampling year (ts) and mean age (T') in the Northern Hemisphere with A/
I'= 1.0 based on the IG-TTD with 100 % saturation.
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Figure S3. Profiles of temperature, potential density and concentrations of CFC-12 for each historical cruise in
the Mediterranean Sea to determine the depth ranges of winter mixed layers.
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Table S1. Bottle data of SFs and CFC-12 in profiles 51, 53, 83, 85, 105 and 107 measured by the PT-GC-ECD
and CFC-12, HCFC-22, HCFC-141b, HCFC-142b, HFC-134a and HFC-125 in profiles 52, 84 and 106 measured
by the Medusa-Aqua system from cruise MSM72 (see Appendix C) @

2 Meaning of the quality flag, this is modified from the WOCE flagging system (https://cchdo.github.io/hdo-
assets/documentation/manuals/pdf/90_1/chap4.pdf, last access: 20 January 2020) only in that we added flag “5” for the
purpose of this study

Quality flag number ~ Meaning

2 Normal data; data for sampling sites that measured CFC-12 by Medusa-Aqua system matched the
one by PT-GC-ECD

Questionable data: may not fit the profile or some other doubts

4 Problem data definitely

5 Data for sampling sites that measured CFC-12 by Medusa-Aqua system doesn’t match the one by
PT-GC-ECD; data quality between 2 and 3

6 Mean of two or more measurements

9 Missing (null) data



https://cchdo.github.io/hdo-assets/documentation/manuals/pdf/90_1/chap4.pdf
https://cchdo.github.io/hdo-assets/documentation/manuals/pdf/90_1/chap4.pdf
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Conclusions and outlook

This thesis investigates the temporal and spatial variability of deep ventilation in the Mediterranean
Sea in the past ~30 years. The Mediterranean Sea is characterized by bottom renewal in the deep layer
and weak ventilation in the TMZ in the intermediate layer. Both the EMDW and WMDW show a
general west-to-east gradient of increasing salinity and potential temperature but decreasing oxygen
and transient tracer concentrations. The EMDW has been formed by the mixing of the dense waters of
the Aegean origin with the colder and less saline water of the Adriatic origin, where the dominant
source of deep water changed from the Adriatic Sea (before 1990) to the Aegean Sea (in the 1990s)
and then back to the Adriatic Sea (in the 2000s and 2010s). During the last decade, stagnant and weak
ventilation is found in most areas of the EMDW despite the prevailing ventilation in the Adriatic Deep
Water between 2011 and 2016, which could be a result of the weakened Adriatic source intensity. For
the WMed, a steady-state ventilation scenario with nearly stagnant ventilation is found in the deep-
water before 2001. Since the start of the WMT event in 2004-2006, strong ventilation is found in the
WNMed through to 2016 but weakened up to 2018. The latter could be a result of combined influences
from the WMed (e.g. weakened influence from the WMT event) and EMed (e.g. weakened Adriatic
source intensity). During the past ~15 years, the deep WMed has been influenced by the new WMDW
that moves the old WMDW upward leading to the intrusion of better-ventilated deep waters toward
the Alboran Sea.

This thesis also explores and evaluates the feasibility of several potential novel chronological
transient tracers from four aspects: input function (including atmospheric history and historical surface
saturation), seawater solubility, feasibility of measurement and stability in seawater. By
comprehensive evaluation, the most promising oceanic transient tracers are HCFC-142b and HCFC-
141b currently. The compounds that have the greatest potential as oceanic transient tracers in the
future are PFC-14 and PFC-116 with the challenge of measurement due to their low solubility. HFC-
134a still needs to be evaluated on its solubility and stability in seawater as well as potential analytical
challenges. HFC-125, HFC-23, and HCFC-22 can no longer be considered because there are
alternative tracers with similar input functions that are better suited as oceanic transient tracers.

In addition, this thesis provides a method to identify and evaluate whether a compound is suitable as
an oceanic transient tracer or not, and provides an alternative method to estimate the seawater
solubility function for a compound depending on if the freshwater and seawater samples were
measured. Future work will be further evaluation of these potential novel transient tracers before they
are used to combine other traditional tracers to better interpret ventilation in the global ocean.

One example is constructing the seawater solubility functions of HCFCs, HFCs and PFCs based on

seawater sample measurements by referring methods for CFC-11 and CFC-12 (Warner and Weiss,
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1985), as well as for SFe (Bullister et al., 2002). Another one is evaluating stability of HCFC-142b and
HCFC-141b in seawater based on more measurements in the global ocean by referring methods for
CFC-12 (Tanhua and Olsson, 2005), CFC-11 (Bullister and Lee, 1995), CFC-113 (Roether et al., 2001)
and CCls (Huhn et al., 2001).

The measurement of PFC-14 and PFC-116 in seawater samples need to be challenged. The visible
way is modifying the Medusa system according to Arnold et al. (2012) to improve the sensitivity for
PFC-14 (CF4) and trying field measurements using the vacuum-sparge method by Law et al. (1994) to
improve the speed of gas extraction and reduce the purging cycles. The shipboard measurements can
be carried out immediately after sampling, the ampoules need not to be sealed, and the sampling and
analysis steps can be simplified and made less time-consuming. We can also try to take more seawater
in a sample, change the standard gas from atmospheric ratio to oceanic ratio, and change one standard
loop to two loops with different volumes.

Historical surface saturation also needs to be more carefully considered in the future. As a
component of the input function, surface saturation has a large impact on the specific time information
and TTD model constraints (Stéven et al., 2015). In this study, an averaged historical surface
saturation is calculated. However, with the development of the interpreting methods of oceanic
transient tracers, the more precise historical surface saturation needs to be obtained. A possibility is
through the model approach by Shao et al. (2013), which depends on changes in atmospheric emission
rate and seawater solubility of the tracer as well as sea surface temperature and salinity but neglects
possible supersaturations because of bubble injections during heavy wind conditions. Therefore, the
different aspects of saturation will also be the main focus of future work.

A combination of multiple oceanic transient tracers, not only the chronological transient tracers but
also the radioactive transient tracers, in interpreting ventilation in the global ocean will be gained
attention in the future. The evaluation of the potential alternative transient tracers in this study, the
development of the new sampling and measurement technique of the argon-39 isotope (Ebser et al.,
2018) and the application of the more complex interpreting method for multiple transient tracers, such
as 2IG-TTD (Stoven and Tanhua, 2014) will make this possible. Increased requirements are looking
for or developing more suitable models for multiple transient tracers to better constrain the age
calculation under the assumption of steady-state or without considering such an assumption.

In total, the results of this thesis improve the understanding of ventilation of the Mediterranean Sea
and find the most promising oceanic transient tracers currently and in the future. The outcome sets the
base for future investigation on multiple oceanic transient tracers, in order to better understand

ventilation and circulation in the global ocean and the effects of the changing climate.
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Appendix A Measurement of HCFCs and

HFCs in seawater

Here is the supplementary information for the measurement of HCFCs and HFCs in seawater for
Manuscript I1ll. Before the Medusa-Aqua system used for measurement of seawater samples from
cruises MSM72 and AL516, it has been improved by updating carrier gases, standard gas and
guantitative tool of the standard gas (Table A.1 and Fig. A.1). Seawater measurements from cruise
NORC2017-09 have not been discussed because those compounds were polluted in the sampling
process.

The sampling device for HCFCs and HFCs in seawater was a stainless steel mounting system (Fig.
A.2) designed by Vollmer and Weiss (2002). The chromatograms from seawater samples were
quantified by peak areas for HFC-134a, HFC-125 and CFC-12 and peak heights for HCFC-22, HCFC-
141b and HCFC-142b (Fig. A.3) due to the different shapes of the peaks. The working standard was

used for the determination of weekly calibration curves (Fig. A.4) and daily drift corrections (Fig. A.5).
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Figure A.2. The stainless steel mounting system for sampling onboard.
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Figure A.3. Select ion mass (SIM) chromatograms

0

of HCFC-22, HCFC-141b, HCFC-142h, HFC-134a, HFC-

125 and CFC-12 from a seawater sample measured by the Medusa-Aqua system. The sample was taken at ~100

dbar depth from profile 52 from cruise MSM72. Here H is the peak height, A is the peak area and W is the peak
width at the mid-height.
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Figure A.4. Standard curves of HCFC-22, HCFC-141b, HCFC-142b, HFC-134a, HFC-125 and CFC-12 (R? >
0.99). The crosses are the measured data and the line the regression curve. The standard curves are constructed
by peak areas for HFC-134a, HFC-125 and CFC-12 and peak heights for HCFC-22, HCFC-141b and HCFC-
142b.
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Figure A.5. Drift corrections for HCFC-22, HCFC-141b, HCFC-142b, HFC-134a, HFC-125 and CFC-12. The

crosses are the measured data and the red line the interpolation between the obtained data.
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Table S2a. Atmospheric mole fractions for HCFC-22 (scale: SIO-05)

Annual means JFM means JAS means
Year NH NH error SH SH error Year NH NH error Year SH SH error
(ppt)  (ppt) (ppt)  (ppt) (ppt)  (ppt) (ppt) (ppt)

19435 0.00 1.68 0.00 1.67 1943.125 0.00 1.90 1943.625 0.00 1.66
1944.5 0.00 1.19 0.00 1.31 1944.125 0.00 1.31 1944.625  0.00 1.25
19455 0.00 111 0.00 0.94 1945.125 0.00 1.10 1945.625 0.00 0.90
1946.5 0.00 111 0.00 0.83 1946.125 0.00 1.12 1946.625 0.00 0.83
19475 0.00 1.10 0.00 0.83 1947.125 0.00 111 1947.625 0.00 0.83
19485 0.01 1.09 0.00 0.82 1948.125 0.00 1.10 1948.625 0.00 0.82
19495 0.03 1.09 0.00 0.82 1949.125 0.02 1.09 1949.625 0.00 0.82
1950.5 0.06 1.09 0.01 0.81 1950.125 0.05 1.09 1950.625 0.01 0.81
19515 0.11 1.09 0.03 0.81 1951.125 0.09 1.09 1951.625 0.03 0.81
19525 0.16 1.09 0.07 0.81 1952125 0.14 1.09 1952.625 0.07 0.81
19535 0.23 1.09 0.12 0.81 1953.125 0.20 1.09 1953.625 0.13 0.81
19545 0.34 1.09 0.19 0.81 1954125 0.29 1.09 1954.625 0.20 0.81
19555 0.49 1.09 0.28 0.81 1955.125 0.42 1.09 1955.625 0.29 0.81
1956.5 0.68 1.09 0.38 0.81 1956.125 0.60 1.09 1956.625 0.40 0.81
19575 0.93 1.09 0.53 0.81 1957.125 0.83 1.09 1957.625 0.54 0.81
19585 1.22 1.09 0.71 0.81 1958.125 1.10 1.09 1958.625 0.73 0.81
19595 1.57 1.09 0.93 0.81 1959.125 1.43 1.09 1959.625 0.96 0.81
1960.5 1.97 1.09 1.22 0.81 1960.125 1.81 1.09 1960.625 1.26 0.81
19615 2.44 1.09 1.56 0.81 1961.125 2.25 1.09 1961.625 1.60 0.81
19625 2.98 1.09 1.96 0.81 1962.125 2.76 1.09 1962.625 2.01 0.81
19635 3.62 1.09 242 0.81 1963.125 3.36 1.09 1963.625 2.48 0.81
1964.5 4.40 1.09 2.97 0.81 1964.125 4.08 1.09 1964.625 3.04 0.81
19655 5.32 1.09 3.62 0.81 1965.125 4.95 1.09 1965.625 3.70 0.81
1966.5 6.44 1.09 4.39 0.81 1966.125 5.99 1.09 1966.625 4.49 0.81
19675 7.79 1.09 5.31 0.81 1967.125 7.25 1.09 1967.625 5.42 0.81
1968.5 9.39 1.09 6.39 0.81 1968.125 8.75 1.09 1968.625 6.54 0.81
1969.5 1125 1.09 7.68 0.81 1969.125 10.51 1.09 1969.625 7.85 0.81
19705 1336 1.09 9.19 0.81 1970.125 1253 1.09 1970.625 9.39 0.81
19715 1572  1.09 10.93 081 1971.125 1479  1.09 1971.625  11.16 0.81
19725 1832 1.09 1292 081 1972.125 1731  1.09 1972.625 13.18 0.81
19735 21.15 1.09 1518 0.81 1973.125 20.06  1.09 1973.625  15.47 0.81
19745 2417  1.09 17.73 0.81 1974.125 23.01  1.09 1974.625  18.06 0.81
19755 2737 1.09 20.59  0.79 1975.125 26.14 1.09 1975.625 20.95 0.79
1976.5 30.80 1.09 23.76  0.75 1976.125 29.48 1.09 1976.625 24.17 0.75
19775 3450 1.09 27.22  0.67 1977.125 33.07 1.09 1977.625 27.67 0.66
19785 3844 1.09 30.85 0.59 1978.125 36.93 1.09 1978.625 31.31 0.58
19795 4258 1.09 34.48 0.58 1979.125 41.00 1.09 1979.625 34.93 0.59
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1980.5 46.85 1.09 38.15 0.60 1980.125 45.23  1.09 1980.625  38.62 0.60
19815 51.22 1.09 41.89  0.60 1981.125 49.57  1.09 1981.625  42.36 0.61
19825 55.69 1.09 4566 0.61 1982.125 53.99  1.09 1982.625  46.13 0.61
19835 60.34  1.09 4953 0.56 1983.125 58.57  1.09 1983.625  50.02 0.56
19845 65.17 1.09 53.58  0.52 1984.125 63.33  1.09 1984.625  54.09 0.52
19855 70.19 1.09 57.85  0.52 1985.125 68.28  1.09 1985.625  58.39 0.52
1986.5 75.42 1.09 62.34 0.51 1986.125 73.42  1.09 1986.625  62.91 0.51
1987.5 80.91 1.09 67.08 0.51 1987.125 78.80 1.09 1987.625  67.68 0.51
1988.5 86.67 1.09 72.06  0.52 1988.125 84.48 1.09 1988.625  72.70 0.52
1989.5 9258  1.09 77.37  0.50 1989.125 90.36  1.09 1989.625  78.04 0.50
1990.5 98.49 1.09 82.90 0.46 1990.125 96.29  1.09 1990.625  83.60 0.46
19915 104.25 1.09 88.46  0.39 1991.125 102.12 1.09 1991.625  89.15 0.38
19925 109.87 1.09 93.88 0.33 1992125 107.77 1.09 1992625  94.56 0.32
19935 11544 1.09 99.18 0.30 1993.125 113.37 1.09 1993.625  99.53 0.77
19945 120.88 1.09 104.48 0.29 1994.125 118.87 1.09 1994.625  105.52 1.13
19955 126.13 1.09 109.64 0.28 1995.125 12419 1.09 1995625 11097 0.91
1996.5 131.20 1.06 11457 0.29 1996.125 129.34 1.08 1996.625  114.36 1.49
19975 136.01 0.96 11931 0.30 1997.125 13424 1.02 1997.625  120.18 1.07
1998.5 140.68 0.71 12418 0.31 1998.125 138.94 0.82 1998.625 12490  0.48
1999.5 14553 0.46 129.39 0.31 1999.125 14284 1.06 1999.625  131.39  0.53
2000.5 15150 0.42 13461 0.31 2000.125 147.28 1.21 2000.625 13575 054
20015 158.09 0.42 139.68 0.31 2001.125 15571 1.04 2001.625 14106 0.94
20025 164.04 0.42 14461 0.31 2002.125 160.53 1.02 2002.625 14584  0.61
20035 169.32 0.42 149.48 0.31 2003.125 166.66 1.47 2003.625 15052  0.65
20045 17445 0.42 15455 0.31 2004.125 17235 0.99 2004.625  156.45  0.56
20055 18045 0.42 159.96 0.31 2005.125 17726 1.16 2005.625 16129 0.71
2006.5 187.74 0.42 166.06 0.31 2006.125 184.63 1.12 2006.625  167.15  0.76
2007.5 195.97 0.42 173.06 0.31 2007.125 19199 0.87 2007.625 17429  0.74
2008.5 204.37 0.42 180.59 0.31 2008.125 201.38 0.91 2008.625 18228  0.68
2009.5 21222 0.43 188.24 0.31 2009.125 208.04 1.35 2009.625 18956  0.67
20105 21955 0.43 19581 0.32 2010.125 216.66 0.93 2010.625 19720 0.68
20115 22576 0.43 203.04 0.32 2011.125 223.82 1.15 2011.625  205.17 1.05
20125 231.20 0.43 209.37 0.32 2012.125 22820 1.09 2012.625 21093 0.74
20135 236.57 0.43 21468 0.32 2013.125 23538 0.99 2013.625 21557  0.69
20145 24164 0.43 219.27 0.32 2014.125 238.80 0.81 2014.625  220.78  0.67
20155 24592 0.43 223.36  0.32 2015.125 24436 1.02 2015.625 22476  0.64
2016.5 249.64 0.44 22723 0.33 2016.125 247.86 0.88 2016.625  228.04  0.70
20175 25316 0.45 231.21 0.34 2017.125 251.62 0.84 2017.625 23277  0.69

2018.125 25497 0.56
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Table S2b. Atmospheric mole fractions for HCFC-141b (scale: SIO-05)

Annual means JFM means JAS means

Year NH NH error SH SH error  Year NH NH error  Year SH SH error

(ppt)  (ppt) (ppt)  (ppt) (ppt)  (ppt) (ppt)  (ppt)
1976.5  0.00 0.00 0.00 0.00 1976.125  0.00 0.00 1976.625 0.00 0.00
19775 0.01 0.10 0.02 0.30 1977.125  0.00 0.10 1977.625 0.02 0.31
19785  0.02 0.10 0.05 0.26 1978.125  0.01 0.10 1978.625 0.05 0.24
1979.5 0.04 0.10 0.05 0.24 1979.125  0.03 0.10 1979.625 0.05 0.26
19805 0.06 0.10 0.06 0.27 1980.125  0.05 0.10 1980.625 0.06 0.27
19815 0.07 0.10 0.06 0.27 1981.125  0.07 0.10 1981.625 0.06 0.27
19825 0.08 0.10 0.06 0.28 1982.125  0.08 0.10 1982.625 0.06 0.28
19835  0.09 0.10 0.07 0.26 1983.125  0.09 0.10 1983.625 0.07 0.25
19845 0.09 0.10 0.07 0.18 1984.125  0.09 0.10 1984.625 0.07 0.18
19855  0.09 0.10 0.07 0.24 1985.125  0.09 0.10 1985.625 0.07 0.24
1986.5 0.08 0.10 0.09 0.23 1986.125  0.09 0.10 1986.625 0.10 0.23
19875 0.08 0.10 0.08 0.18 1987.125  0.08 0.10 1987.625 0.07 0.18
19885  0.09 0.10 0.06 0.25 1988.125  0.08 0.10 1988.625 0.06 0.25
1989.5 0.08 0.10 0.07 0.25 1989.125  0.09 0.10 1989.625 0.07 0.25
19905 0.08 0.10 0.07 0.25 1990.125  0.09 0.10 1990.625 0.08 0.26
19915 0.09 0.10 0.09 0.19 1991.125 0.04 0.10 1991.625 0.09 0.18
19925 0.44 0.10 0.14 0.19 1992.125  0.30 0.10 1992.625 0.14 0.18
19935 0.99 0.09 0.39 0.11 1993.125 0.64 0.10 1993.625 0.43 0.05
19945  3.47 0.10 1.12 0.10 1994.125  2.22 0.10 1994625 1.33 0.08
19955 5.15 0.09 241 0.11 1995125  4.28 0.09 1995.625 2.51 0.05
19965 7.28 0.09 4.04 0.10 1996.125 6.44 0.09 1996.625 4.27 0.12
19975 9.06 0.11 5.85 0.11 1997.125 8.73 0.11 1997.625 6.07 0.06
19985 11.17 0.10 7.63 0.10 1998.125 10.12  0.10 1998.625 7.85 0.08
19995 13.23 0.09 9.56 0.10 1999.125 12.64 0.22 1999.625 9.68 0.09
20005 15.09 0.09 1114 011 2000.125 14.23  0.27 2000.625 11.39  0.07
20015 16.29 0.09 12.64  0.10 2001.125 16.09 0.22 2001.625 12.83 0.13
20025 17.62 0.09 14.00 0.11 2002.125 17.04 0.25 2002.625 14.18 0.08
20035 18.62 0.09 1526  0.10 2003.125 1830 0.30 2003.625 15.37 0.08
20045 19.17 0.09 16.28  0.11 2004.125 19.21  0.16 2004.625 16.45 0.08
20055 19.16 0.09 16.74  0.12 2005.125 19.06 0.15 2005.625 16.88 0.11
2006.5 19.59 0.09 17.04 0.2 2006.125 19.30 0.13 2006.625 17.21 0.10
2007.5 20.26 0.09 17.63  0.12 2007.125 20.00 0.11 2007.625 17.77  0.09
20085 2091 0.09 18.31  0.12 2008.125 20.69 0.13 2008.625 18.47  0.07
20095 21.27 0.09 18.77 0.11 2009.125 21.04 0.5 2009.625 18.90 0.10
20105 22.03 0.09 19.25 0.12 2010.125 2169 0.13 2010.625 19.43 0.1
20115 23.07 0.09 2011 011 2011125 2248 0.5 2011.625 20.26 0.13
20125 24.27 0.09 21.00 0.12 2012.125 2381 0.16 2012.625 2124 0.11
20135 25.04 0.09 2187 0.12 2013125 2492 0.14 2013.625 22.05 0.09
20145 2549 0.09 2252  0.12 2014.125 2515 0.10 2014.625 22.72  0.08
20155 25.80 0.09 2292 0.12 2015.125 2578 0.13 2015.625 23.10 0.08
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20165 26.03 0.09 23.22 0.12 2016.125  25.99 0.11 2016.625 23.34 0.09
20175 2596 0.09 23.59 0.13 2017.125 26.04 0.12 2017625 23.67 0.13
2018.125  25.82 0.12
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Table S2c. Atmospheric mole fractions for HCFC-142b (scale: SI0-05)
annual means JFM means JAS means

Year NH NH error SH SH error Year NH NH error Year SH SH error

(ppt)  (ppt) (ppt)  (ppt) (ppt)  (ppt) (ppt) (ppt)
19355 0.00 0.14 0.00 0.27 1935.125  0.00 0.14 1935.625 0.00 0.27
1936.5 0.00 0.14 0.00 0.28 1936.125  0.00 0.14 1936.625 0.00 0.28
1937.5 0.00 0.14 0.01 0.28 1937.125  0.00 0.14 1937.625 0.01 0.28
19385 0.01 0.14 0.01 0.29 1938.125  0.01 0.14 1938.625 0.01 0.29
19395 0.01 0.14 0.02 0.29 1939.125  0.01 0.14 1939.625 0.02 0.29
19405 0.01 0.14 0.02 0.30 1940.125  0.01 0.14 1940.625 0.02 0.30
19415 0.02 0.14 0.03 0.30 1941125  0.02 0.14 1941.625 0.03 0.30
19425 0.02 0.14 0.03 0.31 1942.125 0.02 0.14 1942.625 0.03 0.31
19435 0.03 0.14 0.04 0.31 1943125  0.02 0.14 1943.625 0.04 0.31
19445 0.03 0.14 0.04 0.31 1944.125 0.03 0.14 1944.625 0.04 0.31
19455 0.03 0.14 0.05 0.31 1945125  0.03 0.14 1945.625 0.05 0.31
1946.5 0.04 0.14 0.05 0.31 1946.125  0.04 0.14 1946.625 0.05 0.31
19475 0.05 0.14 0.06 0.30 1947.125  0.04 0.14 1947.625 0.06 0.30
19485 0.05 0.14 0.06 0.30 1948.125  0.05 0.14 1948.625 0.06 0.29
19495 0.06 0.14 0.06 0.29 1949.125  0.06 0.14 1949.625 0.06 0.29
19505 0.07 0.14 0.07 0.28 1950.125  0.06 0.14 1950.625 0.07 0.28
19515 0.08 0.14 0.07 0.26 1951.125  0.07 0.14 1951.625 0.07 0.26
19525 0.08 0.14 0.07 0.25 1952.125  0.08 0.14 1952.625 0.07 0.25
19535 0.09 0.14 0.08 0.23 1953.125  0.09 0.14 1953.625 0.08 0.23
19545 0.10 0.14 0.08 0.22 1954.125  0.10 0.14 1954.625 0.08 0.22
19555 0.11 0.14 0.08 0.20 1955125 0.11 0.14 1955.625 0.08 0.20
19565 0.12 0.14 0.09 0.19 1956.125  0.12 0.14 1956.625 0.09 0.19
19575 0.13 0.14 0.09 0.18 1957.125  0.12 0.14 1957.625 0.09 0.18
19585 0.13 0.14 0.10 0.18 1958.125  0.13 0.14 1958.625 0.10 0.18
1959.5 0.14 0.14 0.10 0.18 1959.125 0.14 0.14 1959.625 0.10 0.18
1960.5 0.14 0.14 0.11 0.18 1960.125  0.14 0.14 1960.625 0.11 0.18
19615 0.15 0.14 0.12 0.19 1961.125 0.15 0.14 1961.625 0.12 0.19
1962.5 0.15 0.14 0.13 0.21 1962.125  0.15 0.14 1962.625 0.13 0.21
19635 0.15 0.14 0.14 0.24 1963.125 0.15 0.14 1963.625 0.14 0.24
19645 0.15 0.14 0.15 0.28 1964.125 0.15 0.14 1964.625 0.15 0.28
19655 0.14 0.14 0.16 0.32 1965.125  0.14 0.14 1965.625 0.16 0.33
1966.5 0.14 0.14 0.17 0.38 1966.125  0.14 0.14 1966.625 0.17 0.38
1967.5 0.13 0.14 0.19 0.43 1967.125  0.13 0.14 1967.625 0.19 0.44
19685 0.12 0.14 0.20 0.49 1968.125  0.12 0.14 1968.625 0.21 0.50
1969.5 0.12 0.14 0.22 0.54 1969.125  0.12 0.14 1969.625 0.22 0.55
19705 0.11 0.14 0.24 0.58 1970.125 0.11 0.14 1970.625 0.24 0.59
19715 0.11 0.14 0.26 0.61 1971.125 0.11 0.14 1971.625 0.26 0.61
19725 0.11 0.14 0.28 0.62 1972.125 0.11 0.14 1972.625 0.28 0.62
19735 0.11 0.14 0.30 0.62 1973125 0.11 0.14 1973.625 0.30 0.61
19745 0.12 0.14 0.32 0.58 1974125 0.2 0.14 1974.625 0.32 0.58
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19755 0.13 0.14 0.34 0.53 1975.125  0.13 0.14 1975.625 0.35 0.52
19765 0.15 0.14 0.37 0.44 1976.125  0.15 0.14 1976.625 0.37 0.42
19775 0.18 0.14 0.39 0.31 1977.125  0.17 0.14 1977.625 0.39 0.29
19785 0.21 0.14 0.41 0.16 1978.125  0.20 0.14 1978.625 0.41 0.13
1979.5 0.26 0.14 0.42 0.15 1979.125  0.24 0.14 1979.625 0.42 0.16
1980.5 0.31 0.14 0.44 0.18 1980.125  0.29 0.14 1980.625 0.44 0.18
1981.5 0.37 0.14 0.50 0.16 1981.125  0.34 0.14 1981.625 0.50 0.16
1982.5 0.44 0.14 0.57 0.16 1982.125  0.41 0.14 1982.625 0.58 0.16
19835 0.52 0.14 0.67 0.15 1983.125  0.49 0.14 1983.625 0.68 0.14
19845 0.61 0.14 0.77 0.12 1984.125  0.58 0.14 1984.625 0.79 0.12
19855 0.72 0.14 0.84 0.13 1985.125  0.68 0.14 1985.625 0.84 0.14
1986.5 0.84 0.14 0.85 0.12 1986.125  0.79 0.14 1986.625 0.85 0.11
19875 0.91 0.14 0.85 0.10 1987.125  0.92 0.14 1987.625 0.85 0.10
1988.5 0.92 0.14 0.90 0.14 1988.125  0.87 0.14 1988.625 0.91 0.15
1989.5 1.01 0.14 1.05 0.15 1989.125  0.97 0.14 1989.625 1.07 0.15
1990.5 2.03 0.14 1.30 0.14 1990.125  1.50 0.14 1990.625 1.34 0.14
19915 270 0.14 1.76 0.10 1991.125  2.55 0.14 1991.625 1.83 0.09
19925 3.83 0.14 2.59 0.08 1992125  3.20 0.14 1992.625 2.70 0.07
19935 521 0.13 3.68 0.07 1993.125 481 0.14 1993.625 3.82 0.07
19945 6.96 0.14 4.79 0.06 1994125  6.15 0.13 1994.292 5.06 0.16
19955 7.77 0.11 5.86 0.06 1995.125  7.46 0.26 1995.625 5.96 0.15
19965 9.13 0.11 6.97 0.06 1996.125  8.64 0.27 1996.625 7.09 0.14
19975 10.60 0.11 7.99 0.06 1997.125  9.99 0.21 1997.625 8.11 0.11
19985 1145 0.13 9.03 0.06 1998.125 1133  0.23 1998.625 9.13 0.06
19995 1243 0.11 10.12  0.06 1999.125 1189  0.20 1999.625 10.19 0.07
20005 1364 011 11.07  0.06 2000.125 13.05 0.22 2000.625 11.26 0.07
20015 1462 011 12.10  0.06 2001.125 1448 0.21 2001.625 12.24 0.10
20025 15.04 0.11 1293  0.07 2002.125 1491 0.18 2002.625 13.04 0.07
20035 1559 011 13.66  0.06 2003.125 1528 0.19 2003.625 13.72 0.05
20045 1630 0.11 1428  0.06 2004.125 16.04 0.14 2004.625 14.40 0.05
20055 16.92 0.11 1484  0.07 2005.125 1646  0.15 2005.625 14.94 0.06
2006.5 18.03 0.11 1557  0.07 2006.125 1750 0.14 2006.625 15.68 0.08
20075 19.27 011 16.57  0.07 2007.125 18.73  0.12 2007.625 16.72 0.08
20085 2048 0.11 1772 0.07 2008.125 19.85 0.13 2008.625 17.89 0.07
20095 21.38 011 18.82  0.07 2009.125 20.96 0.17 2009.625 19.01 0.07
20105 22,00 0.11 19.72  0.07 2010.125 2161 0.11 2010.625 19.80 0.09
20115 2268 0.11 20.53  0.07 2011.125 2231 0.12 2011.625 20.71 0.10
20125 2298 011 21.09  0.07 2012.125 2276  0.13 2012.625 21.19 0.06
20135 2322 011 21.43  0.07 2013.125 2311 0.10 2013.625 21.50 0.05
20145 2332 011 21.64  0.07 2014.125 23115 0.10 2014.625 21.73 0.06
20155 2337 011 21.80  0.07 2015.125 2324 0.10 2015.625 21.91 0.05
20165 2338 0.11 21.87  0.07 2016.125 23.32  0.09 2016.625 21.91 0.05
20175 2345 011 21.92  0.07 2017.125 2334  0.08 2017.625 21.90 0.04

2018.125 2338 0.10
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Table S2d. Atmospheric mole fractions for HFC-134a (scale: SIO-05)
Annual means JFM means JAS means

Year NH (ppt) NH error SH SH error  Year NH NH error Year SH SH error

(ppt) (ppt)  (ppt) (ppt) (ppt) (ppt)  (ppt)
19735 0.00 0.67 0.00 0.00 1973.125  0.00 0.78 1973.625 0.00 0.00
1974.5 0.00 0.46 0.00 0.00 1974.125 0.00 0.50 1974.625 0.00 0.00
1975.5 0.00 0.46 0.00 0.00 1975.125  0.00 0.44 1975.625 0.00 0.00
1976.5 0.00 0.51 0.00 0.00 1976.125  0.00 0.49 1976.625 0.00 0.00
19775 0.00 0.54 0.00 0.00 1977.125  0.00 0.54 1977.625 0.00 0.00
1978.5 0.00 0.53 0.00 0.25 1978.125  0.00 0.54 1978.625 0.00 0.00
1979.5 0.00 0.50 0.00 0.25 1979.125  0.00 0.51 1979.625 0.00 0.00
1980.5 0.00 0.46 0.00 0.25 1980.125  0.00 0.47 1980.625 0.00 0.00
1981.5 0.00 0.44 0.00 0.25 1981.125  0.00 0.45 1981.625 0.00 0.00
1982.5 0.00 0.41 0.00 0.25 1982.125  0.00 0.42 1982.625 0.00 0.00
1983.5 0.00 0.44 0.00 0.25 1983.125  0.00 0.42 1983.625 0.00 0.25
1984.5 0.00 0.50 0.00 0.25 1984.125  0.00 0.48 1984.625 0.00 0.25
1985.5 0.00 0.53 0.00 0.26 1985.125  0.00 0.52 1985.625 0.00 0.27
1986.5 0.00 0.54 0.00 0.24 1986.125  0.00 0.54 1986.625 0.00 0.23
1987.5 0.00 0.52 0.00 0.30 1987.125  0.00 0.53 1987.625 0.00 0.31
1988.5 0.00 0.48 0.00 0.27 1988.125  0.00 0.50 1988.625 0.00 0.23
1989.5 0.00 0.45 0.00 0.25 1989.125  0.00 0.45 1989.625 0.00 0.25
1990.5 0.00 0.46 0.00 0.21 1990.125  0.00 0.46 1990.625 0.00 0.22
1991.5 0.00 0.49 0.00 0.23 1991.125 0.00 0.48 1991.625 0.00 0.21
1992.5 0.02 0.50 0.00 0.20 1992.125 0.00 0.51 1992.625 0.04 0.17
1993.5 0.41 0.45 0.00 0.21 1993.125 0.21 0.48 1993.625 0.11 0.19
1994.5 1.17 0.34 0.33 0.17 1994.125 0.82 0.38 1994.625 0.36 0.20
1995.5 241 0.24 1.02 0.12 1995.125 1.86 0.09 1995.625 1.17 0.10
1996.5 4.23 0.21 2.07 0.13 1996.125 3.32 0.15 1996.625 2.21 0.11
1997.5 6.66 0.22 3.87 0.14 1997.125 6.03 0.29 1997.625 4.37 0.14
1998.5 9.73 0.22 5.89 0.15 1998.125 8.84 0.24 1998.625 6.25 0.11
1999.5 13.23 0.21 8.73 0.14 1999.125 11.78 0.29 1999.625 9.13 0.14
2000.5 16.98 0.20 11.76  0.15 2000.125 15.52 0.36 2000.625 12.27  0.18
2001.5 20.93 0.21 1495 0.15 2001.125 19.42 0.32 2001.625 1550 0.24
2002.5 25.18 0.21 18.62 0.16 2002.125 23.22 0.34 2002.625 19.20 0.24
2003.5 29.75 0.20 2236 0.15 2003.125 27.76 0.61 2003.625 22.96 0.21
2004.5 34.44 0.20 26.47 0.14 2004.125 32.74 0.37 2004.625 27.18  0.19
2005.5 39.05 0.20 30.70 0.14 2005.125  37.40 0.52 2005.625 31.33  0.23
2006.5 43.59 0.20 34.87 0.5 2006.125 41.83 0.50 2006.625 3550 0.23
2007.5 48.20 0.20 39.22 0.16 2007.125  46.10 0.38 2007.625 39.89 0.22
2008.5 53.04 0.20 43.67 0.16 2008.125 51.27 0.46 2008.625 44.37 0.21
2009.5 58.09 0.20 48.13 0.16 2009.125 55.74 0.63 2009.625 48.81  0.26
2010.5 63.24 0.20 53.04 0.16 2010.125 61.02 0.41 2010.625 53.97 0.23
20115 68.33 0.19 5794 0.5 2011125 66.35 0.60 2011.625 58.84  0.38
20125 73.35 0.19 62.78 0.16 2012.125  71.02 0.62 2012.625 63.64 0.28
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2013.5 78.50 0.20 67.56 0.16 2013.125  76.67 0.60 2013.625 68.33 0.24
2014.5 84.02 0.20 7255 0.16 2014.125 81.68 0.51 2014.625 7353  0.29
2015.5 89.93 0.20 77.86 0.16 2015.125 87.10 0.56 2015.625 78.87  0.29
2016.5 96.19 0.21 83.39 0.16 2016.125 93.42 0.54 2016.625 8429 031
2017.5 102.70 0.24 89.37 0.17 2017.125  99.98 0.56 2017.625 90.56  0.37

2018.125  106.37 0.68
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Table S2e. Atmospheric mole fractions for HFC-125 (scale: SIO-14)
Annual means JFM means JAS means

Year NH NH error SH SH error Year NH NH error Year SH SH error

(ppt)  (ppt) (ppt)  (ppt) (ppt)  (ppt) (ppt) (ppt)
19725 0.00 0.00 0.00 0.00 1972.125 0.00 0.14 1972.625 0.00 0.00
1973.5 0.00 0.13 0.00 0.00 1973.125 0.00 0.14 1973.625 0.00 0.00
19745 0.00 0.13 0.00 0.00 1974.125 0.00 0.13 1974.625 0.00 0.00
19755 0.00 0.13 0.00 0.00 1975.125 0.00 0.13 1975.625 0.00 0.00
1976.5 0.00 0.13 0.00 0.00 1976.125 0.00 0.13 1976.625 0.00 0.00
19775 0.00 0.13 0.00 0.00 1977.125 0.00 0.13 1977.625 0.00 0.00
1978.5 0.00 0.13 0.01 0.07 1978.125 0.00 0.14 1978.625 0.02 0.07
1979.5 0.00 0.12 0.02 0.07 1979.125 0.00 0.13 1979.625 0.02 0.07
1980.5 0.00 0.12 0.05 0.08 1980.125 0.00 0.10 1980.625 0.05 0.08
19815 0.00 0.19 0.09 0.08 1981.125 0.00 0.17 1981.625 0.09 0.08
19825 0.03 0.13 0.11 0.07 1982.125 0.00 0.15 1982.625 0.12 0.07
19835 0.14 0.14 0.09 0.07 1983.125 0.07 0.13 1983.625 0.09 0.07
19845 0.20 0.14 0.02 0.07 1984.125 0.20 0.14 1984.625 0.01 0.07
19855 0.15 0.14 0.04 0.07 1985.125 0.17 0.14 1985.625 0.04 0.07
1986.5 0.12 0.14 0.04 0.07 1986.125 0.11 0.14 1986.625 0.04 0.07
19875 0.20 0.13 0.04 0.07 1987.125 0.16 0.13 1987.625 0.04 0.07
1988.5 0.26 0.13 0.04 0.07 1988.125 0.26 0.13 1988.625 0.04 0.07
1989.5 0.17 0.13 0.03 0.07 1989.125 0.19 0.13 1989.625 0.03 0.07
19905 0.33 0.13 0.04 0.07 1990.125 0.24 0.13 1990.625 0.04 0.07
19915 048 0.13 0.05 0.07 1991.125 0.46 0.13 1991.625 0.05 0.07
19925 0.46 0.13 0.04 0.07 1992.125 0.49 0.13 1992.625 0.04 0.07
19935 0.37 0.13 0.05 0.07 1993.125 0.41 0.13 1993.625 0.05 0.07
19945 0.36 0.13 0.06 0.06 1994.125 0.33 0.13 1994.625 0.06 0.07
19955 0.49 0.13 0.14 0.05 1995.125 0.43 0.14 1995.625 0.14 0.04
1996.5 0.53 0.14 0.23 0.06 1996.125 0.57 0.13 1996.625 0.24 0.05
19975 0.52 0.14 0.38 0.06 1997.125 0.43 0.15 1997.625 0.40 0.07
19985 1.16 0.10 0.65 0.04 1998.125 1.00 0.10 1998.625 0.72 0.02
19995 141 0.08 0.91 0.04 1999.125 1.29 0.04 1999.625 0.97 0.03
20005 1.76 0.08 1.19 0.04 2000.125 1.61 0.06 2000.625 1.24 0.05
20015 2.26 0.10 1.55 0.04 2001.125 2.16 0.06 2001.625 1.59 0.05
20025 2.66 0.08 1.95 0.04 2002.125 2.45 0.07 2002.625 2.04 0.06
20035 331 0.10 2.39 0.04 2003.125 3.00 0.11 2003.625 2.43 0.05
20045 3.89 0.08 2.94 0.04 2004.125 3.61 0.07 2004.625 3.02 0.04
2005.5 4.57 0.08 3.49 0.04 2005.125  4.28 0.08 2005.625 3.58 0.04
2006.5 5.39 0.08 4.16 0.04 2006.125 5.04 0.08 2006.625 4.27 0.05
20075 6.31 0.08 4.95 0.04 2007.125 5.94 0.07 2007.625 5.03 0.06
20085 7.45 0.08 5.85 0.04 2008.125 7.04 0.09 2008.625 5.99 0.07
2009.5 8.60 0.08 6.87 0.04 2009.125 8.19 0.13 2009.625 7.00 0.09
2010.5 10.00 0.08 7.97 0.04 2010.125 9.44 0.11 2010.625 8.16 0.06
20115 11.68 0.08 9.37 0.04 2011.125 10.99 0.14 2011.625 9.61 0.10
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20125 13.44 0.08 10.90 0.04 2012.125 1271  0.20 2012.625 11.16 0.08
20135 1552 0.08 12.64 0.04 2013.125 1487 0.18 2013.625 12.87 0.08
20145 1751 0.08 1459  0.04 2014.125 1696  0.20 2014.625 1491 0.09
20155 20.03 0.09 16.76  0.04 2015125 19.00 0.39 2015.625 17.13 0.10
2016.5 22.62 0.08 19.08 0.04 2016.125 2166 0.15 2016.625 19.44 0.11

20175 25.68 0.10 2171 0.05 2017.125 2452  0.19 2017.625 22.12 0.13
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Table S2f. Atmospheric mole fractions for HFC-23 (scale: SIO-07)
Annual means JFM means JAS means

Year NH NH error SH SH error Year NH NH error Year SH SH error

(ppt)  (ppt) (ppt)  (ppt) (ppt)  (ppt) (ppt) (ppt)
19785 3.62 0.04 3.19 0.05 1978.125  3.49 0.05 1978.625 3.24 0.04
1979.5 4.01 0.04 3.54 0.04 1979.125  3.85 0.04 1979.625 3.58 0.04
1980.5 4.44 0.04 3.92 0.04 1980.125  4.27 0.04 1980.625 3.97 0.04
19815 4.89 0.04 4.33 0.04 1981.125 4.72 0.04 1981.625 4.39 0.04
19825 5.29 0.04 4.75 0.04 1982.125 5.15 0.04 1982.625 4.81 0.04
19835 5.49 0.04 5.13 0.04 1983.125 5.45 0.04 1983.625 5.18 0.04
19845 5.75 0.04 5.41 0.04 1984.125  5.62 0.04 1984.625 5.44 0.04
19855 6.16 0.04 5.71 0.04 1985.125  5.97 0.04 1985.625 5.75 0.04
1986.5 6.66 0.04 6.10 0.04 1986.125  6.45 0.04 1986.625 6.15 0.04
19875 7.01 0.04 6.53 0.04 1987.125 6.91 0.04 1987.625 6.59 0.04
19885 7.65 0.04 6.96 0.04 1988.125  7.32 0.04 1988.625 7.02 0.04
1989.5 8.13 0.04 7.53 0.04 1989.125  8.02 0.04 1989.625 7.60 0.04
19905 8.68 0.04 8.04 0.04 1990.125  8.42 0.04 1990.625 8.11 0.04
19915 9.23 0.04 8.58 0.04 1991.125  9.05 0.04 1991.625 8.65 0.04
19925 9.74 0.04 9.09 0.04 1992.125 9.54 0.04 1992.625 9.17 0.04
19935 10.40 0.04 9.65 0.04 1993.125 10.12 0.04 1993.625 9.72 0.04
19945 11.10 0.04 10.27 0.04 1994.125 10.84 0.04 1994.625 10.37 0.04
19955 1181 0.04 10.95 0.04 1995125 1153 0.04 1995.625 11.04 0.04
19965 1257 0.04 11.64  0.04 1996.125 12.27 0.04 1996.625 11.73 0.04
19975 1338 0.04 12.36  0.04 1997.125 13.06 0.04 1997.625 12.47 0.04
19985 14.17 0.04 13.16  0.04 1998.125 13.88 0.04 1998.625 13.26 0.04
19995 1494 0.04 13.92  0.04 1999.125 1465 0.04 1999.625 14.03 0.04
20005 15.81 0.04 14.73  0.04 2000.125 1545 0.04 2000.625 14.84 0.04
20015 16.50 0.04 15,53  0.04 2001.125 16.30 0.04 2001.625 15.63 0.04
20025 17.18 0.04 16.24  0.04 2002.125 16.90 0.04 2002.625 16.33 0.04
20035 17.89 0.04 16.93  0.04 2003.125 17.62 0.04 2003.625 17.01 0.04
20045 18.76  0.04 17.67  0.04 2004.125 1839 0.04 2004.625 17.78 0.04
20055 19.74 0.04 18.50 0.04 2005.125 1936 0.04 2005.625 18.61 0.03
2006.5 20.95 0.04 19.47  0.04 2006.125 2044 0.04 2006.625 19.61 0.04
2007.5 21.79 0.04 2051 0.04 2007.125 2160 0.04 2007.625 20.64 0.04
20085 2258 0.03 21.39 0.03 2008.125 2215 0.10 2008.625 21.52 0.15
2009.5 23.16 0.03 2221 0.03 2009.125 2286 0.14 2009.625 22.26 0.12
20105 23.72 0.04 2272 0.04 2010.125 2341  0.13 2010.625 22.78 0.13
20115 2463 0.04 2356 0.04 2011125 2419 0.12 2011.625 23.68 0.14
20125 2555 0.04 2433 0.04 2012.125 2513 0.10 2012.625 24.46 0.10
20135 26.68 0.04 2524  0.04 2013.125 26.27 0.10 2013.625 25.40 0.13
20145 27.87 0.04 26.29 0.04 2014.125 2730 0.13 2014.625 26.45 0.10
20155 28.81 0.04 2738 0.04 2015.125 2847 0.11 2015.625 27.59 0.10
20165 29.59 0.04 28.32 0.04 2016.125 29.24 0.12 2016.625 28.46 0.10
20175 30.72 0.05 29.17  0.06 2017.125  30.17 0.13 2017.625 29.31 0.09
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Table S2g. Atmospheric mole fractions for PFC-14 (scale: SIO-05)

Annual means JFM means JAS means

Year NH NH error SH SH error Year NH NH Year SH SH error

(ppt)  (ppt) (ppt)  (ppt) (ppt)  error (ppt)  (ppt)

(ppt)

19005 34.05 0.10 34.05 0.08 1900.125 34.05 0.10 1900.625 34.05 0.07
19015 34.06 0.07 34.05 0.06 1901.125 34.05 0.08 1901.625 34.05 0.06
19025 34.06 0.07 34.05 0.05 1902.125  34.06  0.07 1902.625 34.06 0.05
19035 34.06 0.07 34.06 0.05 1903.125  34.06  0.07 1903.625 34.06 0.05
19045 34.06 0.06 34.06 0.05 1904.125 34.06  0.06 1904.625 34.06 0.05
19055 34.07 0.07 34.06 0.05 1905.125  34.07  0.07 1905.625 34.06 0.05
1906.5 34.08 0.06 34.07 0.05 1906.125  34.07  0.06 1906.625 34.07 0.05
19075 34.08 0.07 34.07 0.05 1907.125 34.08  0.06 1907.625 34.07 0.05
19085 34.09 0.06 34.08 0.05 1908.125 34.09  0.06 1908.625 34.08 0.05
1909.5 3410 0.06 34.09 0.05 1909.125 34.09  0.06 1909.625 34.09 0.05
19105 34.11 0.06 3410 0.05 1910.125 34.11  0.06 1910.625 34.10 0.05
19115 3413 0.06 34.11 0.05 1911.125 34.12 0.06 1911.625 3411 0.05
19125 34.15 0.06 34.13  0.05 1912.125 34.14  0.06 1912.625 34.13 0.05
19135 34.17 0.06 3415 0.05 1913125 34.16  0.06 1913625 34.15 0.05
19145 3420 0.06 34.17 0.05 1914.125 34.19 0.06 1914.625 34.17 0.05
19155 34.22 0.06 3419 0.05 1915125 3421  0.06 1915.625 34.19 0.05
19165 34.26 0.06 3422 0.05 1916.125 34.24  0.06 1916.625 34.22 0.05
19175 3430 0.06 3425 0.05 1917.125 3428  0.06 1917.625 34.26 0.05
19185 34.35 0.06 3429 0.05 1918.125 34.33  0.06 1918.625 34.30 0.05
19195 34.39 0.06 3433 0.05 1919.125  34.37  0.06 1919.625 34.34 0.05
19205 3442 0.06 3437  0.05 1920.125 3441  0.06 1920.625 34.37 0.05
19215 3444 0.06 3440 0.05 1921.125 3444  0.06 1921.625 34.40 0.05
19225 3447 0.06 3443  0.05 1922125 3445 0.06 1922.625 34.43 0.05
19235 3451 0.06 3446  0.05 1923125 3449  0.06 1923.625 34.46 0.05
19245 3456 0.06 3450 0.05 1924125 3454  0.06 1924625 3451 0.05
19255 34.62 0.06 3455 0.05 1925.125 34.60 0.06 1925.625 34.56 0.05
19265 34.69 0.06 3461 0.05 1926.125 34.66  0.06 1926.625 34.61 0.05
19275 34.76  0.06 34.67  0.05 1927.125 34.73  0.06 1927.625 34.67 0.05
19285 34.84 0.06 34.74  0.05 1928.125 34.80 0.06 1928.625 34.74 0.05
19295 34.92 0.06 3481 0.05 1929.125 34.89  0.06 1929.625 34.82 0.05
19305 35.00 0.06 3489 0.05 1930.125 34.98  0.06 1930.625 34.90 0.05
19315 35.06 0.06 3496 0.05 1931125 35.04 0.06 1931.625 34.97 0.05
19325 3510 0.06 35.02 0.05 1932.125 35.09 0.06 1932.625 35.03 0.05
19335 35.12 0.06 35.06 0.05 1933.125 35.11  0.06 1933.625 35.07 0.05
19345 35.17 0.06 3510 0.05 1934.125 35.15 0.06 1934.625 35.11 0.05
19355 3524 0.06 3515 0.05 1935.125 3520 0.06 1935.625 35.16 0.05
19365 35.34 0.06 3523 0.05 1936.125 35.30  0.06 1936.625 35.24 0.05
19375 3548 0.06 3533 0.05 1937.125 3542  0.06 1937.625 35.34 0.05
19385 35.64 0.06 3545 0.05 1938.125 3557  0.06 1938.625 35.47 0.05




Appendix B Table S2 in Manuscript |1 187

19395 3581 0.06 35.60 0.05 1939.125  35.74  0.06 1939.625 35.62 0.05
19405 36.01 0.06 35.77  0.05 1940.125 3593  0.06 1940.625 35.79  0.05
19415 36.26 0.06 3597  0.05 1941125  36.16  0.06 1941.625 35.99 0.05
19425 36.61 0.06 36.22  0.05 1942.125  36.46  0.06 1942.625 36.26 0.05
19435 37.02 0.06 36.55  0.05 1943.125 36.86 0.06 1943.625 36.59 0.05
19445 3736 0.06 36.89  0.05 1944125 3726  0.06 1944625 36.93 0.05
19455 3752 0.06 37.16  0.05 1945125 3748 0.06 1945625 37.20 0.05
1946.5 3758 0.06 37.34  0.05 1946.125 3756  0.06 1946.625 37.36  0.05
19475 37.70 0.06 37.48  0.05 1947125  37.64 0.06 1947625 37.50 0.05
19485 37.88 0.06 37.64  0.05 1948.125 3781  0.06 1948.625 37.66 0.05
19495 38.06 0.06 37.81  0.05 1949.125  37.99  0.06 1949.625 37.83 0.05
1950.5 38.24 0.06 37.99  0.05 1950.125  38.17  0.06 1950.625 38.01 0.05
1951.5 3844 0.06 38.17  0.05 1951.125 38.36  0.06 1951.625 38.19 0.05
19525 38.65 0.06 38.37  0.05 1952125 3857  0.06 1952625 38.39 0.05
19535 38.88 0.06 38.57  0.05 1953.125 38.79  0.06 1953.625 38.60 0.05
19545 39.12 0.06 38.79  0.05 1954125  39.03  0.06 1954.625 38.82 0.05
19555 39.35 0.06 39.02  0.05 1955125 39.26  0.06 1955.625 39.05 0.05
1956.5 39.57 0.06 39.25  0.05 1956.125 3949  0.06 1956.625 39.27  0.05
19575 39.77 0.06 39.46  0.05 1957.125  39.70  0.06 1957.625 39.49 0.05
19585 39.96 0.06 39.66  0.05 1958.125  39.89  0.06 1958.625 39.69  0.05
1959.5 40.16 0.06 39.86  0.05 1959.125  40.08  0.06 1959.625 39.89 0.05
1960.5 40.38 0.06 40.07  0.05 1960.125  40.30  0.06 1960.625 40.10 0.05
19615 40.61 0.06 40.29  0.05 1961.125  40.53  0.06 1961.625 40.32  0.05
19625 40.85 0.06 40.52  0.05 1962.125  40.76  0.06 1962.625 40.54  0.05
19635 41.10 0.06 40.75  0.05 1963.125  41.01  0.06 1963.625 40.78  0.05
19645 41.39 0.06 41.01  0.05 1964.125  41.28  0.06 1964.625 41.04 0.05
19655 41.70 0.06 41.29  0.05 1965.125 4158  0.06 1965.625 41.32 0.05
1966.5 42.06 0.06 4160 0.05 1966.125 4192  0.06 1966.625 41.63  0.05
19675 4246 0.06 4194  0.05 1967.125  42.30  0.06 1967.625 41.99 0.05
19685 4293 0.06 4234 0.05 1968.125  42.74  0.06 1968.625 42.39  0.05
1969.5 43.46 0.06 42,79  0.05 1969.125 4325  0.06 1969.625 42.85 0.05
19705 44.08 0.06 4331  0.05 1970.125  43.84  0.06 1970.625 43.38 0.05
19715 4477  0.06 4390 0.05 1971125 4450  0.06 1971.625 43.98 0.05
19725 4556  0.06 4458  0.05 1972.125 4525  0.06 1972.625 44.66 0.05
19735 46.47 0.06 4534  0.05 1973.125  46.11  0.06 1973.625 45.44  0.05
19745 47.46  0.06 46.21  0.05 1974125  47.08  0.06 1974.625 46.32 0.05
19755 48.47  0.06 47.14  0.05 1975.125  48.09  0.06 1975.625 47.25 0.05
19765 49.49 0.06 48.10 0.05 1976.125  49.09  0.06 1976.625 48.22  0.05
19775 50.60 0.06 49.12  0.05 1977.125  50.17  0.06 1977.625 49.25 0.05
19785 51.77 0.06 50.20  0.05 1978.125  51.33  0.06 1978.625 50.34  0.05
19795 5297 0.06 51.33  0.05 1979.125 5251  0.06 1979.625 51.48 0.05
1980.5 54.19 0.06 5251  0.05 1980.125  53.73  0.06 1980.625 52.65 0.05
19815 5537 0.06 53.68  0.05 1981125 5495  0.06 1981.625 53.83 0.05
19825 56.46 0.06 54.83  0.05 1982.125  56.06  0.06 1982.625 54.97 0.05

19835 57.53 0.06 55.93  0.05 1983.125  57.13  0.06 1983.625 56.07 0.05
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19845 58.60 0.06 57.02  0.05 1984.125 5821  0.06 1984.625 57.16 0.05
19855 59.56  0.06 58.08  0.05 1985.125  59.22  0.06 1985.625 58.21  0.05
1986.5 60.47 0.06 59.09  0.05 1986.125  60.13  0.06 1986.625 59.21  0.05
19875 61.44 0.06 60.07  0.05 1987.125  61.06  0.06 1987.625 60.20 0.05
1988.5 62.46 0.06 61.09  0.05 1988.125  62.07  0.06 1988.625 61.21 0.05
1989.5 63.50 0.06 62.12  0.05 1989.125 63.11  0.06 1989.625 62.25 0.05
1990.5 64,51 0.06 63.16  0.05 1990.125 64.14  0.06 1990.625 63.29 0.05
19915 6545 0.06 64.15  0.05 1991.125 65.12  0.06 1991.625 64.28 0.05
19925 66.30 0.06 65.07  0.05 1992125  65.99  0.06 1992625 65.18 0.05
19935 67.08 0.06 65.90  0.05 1993.125 66.79  0.06 1993.625 66.01 0.05
19945 67.82 0.06 66.69  0.05 1994125 6755 0.06 1994625 66.78 0.05
19955 6855 0.06 67.44  0.05 1995125 68.28  0.06 1995625 67.54 0.05
1996.5 69.25 0.06 68.18  0.05 1996.125  68.99  0.06 1996.625 68.27  0.05
19975 69.95 0.06 68.90  0.05 1997.125  69.69  0.06 1997.625 68.99 0.05
19985 70.66 0.06 69.60  0.05 1998.125  70.39  0.06 1998.625 69.69  0.05
19995 7135 0.06 70.30  0.05 1999.125  71.09 0.06 1999.625 70.38  0.05
20005 72.04 0.06 70.98  0.05 2000.125  71.78  0.06 2000.625 71.07 0.05
20015 7272  0.06 71.65  0.05 2001.125 7246  0.06 2001.625 71.73 0.05
20025 73.42 0.06 72.32  0.05 2002.125 7315  0.06 2002.625 72.40 0.05
20035 7416 0.06 73.01  0.05 2003.125  73.88  0.06 2003.625 73.10 0.05
20045 7490 0.06 73.74  0.05 2004.125 7463  0.07 2004.625 73.83 0.05
20055 7559  0.06 74.47  0.05 2005.125 7534  0.06 2005.625 7456 0.05
2006.5 76.23  0.03 7521  0.03 2006.125 76.20  0.28 2006.625 75.31 0.08
20075 76.92 0.03 7597  0.02 2007.125  76.67  0.07 2007.625 76.10 0.06
20085 77.62 0.02 76.65  0.02 2008.125  77.37  0.08 2008.625 76.74  0.09
2009.5 78.17 0.02 7731 0.02 2009.125 7795  0.09 2009.625 77.43  0.09
20105 78.79  0.02 77.88  0.02 2010.125 7854  0.07 2010.625 77.95 0.08
20115 79.54 0.02 78.52  0.02 2011.125 79.23  0.10 2011.625 7855 0.11
20125 80.28 0.02 79.30  0.02 2012.125 80.00  0.08 2012.625 79.42 0.09
20135 81.03 0.02 80.02  0.02 2013.125  80.77  0.09 2013.625 80.07 0.10
20145 8177 0.02 80.76  0.02 2014.125  81.47  0.09 2014.625 80.87 0.11
20155 8256  0.03 81.44  0.02 2015.125 8224  0.09 2015.625 81.60 0.09
20165 8339 0.03 82.20  0.02 2016.125 8311 0.12 2016.625 82.34 0.08

20175 8430 0.04 83.05  0.03 2017.125 8394 0.11 2017.625 83.19 0.10
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Table S2h. Atmospheric mole fractions for PFC-116 (scale: SIO-07)
Annual means JFM means JAS means

Year NH NH error SH SH error  Year NH NH error Year SH SH error

(ppt)  (ppt) (ppt)  (ppt) (ppt)  (ppt) (ppt)  (ppt)
1900.5 0.002 0.016 0.002 0.015 1900.125 0.002 0.017 1900.625 0.002 0.015
1901.5 0.002 0.012 0.002 0.012 1901.125 0.002 0.013 1901.625 0.002 0.012
1902.5 0.002 0.011 0.002 0.011 1902.125 0.002 0.011 1902.625 0.002 0.011
1903.5 0.002 0.011 0.002 0.011 1903.125 0.002 0.011 1903.625 0.002 0.011
1904.5 0.002 0.011 0.002 0.011 1904.125 0.002 0.011 1904.625 0.002 0.011
1905.5 0.002 0.011 0.002 0.011 1905.125 0.002 0.011 1905.625 0.002 0.011
1906.5 0.003 0.011 0.002 0.011 1906.125 0.003 0.011 1906.625 0.002 0.011
1907.5 0.004 0.011 0.003 0.011 1907.125 0.003 0.011 1907.625 0.003 0.011
1908.5 0.005 0.011 0.003 0.011 1908.125 0.004 0.011 1908.625 0.004 0.011
1909.5 0.006 0.011 0.004 0.011 1909.125 0.005 0.011 1909.625 0.004 0.011
1910.5 0.008 0.011 0.005 0.011 1910.125 0.007 0.011 1910.625 0.006 0.011
19115 0.010 0.011 0.007 0.011 1911.125 0.009 0.011 1911.625 0.007 0.011
19125 0.012 0.011 0.009 0.011 1912.125 0.011 0.011 1912.625 0.009 0.011
19135 0.014 0.011 0.011 0.011 1913.125 0.014 0.011 1913.625 0.011 0.011
19145 0.017 0.011 0.013 0.011 1914125 0.016 0.011 1914.625 0.014 0.011
19155 0.020 0.011 0.016 0.011 1915.125 0.019 0.011 1915.625 0.016 0.011
1916.5 0.025 0.011 0.019 0.011 1916.125 0.023 0.011 1916.625 0.020 0.011
1917.5 0.030 0.011 0.023 0.011 1917.125 0.028 0.011 1917.625 0.024 0.011
1918.5 0.035 0.011 0.027 0.011 1918.125 0.033 0.011 1918.625 0.028 0.011
1919.5 0.039 0.011 0.032 0.011 1919.125 0.038 0.011 1919.625 0.033 0.011
1920.5 0.043 0.011 0.036 0.011 1920.125 0.042 0.011 1920.625 0.037 0.011
1921.5 0.046 0.011 0.040 0.011 1921.125 0.045 0.011 1921.625 0.041 0.011
1922.5 0.048 0.011 0.043 0.011 1922.125 0.047 0.011 1922.625 0.044 0.011
1923.5 0.053 0.011 0.047 0.011 1923.125 0.051 0.011 1923.625 0.047 0.011
1924.5 0.060 0.011 0.051 0.011 1924.125 0.057 0.011 1924.625 0.052 0.011
1925.5 0.067 0.011 0.057 0.011 1925.125 0.064 0.011 1925.625 0.058 0.011
1926.5 0.074 0.011 0.063 0.011 1926.125 0.071 0.011 1926.625 0.064 0.011
1927.5 0.082 0.011 0.070 0.011 1927.125 0.078 0.011 1927.625 0.071 0.011
1928.5 0.091 0.011 0.078 0.011 1928.125 0.087 0.011 1928.625 0.079 0.011
1929.5 0.101 0.011 0.086 0.011 1929.125 0.097 0.011 1929.625 0.088 0.011
1930.5 0.109 0.011 0.095 0.011 1930.125 0.106 0.011 1930.625 0.096 0.011
1931.5 0.116 0.011 0.103 0.011 1931.125 0.114 0.011 1931.625 0.104 0.011
1932.5 0.119 0.011 0.110 0.011 1932.125 0.118 0.011 1932.625 0.111 0.011
1933.5 0.122 0.011 0.115 0.011 1933.125 0.121 0.011 1933.625 0.115 0.011
1934.5 0.126 0.011 0.119 0.011 1934.125 0.124 0.011 1934.625 0.119 0.011
1935.5 0.134 0.011 0.124 0.011 1935.125 0.131 0.011 1935.625 0.125 0.011
1936.5 0.145 0.011 0.132 0.011 1936.125 0.140 0.011 1936.625 0.133 0.011
1937.5 0.160 0.011 0.142 0.011 1937.125 0.154 0.011 1937.625 0.143 0.011
1938.5 0.176 0.011 0.155 0.011 1938.125 0.170 0.011 1938.625 0.157 0.011
1939.5 0.195 0.011 0.170 0.011 1939.125 0.188 0.011 1939.625 0.172 0.011
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1940.5 0.215 0.011 0.187  0.011 1940.125 0.207  0.011 1940.625 0.189  0.011
19415 0.240  0.011 0.207  0.011 1941125 0.230 0.011 1941.625 0.209 0.011
19425 0.274  0.011 0.231 0.011 1942.125 0.260  0.011 1942.625 0.235 0.011
19435 0.314 0.011 0.262  0.011 1943.125 0.299  0.011 1943.625 0.266  0.011
1944.5 0345 0.011 0.295  0.011 1944125 0.336  0.011 1944625 0.299 0.011
1945.5 0359 0.011 0321 0.011 1945125 0.356  0.011 1945625 0.324 0.011
1946.5 0.363 0.011 0.338 0.011 1946.125 0.361  0.011 1946.625 0.340 0.011
1947.5 0373 0.011 0351 0.011 1947.125 0.368  0.011 1947625 0.352 0.011
1948.5 0.387 0.011 0.364  0.011 1948.125 0.381 0.011 1948.625 0.366  0.011
1949.5 0.402 0.011 0.378  0.011 1949.125 0.397 0.011 1949.625 0.380 0.011
1950.5 0416 0.011 0.392 0.011 1950.125 0.411  0.011 1950.625 0.394 0.011
1951.5 0.430 o0.011 0.406  0.011 1951.125 0.424 0.011 1951.625 0.408 0.011
1952.5 0.444 0.011 0.420 0.011 1952125 0.439 0.011 1952.625 0.422 0.011
1953.5 0.458 0.011 0.435 0.011 1953.125 0.453 0.011 1953.625 0.436  0.011
1954.5 0472 0.011 0.449  0.011 1954125 0.467 0.011 1954.625 0.450 0.011
1955.5 0.484 0.011 0.462  0.011 1955125 0.480 0.011 1955.625 0.463  0.011
1956.5 0.494 0.011 0.474  0.011 1956.125 0.491  0.011 1956.625 0.476  0.011
1957.5 0.502 0.011 0.485  0.011 1957.125 0.500 0.011 1957.625 0.486  0.011
1958.5 0.509 0.011 0.494  0.011 1958.125 0.507  0.011 1958.625 0.495  0.011
1959.5 0516 0.011 0.502  0.011 1959.125 0.514 0.011 1959.625 0.503  0.011
1960.5 0.524 0.011 0.510 0.011 1960.125 0.521  0.011 1960.625 0.511  0.011
1961.5 0.531 0.011 0.518 0.011 1961.125 0.528  0.011 1961.625 0.518 0.011
1962.5 0.538 0.011 0525 0.011 1962.125 0.535 0.011 1962.625 0.526  0.011
1963.5 0.545 0.011 0.532 0.011 1963.125 0.543  0.011 1963.625 0.533  0.011
1964.5 0.553  0.011 0.540 0.011 1964.125 0.550  0.011 1964.625 0.541  0.011
1965.5 0.562  0.011 0.548 0.011 1965.125 0.559  0.011 1965.625 0.549  0.011
1966.5 0573  0.011 0.557 0.011 1966.125 0.569  0.011 1966.625 0.558  0.011
1967.5 0.585  0.011 0.567  0.011 1967.125 0.580  0.011 1967.625 0.568  0.011
1968.5 0.601  0.011 0.579  0.011 1968.125 0.594  0.011 1968.625 0.581  0.011
1969.5 0.620 0.011 0.594  0.011 1969.125 0.612  0.011 1969.625 0.596  0.011
1970.5 0.646  0.011 0.613  0.011 1970.125 0.635 0.011 1970.625 0.615 0.011
1971.5 0.678  0.011 0.637 0.011 1971125 0.665 0.011 1971.625 0.640 0.011
19725 0.720  0.011 0.667  0.011 1972.125 0.703  0.011 1972.625 0.671  0.011
19735 0.774  0.011 0.706  0.011 1973.125 0.752  0.011 1973.625 0.711  0.011
1974.5 0.837  0.011 0.755  0.011 1974125 0.812  0.011 1974.625 0.761  0.011
1975.5 0.902 0.011 0.810  0.011 1975125 0.878  0.011 1975.625 0.818  0.011
1976.5 0.967 0.011 0.870  0.011 1976.125 0.942  0.011 1976.625 0.877  0.011
1977.5 1.037  0.011 0.933 0.011 1977.125 1.010 0.011 1977.625 0.941  0.011
1978.5 1114  0.011 1.001  0.011 1978.125 1.084  0.011 1978.625 1.010 0.011
1979.5 1196  0.011 1.074  0.011 1979.125 1.164 0.011 1979.625 1.083  0.011
1980.5 1.282  0.011 1153  0.011 1980.125 1.249  0.011 1980.625 1.163  0.011
1981.5 1.365 0.011 1.234 0.011 1981.125 1335 0.011 1981.625 1.244  0.011
1982.5 1438  0.011 1313 0.011 1982.125 1.412  0.011 1982.625 1.322  0.011
1983.5 1509  0.011 1.387  0.011 1983.125 1.481  0.011 1983.625 1.396  0.011

1984.5 1588 0.011 1.463 0.011 1984.125 1.557 0.011 1984.625 1.472  0.011
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19855  1.671  0.011 1545  0.011 1985.125 1.640  0.011 1985.625 1.556  0.011
19865 1755  0.011 1.631  0.011 1986.125 1.723  0.011 1986.625 1.642  0.011
19875  1.845 0.011 1.718  0.011 1987.125 1.810  0.011 1987.625 1.728  0.011
19885  1.941  0.011 1.808  0.011 1988.125 1.904  0.011 1988.625 1.819  0.011
19895  2.039  0.011 1.902  0.011 1989.125 2.003  0.011 1989.625 1.914  0.011
19905 2135  0.011 1.997  0.011 1990.125 2.100  0.011 1990.625 2.009  0.011
19915 2225  0.011 2.088  0.011 1991.125 2192  0.011 1991625 2.099  0.011
19925 2310  0.011 2174 0.011 1992.125 2279  0.011 1992.625 2.184  0.011
19935 2394  0.011 2257  0.011 1993.125 2.362  0.011 1993.625 2.267  0.011
19945 2482  0.011 2.340  0.011 1994.125 2.448  0.011 1994.625 2.351  0.011
19955  2.580  0.011 2427  0.011 1995.125 2541  0.011 1995.625 2.438  0.011
19965  2.692  0.011 2521 0.011 1996.125 2.648  0.011 1996.625 2.533  0.011
19975  2.816  0.011 2.626  0.011 1997.125 2768  0.011 1997.625 2.639  0.011
19985 2948  0.011 2741 0.011 1998.125 2.898  0.011 1998.625 2.756  0.011
19995  3.080 0.011 2.866  0.011 1999.125 3.031  0.011 1999.625 2.881  0.011
20005 3206 0.011 2.994  0.011 2000.125 3.160  0.011 2000.625 3.010  0.011
2001.5 3.325 0.011 3.119  0.011 2001.125 3.281  0.011 2001.625 3.135 0.011
20025  3.443  0.010 3240 0.011 2002.125 3.399  0.011 2002.625 3.255  0.011
20035  3.558  0.008 3.362  0.010 2003.125 3.517  0.009 2003.625 3.377  0.009
20045  3.651  0.004 3.491  0.005 2004.125 3.637  0.036 2004.625 3.515  0.033
20055  3.736  0.004 3.595  0.004 2005.125 3.689  0.036 2005.625 3.601  0.032
20065  3.829  0.004 3.685  0.004 2006.125 3.795  0.030 2006.625 3.706  0.033
20075  3.926  0.004 3.786  0.005 2007.125 3.890  0.027 2007.625 3.808  0.023
20085  4.007  0.004 3.872  0.004 2008.125 3.971  0.030 2008.625 3.889  0.029
20095  4.073  0.004 3.967  0.004 2009.125 4.051  0.039 2009.625 3.986  0.033
20105  4.153  0.004 4,033  0.004 2010.125 4.109  0.032 2010.625 4.041  0.033
20115 4239  0.004 4112  0.004 2011125 4.210  0.030 2011.625 4.132  0.041
20125 4308  0.004 4188  0.004 2012.125 4.277  0.024 2012.625 4.197  0.025
20135  4.385  0.004 4264  0.004 2013.125 4.362  0.018 2013.625 4.277  0.018
20145  4.468  0.004 4345  0.004 2014.125 4.434  0.023 2014.625 4.358  0.019
20155  4.547  0.004 4.428  0.004 2015.125 4.516  0.021 2015.625 4.440  0.019
20165  4.627  0.004 4509  0.004 2016.125 4.587  0.022 2016.625 4.520  0.021
20175 4731  0.007 4,600  0.007 2017.125 4.692  0.022 2017.625 4.614  0.016
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