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Abstract We evaluate the decadal evolution of ventilation and anthropogenic carbon (C,, ) in the Nordic

Seas between 1982 and the 2010s. Ventilation changes on decadal timescale are identified by evaluating

ant-

decadal changes in mean ages and apparent oxygen utilization in each of the four main basins of the Nordic
Seas (the Greenland and Iceland Seas, and the Norwegian and Lofoten Basins). The ages are derived from the
transient time distribution approach, based on the transient tracers chlorofluorocarbon-12 (CFC-12) and sulfur
hexafluoride (SFy). The different decades show different phases in ventilation, with the 2000s being overall
better ventilated than the 1990s in all basins. For the Greenland Sea, we also show that the 2010s are better
ventilated than the 2000s, with a clear shift in hydrographic properties. The evolution of concentrations and
inventory of C, is linked to the ventilation state. The deep waters get progressively older over the analyzed
period, which is connected to the increased fraction of deep water from the Arctic Ocean.

Plain Language Summary The ocean region between Greenland, Iceland, and Norway, called the
Nordic Seas, is a main site of deep-water formation. This process produces dense waters and brings surface
waters to larger depths, thereby ventilating the water below. This transports, among other things, man-made
CO, (anthropogenic carbon; C, ) and oxygen from the atmosphere into the interior ocean, thereby reducing
the amount of CO, stored in the atmosphere. This study investigates how the ventilation has changed in

the Nordic Seas from 1982 to the 2010s. We find that the ventilation has changed with time, from a rather
well-ventilated state in 1982, to a reduced ventilation in the 1990s, and then a restrengthened ventilation from
the 2000s.

ant:

1. Introduction

Ocean ventilation is the process whereby surface water is transported into the ocean interior and interior water
is transported back to the surface, sometimes in a different part of the world oceans and after long delay. This is
important for ocean anthropogenic CO, (C,, ) sequestration (e.g., Frob et al., 2016; Gruber et al., 2019; Khatiwala
et al., 2013; Sabine & Tanhua, 2010; Sabine et al., 2004) and for the transport of other atmospheric gases such
as oxygen, and heat as the surface waters that are transported to the interior ocean carry a signal of conditions
in the atmosphere at the time of deep-water formation. The main sites for this process are found in the Southern
Ocean and the North Atlantic (e.g., Khatiwala et al., 2013; Talley et al., 2011). In the sub-polar North Atlantic,
strong vertical mixing occurs in the Labrador and Irminger Seas, and in the Nordic Seas (the collective term for
the Greenland, Iceland, and Norwegian seas). The Nordic Seas is a very dynamic region and major site of water
mass formation and transformation. This creates very dense waters that contribute to the North Atlantic deep
water via the overflows across the Greenland-Scotland ridge (e.g., Chafik & Rossby, 2019; R. R. Dickson &
Brown, 1994). In the so-called Arctic domain (e.g., Swift, 1986), consisting of the Greenland and Iceland Seas,
open-ocean convection is frequent. In the Iceland Sea winter mixed layers are typically 200-300 m deep, and
occasionally deeper than 400 m (Jeansson et al., 2015; Olafsson, 2003; Vage et al., 2015). In the Greenland Sea,
convection to depths between 1,000 and 1,600 m is common (e.g., Brakstad et al., 2019; Ronski & Budéus, 2005).
Interannual variability in convection depth has been linked to changes in surface salinity in the Greenland Sea
(Brakstad et al., 2019). Recently, an increase in oxygen content was reported for the Greenland Sea, attributed to
a trend of deepening convection, and related to propagation of increasing salinity in the Atlantic waters that enter
the Nordic Seas in the southeast (Lauvset et al., 2018). While changes in the Greenland Sea have been rather
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well documented (e.g., Brakstad et al., 2019; Jeansson et al., 2017; Karstensen et al., 2005; Lauvset et al., 2018),
changes in the ventilation in the other parts of the Nordic Seas over the past several decades are not well under-
stood. From the observed spreading of intermediate water from the Greenland Sea to all other basins in the Nordic
Seas (e.g., Jeansson et al., 2017; Messias et al., 2008) one would expect that at least the intermediate layers of the
adjacent basins are affected by any change in the Greenland Sea.

In addition, it is important to understand the impact of changes in ventilation on the accumulation of C,, in the
region. Several studies have estimated Nordic Seas' C_ inventories using different approaches. Based on relation-
ships between nutrients, inorganic carbon, and the transient tracer CFC-11, Jutterstrom et al. (2008) estimated a
Nordic Seas C_, inventory of ~1.2 Gt C in 2002. Similarly, Olsen et al. (2010), using the transit time distribution
(TTD) approach (e.g., Hall et al., 2002; Waugh et al., 2006), calculated a C, inventory of 1.24 Gt C for the same
year. The latter study found water column inventories of around 70 mol m~2 in the deep basins with stronger
vertical mixing (i.e., the Greenland Sea and Lofoten Basin), but large horizontal gradients over the whole region.
However, the temporal evolution of the inventory, and its drivers, remain to be evaluated. Using the extended
multi-linear regression technique (Friis et al., 2005), Olsen et al. (2006) evaluated the change in C_, in the Nordic
Seas from 1981 to 2002/2003. They found the largest C_, increases in the Atlantic domain, in the eastern part of
the Nordic Seas (~12-18 pmol kg~!), while the deep waters showed a modest increase (4-6 pmol kg™).

The aim of this paper is to shed light on these questions for the four main basins of the Nordic Seas for the period
from 1982 to 2016. To this end we utilize a combination of apparent oxygen utilization (AOU) and transient trac-
ers, to evaluate decadal changes in ventilation as well as in the concentrations and water column inventories of C, .

1.1. Description of the Area, General Circulation, and Main Water Masses

The Nordic Seas are situated between the North Atlantic and the Arctic Ocean and are significantly affected by
both. They are bounded by the relatively shallow Greenland—Scotland Ridge to the south, the shallow Barents
Sea to the northeast, and the 2,600-m deep Fram Strait to the north. Several ridges and fracture zones divide the
Nordic Seas into the four basins treated here (Figure 1).

The main circulation is cyclonic, with the northward flowing Norwegian Atlantic Current in the east, carrying
warm and saline Atlantic Water, and the East Greenland Current (EGC) in the west carrying cold and relatively
fresh Polar Surface Water southwards. The Norwegian Atlantic Current bifurcates several times in the northeast-
ern Nordic Seas; some Atlantic Water enters the Barents Sea, some enters the Arctic Ocean through the eastern
Fram Strait, and some re-circulates in the Fram Strait area and joins the EGC southward below the Polar Water.
The Jan Mayen Current (Bourke et al., 1992) branches off the EGC eastward in the southwestern Greenland Sea
and the East Icelandic Current branches off eastward in the Iceland Sea. Both currents inject cold and relatively
fresh water masses from the EGC to the central parts of the Nordic Seas; for example, the East Icelandic Current
continues all the way to the southern Norwegian Sea (Macrander et al., 2014; Swift & Aagaard, 1981). Warmer
and saltier waters also enter the Norwegian Sea interior with westward moving branches of the Norwegian Atlan-
tic Current, particularly those associated with the Vgring Plateau and Fram Strait (Poulain et al., 1996).

In addition to the Atlantic Water and Polar Water, different water masses are formed in the region. The open-ocean
convection in the Greenland Sea forms the Greenland Sea Arctic Intermediate Water (GSAIW), while the much
shallower convection in the Iceland Sea forms Iceland Sea AIW (e.g., Jeansson et al., 2017). These spread around
the Nordic Seas, contributing to the Norwegian Sea AIW (e.g., Blindheim, 1990; Jeansson et al., 2017), and
are incorporated into the dense overflows (e.g., Jeansson et al., 2008; Olsson et al., 2005; Tanhua, Olsson, &
Jeansson, 2005). The deep layers of the Greenland Sea consist of two types of deep waters: an upper layer domi-
nated by dense water from the Arctic Ocean that enter the region through the Fram Strait—here referred to as
Greenland Sea Deep Water (GSDW)—and deep water formed locally in the Greenland Sea—here referred to
as Greenland Sea Bottom Water (GSBW) (e.g., Rudels et al., 1999, 2005). The deep waters in the Iceland and
Norwegian Seas are a mixture of these waters (e.g., Blindheim & Rey, 2004).

2. Data and Methods
2.1. Data

The data used in the present study have been extracted from the 2019 update of the Global Ocean Data Analy-
sis Project version 2 data product (GLODAPv2.2019), which has been subjected to rigorous quality control as
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Figure 1. Map of the Nordic Seas showing bathymetry from ETOPO1, currents, and geographical features. The warm
surface currents of Atlantic Water are depicted in red, and cold fresher surface currents from the Arctic Ocean are shown

in blue. The thin black lines indicate the flow of denser waters. The magenta lines show the Greenland—Scotland Ridge
(from west to east: Denmark Strait, Iceland—Faroes gap and Faroe—Shetland Channel). Abbreviations: EGC, East Greenland
Current; GB, Greenland Basin; IS, Iceland Sea; JMR, Jan Mayen Ridge; LB, Lofoten Basin; NB, Norwegian Basin; NwAC,
Norwegian Atlantic Current.

described in Olsen et al. (2019). The variables used are potential temperature, salinity, dissolved oxygen, and the
transient tracers chlorofluorocarbon-12 (CFC-12) and sulfur hexafluoride (SFy). The reason to use GLODAP
data is the transient tracers and oxygen data, at high accuracy. The accuracy of the GLODAPv2.2019 data prod-
uct is reported to be better than 0.005 in salinity, 1% in oxygen, and 5% in CFC-12 (Olsen et al., 2019). SF,
quality control was only introduced in GLODAPv2.2022 (Lauvset et al., 2022). This indicated that the SF, data
used here (from 2016) were unbiased. The precision of these 2016 SF, data was assessed at the cruise in ques-
tion, by collecting and analyzing multiple water samples from the same depth at a single CTD-cast, at ~1.7%.
Furthermore, for the Iceland Sea, we include previously unpublished CFC-12 data sampled between 2002 and
2006 in a cooperative project between the Marine Research Institute in Reykjavik and the Lamont-Doherty Earth
Observatory (LDEO). These tracer data are not part of GLODAPv2.2019, but available as a separate data set
(Olafsson et al., 2023). Concurrent oxygen and other data from these Iceland Sea cruises are already included
in GLODAPv2.2019. The samples were collected in glass ampoules, flame sealed under nitrogen flow and later
analyzed at the LDEO. These CFC-12 data have a precision of ~1%, or 0.01 pmol kg~!, whichever is greater.

We utilized data from 1982 to 2016 (when available) from each of the four main basins: the Greenland Sea
(represented by the Greenland Basin), the central Iceland Sea, and the two basins of the Norwegian Sea (Norwe-
gian Basin and Lofoten Basin), with the “iconic” Hudson cruise in 1982 (Bullister & Weiss, 1983) as a starting
reference. Data were extracted from within the four circles shown in Figure 2, positioned in the center of each
basin to reduce any effects from slopes and boundary currents (see Figure 2 caption for the exact definition of
each of these circles).

The tracer concentrations are presented as partial pressure (p0CFC-12 and pSF in pico (10~'?) atmospheres or
parts per trillion, ppt). The pCFC (or pSF,) of a water sample is computed based on the expression pCFC (or
pSFy) = C,/F(©, S) (Doney & Bullister, 1992), where Cgy, is the concentration (in pmol kg~!, for CFC-12,
and fmol kg~!, for SF,) of the dissolved tracer in the seawater sample and F(®, S) is the solubility of the tracer
(in mol kg~! atm™!), determined from potential temperature and salinity (Bullister et al., 2002; Warner &
Weiss, 1985).
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Figure 2. (upper) Map showing the data distribution and geographic definitions used for the different basin properties (circles). GS,
Greenland Sea; IS, Iceland Sea; LB, Lofoten Basin; NB, Norwegian Basin. The isobaths mark every 500 m. The circle coordinates
and radii are as follows: Greenland Sea: 75°N, —2°E, 110 km; Iceland Sea: 68°N, —12°E, 110 km; Norwegian Basin: 66°N, —3°E,
125 km; Lofoten Basin: 70°N, 4°E, 125 km. The four lower panels show the data distribution in each of the four basins over the
analyzed period. Black dots mark available oxygen data, and red circles mark available CFC-12 data, from the surface to the bottom.
CFC-12 and SF, enter the surface ocean via air—sea exchange, based on the solubility functions referenced above,
and are propagated into the interior with the ocean circulation and mixing. The air—sea equilibrium timescale
for the surface mixed layer is approximately 1 month (Gammon et al., 1982), hence the ocean surface concen-
trations tend to track, and can be estimated from, the atmospheric history. Because CFC-12 and SF; are inert in
JEANSSON ET AL. 4 of 25
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(Figure 3). SF is still increasing in the atmosphere and is thus useful to
assess the ventilation history of more recently formed waters (e.g., Sonnerup
et al., 2008; Tanhua et al., 2008).

The surface concentration of AOU is independent of temperature and
salinity and does not change with time, except seasonally due to biological
activity. Thus, a decrease in AOU in the ocean interior (i.e., an increase
in oxygen) is a sign of ventilation. AOU is calculated as the difference

between the saturation concentration, and the measured concentration of

Year

Figure 3. Atmospheric histories of CFC-1

1960 1960 20‘00 oxygen. AOU is possibly a more robust tracer for evaluating ventilation

changes than CFC or SF, derived water mass ages (A. E. Shao et al., 2016),
assuming no change in respiration. Here, AOU and water mass ages are
2 and SF between 1950 and 2016 used in combination. It is important to be aware that at constant ventilation

in the northern hemisphere (Bullister, 2015; Walker et al., 2000). Note that the both AOU and mean age would be expected to be more or less constant, but

SF, values are multiplied with 100 for easier comparison.

there would be an increase in C_, due to the atmospheric increase. Similar

ant
directions of change in both AOU and mean age is a very firm indicator
of changing ventilation. Nevertheless, a strong relationship between AOU
and mean age does not always apply (e.g., Koeve & Kihler, 2016; J. L. Thomas et al., 2020). This is further

discussed in Section 4.2.

2.2. Transit Time Distribution Approach

To assess the age and associated concentration of C, , of the various water masses in the Nordic Seas we use the
TTD approach (e.g., Hall et al., 2002; Waugh et al., 2004, 2006). The method is based on measurements of tran-
sient tracers, such as the CFCs and SF, infers the age distribution of a water sample, and uses this age distribution
and solubility considerations to estimate the concentration of C,,. The concentration of any passive tracer, c(r, 1),
at a point r is related to its surface water history c,(¢) by the function:

c(r,t) = /wco(t—t')G(r,t')dl', (1
0

where G(r, t’) is the TTD at point r (e.g., Haine & Hall, 2002). The input function of the tracers at the sea surface,
¢,(?), is determined from the atmospheric history of the tracers and their solubilities. Here, we have used the
atmospheric history of CFC-12 from Walker et al. (2000), updated with values from Bullister (2015), and the
atmospheric history of SF from Bullister (2015).

It is assumed that the TTDs can be approximated by an inverse Gaussian function:

I3 —I'(t-I)
CO=\ zr exP( fm% : ) @

where the extent of mixing is represented by the ratio of the width of the TTD (A) to the mean transit time (“mean

age”; I'). With this assumption together with the assumption of a constant A/T" ratio, the mean age can be found
from the tracer concentration (and 7 and S) (Waugh et al., 2004, 2006). A A/T" of O represents a purely advective
flow, A/T" < 1 indicates a predominantly advective flow, and for A/I" > 1 diffusive processes dominate the mixing
and circulation. The A/T ratio can be constrained by two tracers with different atmospheric time histories (e.g.,
Waugh et al., 2003, 2004). A common pair is CFC-12 and SF (e.g., Stoven et al., 2016; Tanhua et al., 2008).
However, SF, is problematic in the Nordic Seas due to the deliberate release and subsequent spreading of large
amounts (320 kg) of this tracer in the Greenland Sea in 1996 (Jeansson et al., 2009; Marnela et al., 2008; Messias
et al., 2008; Tanhua, Bulsiewicz, & Rhein, 2005; Watson et al., 1999). This excess SF; may have affected the
transient signal even as late as 2012, in the Fram Strait (Stoven et al., 2016). Therefore, we used CFC-12 for most
years in the present study, except for 2016 in the Greenland Sea (where SF, was used for the upper 1,800 m). We
have further adopted a A/T ratio of 1, which has been found to best describe the data in the Nordic Seas (Olsen
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et al., 2010) and is also commonly applied elsewhere (e.g., Tanhua et al., 2008; Waugh et al., 2004, 2006). This
implies rather strong mixing, resulting in wide age spectra, and hence the uncertainty in the age estimates is rela-
tively large, especially at higher ages (see, e.g., Stoven et al., 2015). Based on a model evaluation He et al. (2018)
suggested that a ratio of 0.8 may be more appropriate than unity. Nevertheless, since we could not test the validity
of this with the data at hand, we adopted the more common unity ratio. Thus, we may have overestimated the
mean age, particularly for the deep waters. Rajasakaren et al. (2019) constrained the A/ ratio in the Arctic Ocean
and suggested different ratios for upper and deeper waters; as low as 0.6 in the upper and intermediate waters
and 1.2 at greater depths, as well as regional differences. This may also be the case in the Nordic Seas, and future
evaluations might shed more light on this, when the signal of excess SF, from the release is washed out further.
However, in a very recent study Smith et al. (2022) found support for a A/T" ratio of about 1 in the Arctic Ocean.
Measurements of additional tracers could be useful to better constrain the shape of the TTD, which may also have
a different shape than an inverse Gaussian (see e.g., work from the Mediterranean Sea; Stoven & Tanhua, 2014).
The combination CFC-12 and Argon-39 has been shown to provide powerful constraints on A/T ratios (e.g.,
Ebser et al., 2018).

The surface saturation of the tracer in question can also impact the TTD calculations, as the combination of
atmospheric concentration and saturation defines the input function. It is often assumed that the surface waters
have a constant saturation (100% or less) at the time of descent, which for many regions is a fair assumption
(e.g., Fine et al., 2017). However, in parts of the Nordic Seas and other regions with active and strong winter
convection, that is, deep winter mixed layer, the surface waters are typically undersaturated in winter, which
is the time they descend to greater depths (e.g., Anderson et al., 2000; Bullister & Weiss, 1983; Rhein, 1991;
Wallace & Lazier, 1988). This is particularly true during the time the atmospheric concentration of the tracer is
rapidly increasing, between 1960s and the 1990s (Figure 3). Observational data from these regions are typically
biased toward summer, when the surface waters are warmer, and then also closer to full saturation (e.g., Jeansson
et al., 2010; A. E. Shao et al., 2013). This is also true for the data included in the present analysis, where all four
basins show a surface saturation (upper 20 m) between 97% and 100% (not shown). To determine more realistic
values for winter surface saturation levels we instead chose the 100-200 m layer, since this layer was shown to
be more stable in both tracer saturation and temperature (Figure S1 in Supporting Information S1). This reduced
the mean saturation for CFC-12 from 97% to 78% in the Greenland Sea, from 98% to 87% in the Iceland Sea,
from 99% to 92% in the Norwegian Basin, and from 100% to 97% in the Lofoten Basin. However, the CFC-12
saturation is not constant and seems to increase with time (Figure S2 in Supporting Information S1). This is in
agreement with what has been found in the North Atlantic (Tanhua et al., 2008) and the Labrador Sea (Raimondi
et al., 2021). This evolution is most clearly seen in the Greenland Sea, but also seems to be the case in the other
basins. Details of the procedure are found in Supporting Information S1.

For SF, a constant saturation state was used for all basins, due to the excess SF; it is not possible to evaluate time
trends. This was taken as the mean saturation in the 100-200 db layer, 79% in the Greenland Sea, and 100% in the
other basins (see Figure S1 in Supporting Information S1).

With knowledge of the TTD (G(#)), and assuming that C,
tracer, Equation 1 can be used to calculate concentrations of C

propagates into the ocean interior as a passive
at any location (Hall et al., 2002; Waugh
et al., 2004, 2006), which also requires a surface history of C, . This is calculated from equilibrium inorganic

ant

carbon chemistry, as the difference in saturation concentrations of dissolved inorganic carbon (DIC) concentra-
tions between any time  and pre-industrial times, C,,, (1) = C (T, S, AIK®, pCO,(H)-C,(T. S, AIK%, pCO, =280),
where C,, is the DIC, T the temperature, S the salinity, AIK the preformed alkalinity and pCO,(7) the atmospheric
partial pressure of CO, at time #; 280 ppm is used as the pre-industrial atmospheric pCO,. C,, is calculated using
the seawater CO, chemistry equilibria, with the preformed alkalinity estimated from the surface salinity to alkalin-
ity relationship determined for the Nordic Seas by Nondal et al. (2009), and the equilibrium constants of Merbach
et al. (1973), refit by A. G. Dickson and Millero (1987). Atmospheric CO, concentrations were extracted from
the Mauna Loa record (Tans and Keeling, available at https://www.esrl.noaa.gov/gmd/ccgg/trends/data.html).

2.3. Mean Profiles and Inventory Calculations

Annual average profiles for each basin were constructed. This was done by first calculating annual mean values
for pre-defined depth layers: every 50 m in the upper 200 m, every 100 m down to 2,000 m, and every 250 m
from 2,000 m down to the bottom. To fill in missing values each of these mean profiles were interpolated via
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piecewise cubic Hermite interpolation (Fritsch & Carlson, 1980) because this method is not prone to “ringing.”
From these annual means we then calculated decadal means of AOU, mean age and C,, for the depth layers:
200-500, 500-1,000, 1,000-1,500, 1,500-2,000, 2,000-3,000, and, 3,000—4,000 m in each of the four basins. For
the shallower Iceland Sea only depths down to 2,000 m were considered.

Column inventories of C, in 1982, 1990s, 2000s, and 2010s (the latter only for the Greenland Sea) were calcu-

lated for each basin, by multiplying the mean concentration of C, . (in umol kg~') in each layer with the mean

ant
density (in kg m~3) and thickness of the layer (in meters), down to the bottom of each basin. The bottom depths
were estimated from the mean bottom depth in each basin. The resulting depths were 3,589 m for the Greenland
Sea, 1,879 m for the Iceland Sea, 3,381 m for the Norwegian Basin, and 3,178 m for the Lofoten Basin. Summing
up all layers for each period gives the column inventory (in mol m~2). Using mean bottom depths will exclude any
depths below the mean depth, which will introduce a bias. However, the main aim is here to look at changes in

inventories as a result of ventilation changes. As such the bottom depths will have a limited impact on the results.

2.4. Uncertainties

There are uncertainties related to the different assumptions in the TTD approach, but also in the assumptions
made when calculating AOU values. For the TTD approach the main uncertainties are related to the surface satu-
rations of the tracers, the assumed mixing (A/T), and the assumption of a constant disequilibrium of CO, for the
calculation of C,, from the mean age (e.g., He et al., 2018; Waugh et al., 2006). For AOU the main uncertainty
is connected to the assumption that the sea surface is in full equilibrium with the atmosphere. This is not always
the case, as has been shown for the Nordic Seas (e.g., Olsen et al., 2010), or the Labrador Sea (Atamanchuck
et al., 2020). Below we will quantify the sensitivity of our calculations to the applied assumptions.

To evaluate the sensitivity of the calculated decadal means to the different assumptions for the TTD approach we
performed the calculations with different mixing scenarios (A/I"), and different surface saturations of CFC-12.

The A/ ratio has a clear impact on the mean ages, especially below 1,500 m (Figure 4). Compared to our applied
ratio of 1, a lower ratio (0.8) results in 21%—26% lower ages below 1,500 m, while a higher ratio (1.2) give 26%-31%
higher ages. For C_, the impact of A/I" was much lower than for the mean age. The lower A/T" (0.8) gave between 4%
and 7% higher concentrations below 2,000 m, and mostly within 3% higher at shallower depths (Figure 4). A higher
AT (1.2) resulted in 3%—5% lower concentrations below 2,000 m, and within 3% higher up in the water column. The
difference in uncertainty between age and C_ is a consequence of the atmospheric growth rate of C, . When the old
deep waters were formed the growth rate was low, so the large impact of changes in age does not have a correspond-
ing impact on C_ . For more recently ventilated waters the uncertainty in age is relatively low, leading to small uncer-
tainties in C_, despite the recent high growth rate in the atmosphere. An additional source of uncertainty is that we
assume that the A/I" ratio does not change over time. This is, however, not possible to explore with the tracers we use.

The applied surface saturation has a much smaller impact on both ages and C, (not shown) that is well within
the decadal uncertainty. Nevertheless, the constant saturations resulted in slightly higher ages compared to the
time-dependent saturation, with the largest deviation of up to 17% higher, which is much higher than the analyti-
cal error of the tracers. These results agree well with what He et al. (2018) found in their evaluation.

The uncertainty in the calculated AOU values, taken from the GLODAPv2.2019 data product, is connected to the
assumption that the surface water was in full equilibrium with the atmosphere at the time of descent. This assump-
tion has been shown to be flawed in certain regions, and seasons (e.g., Ito et al., 2004; Koeve & Kihler, 2016). As
seen in Supporting Information S1 (Figure S5) the assumption of 100% saturation in the surface layer (here taken
as the upper 20 m) does not hold for any of the analyzed basins. Supersaturation of oxygen is expected during
Spring/Summer due to biological production. The seasonal timing of the cruises toward the summer months (see
Figure 2) could partly explain the trend of increasing saturations with time in the Greenland and the Norwegian
Seas. In the Iceland Sea, the data show large seasonal variability, and for summer (high values) there is a trend of
increasing saturations until the early 1990s, then stable and high saturations close to 110% during the 1990s and
decreasing values after the mid-2000s. Nevertheless, with the same argumentation as for the tracers, since there
is a general summer bias in the data product a more representative winter value is found below the top surface.

We tested this hypothesis for both AOU and CFC-12 by taking advantage of the Iceland Sea data, which have
much better seasonal coverage than the other basins, by comparing the properties in the surface and the 100-200 m
layer (Figure S6 in Supporting Information S1). The deepest mixed layer in the Iceland Sea is typically found in
March (e.g., Jeansson et al., 2015; Vage et al., 2015). Unfortunately, we lack tracer data for March in this basin.
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Figure 4. Uncertainty in decadal means (one row per decade) in mean age (a, ¢, e, g) and C,,, (b, d, f, h) in the Greenland
Sea from different A/I" (0.8—1.2). The error bars show the standard deviations of the decadal means.
For the available winter months, the CFC-12 saturation is somewhat lower in the sub-surface layer than in the
surface, but within a reasonable agreement considering the uncertainties. For oxygen saturation, temperature,
and salinity, however, the sub-surface layer indeed corresponds very well to the winter surface. In all basins,
the oxygen is slightly undersaturated in the 100-200 m layer, and more or less constant with time. Since we in
this work evaluate the changes over time to identify ventilation changes, we argue that the deviation from full
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saturation does not affect our results. If, however, the AOU values are used to quantify respiration, this needs to
be accounted for.

The last source of uncertainty we will discuss here is the potential impact of changes in the surface CO, satura-
tion, often referred to as the air-sea CO, disequilibrium, on our results. This will have an impact on the calculated
C,,. concentrations. Changes in the disequilibrium have been found to translate almost linearly to the C, values
both in the Nordic Seas and the Labrador Sea (Olsen et al., 2010; Raimondi et al., 2021). Consequently, an ocean
surface with a pCO, growth rate of 80% compared to the atmospheric pCO,, will reduce the C,, estimates by 20%.

3. Results
3.1. Distribution of Mean Age and C,

ant

in the Nordic Seas

Before evaluating any changes, we provide an example of the distribution of mean ages and C,, at five depth
layers in the upper 3,000 m of the Nordic Seas by using data for the year 2002, which covered most parts of
the Nordic Seas (e.g., Jutterstrom et al., 2008; Olsen et al., 2010). For these figures we applied the Greenland
Sea CFC-12 source function on all data with a density anomaly more than 27.9 kg m~3 and the Norwegian Sea
CFC-12 source function for all data at lower densities. Our targeted layers are the mean depths of the upper five
layers analyzed in this study, that is, 350, 750, 1,250, 1,750, and 2,500 m.

The age distribution reflects the different domains and the general circulation of the region (Figure 5). At 350 m,
most of the Nordic Seas waters are less than 10 years old. The exception is the Iceland Sea, which here show ages of
10-20 years. At 750 m there is a clearer gradient, where the Lofoten Basin and the Greenland Sea show ages less than
10 years. The lower age in the Lofoten Basin is connected to the wider and deeper distribution of recently ventilated
Atlantic Water, while this layer in the Greenland Basins is the core for the recently ventilated GSAIW. In contrast, in
the south/southwestern parts of the area water mass ages are in the range of ~20—40 years. These older ages reflect the
water masses that have circulated around parts of the Arctic Ocean and are carried by the East Greenland Current to
these parts of the Nordic Seas. At 1,250 m the youngest waters, of about 10-20 years, are found in the Greenland Sea,
a consequence of the deep winter mixed layers. Similar ages are encountered at these depths in the Lofoten Basin.
This is below the Atlantic Water (Figures S7 and S8 in Supporting Information S1) and associated with GSAIW
spreading from the Greenland Sea (e.g., Jeansson et al., 2017). This is also supported by the distribution of AOU
(Figure S10 in Supporting Information S1). The less ventilated southern parts of the region, the Iceland Sea and
Norwegian Basin, show ages of 60-80 years at these depths. At 1,750 m the ages are greater than at 1,250 m, but the
spatial pattern is similar. The ages in the Greenland Sea and Lofoten Basin are in the range of 60—80 years. Elsewhere,
water mass ages are 130-140 years at these depths. The ages in the deep water (2,500 m) have similar gradients; in the
deep Greenland Sea ages are 140-150 years, while the in the deep Norwegian Sea ages are 160—170 years.

The distribution of C
(Figure 6), but somewhat modified by the fact that warm and salty waters (e.g., Atlantic Water) take up more C,,
than cold and fresh water (e.g., AIW). At 350 m, the highest concentrations are found in the Atlantic Water in the
east (45-50 pmol kg~1). The higher temperature, and thus buffer capacity, of the Atlantic Water allows for more
uptake of C_, which is in contrast to uptake of gases that is higher at lower temperatures and lower salinities (e.g.,
Maier-Reimer & Hasselmann, 1987; H. Thomas & England, 2002). This is clearly illustrated by the gradient in
C,,. from the east to the west, where the colder western parts of the Nordic Seas has the lowest concentrations
of C,,, at these depths (~35-40 pmol kg~!). At 750 m, the highest concentrations are found in the Lofoten Basin
(~40 pmol kg"), as a result of the deeper extent of Atlantic Water there (e.g., Nilsen & Falck, 2006). The concen-
tration in the central Greenland Sea is also relatively high. The concentrations in the southwestern regions are much

o 18 almost the inverse of the age distribution, following the overturning in the Nordic Seas

lower (~25-30 pmol kg~1), a consequence of the greater age and lower temperatures in this region. At the 1,250 m
level, the central Lofoten Basin and the Greenland Sea show the highest concentrations, of ~30-35 pmol kg~
The south/southwestern parts of the region have concentrations of <25 pmol kg~!. At 1,750 m the Greenland Sea
and the Lofoten Basin still show the highest concentrations, of >20 pmol kg~!, while the southern parts of the area
have concentrations of about 15 pmol kg~!. The deep waters (2,500 m) all have concentrations of <15 pmol kg~

3.2. Decadal Changes in Hydrography, Mean Age, AOU, and C,,

In this section we describe the decadal changes in hydrography (®/S), AOU, mean age and concentrations of C

ant®
in the four main basins. Six depth layers are evaluated, below 200 m (see Section 2.3).
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Figure 5. Distribution of mean age (from TTD using CFC-12) at different depth layers in the Nordic Seas in 2002; 350 db
(upper left), 750 db (upper right), 1,250 db (middle left), 1,750 db (middle right), and 2,500 db (lower left).
3.2.1. Greenland Sea
There has been striking warming in all layers of the Greenland Sea over the analyzed period, and the largest
warming, ~1°C from 1982 to the 2010s, took place in the upper layer (Figure 7). In 1982 the temperature was
well below —1°C at all depths, while there was a clear gradient in the 2010s. For the 200-500 m layer, the warm-
ing was fastest (0.5°C per decade) between 1982 and the 1990s, and between the 2000s and the 2020s, while the
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Figure 6. Distribution of C,, (from TTD using CFC-12) at different depth layers in the Nordic Seas in 2002; 350 db (upper
left), 750 db (upper right), 1,250 db (middle left), 1,750 db (middle right), and 2,500 db (lower left).
change from the 1990s to the 2000s was modest (0.1°C). For the layers between 500 and 1,500 m, the warming
was the fastest between the 2000s and the 2010s (almost 0.4°C). There were also clear changes in salinity over the
decades. In 1982 all depths had a salinity below 34.9, while the 2010 salinities were all between 34.91 and 34.92.
The salinity increase in the upper part of the water column is connected to the higher salinity of the Atlantic Water
entering the Nordic Seas (e.g., Holliday et al., 2008), and the increase in the deep waters is due to the increased
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Figure 7. Decadal changes (comparing 1982, the 1990s, the 2000s, and the 2010s) in potential temperature, salinity, AOU, mean age and C

for different depth layers

ant

in the Greenland Sea. The colors indicate the different decades. The error bars indicate the standard deviations of the decadal means for each layer.

fraction of Arctic Ocean deep water (e.g., Somavilla et al., 2013). The salinity increase in the upper layer between
the 2000s and the 2010s (0.035) was the fastest observed over the analyzed period, and more than twice the rate
observed between the 1990s and the 2000s. Also for the depths between 500 and 1,500 m the increase from the
2000s to the 2010s was the greatest observed during the evaluated period.

Alllayers above 1,500 m show declining mean AOU with time, reflecting increased ventilation. The 1,500-2,000 m
layer does not show any specific trend, but instead large variations in AOU, which can be linked to variations in
convection; this first weakened from the 1980s to the 1990s, and then strengthened again in the 2000s and the
2010s.

In the deep water (below 2,000 m) the clearest change in AOU is the significant increase from the 1980s to
the more recent decades (Figure 7 and Table 1). There is a small difference in the development of the GSDW
(2,000-3,000 m) and GSBW (below 3,000 m), with GSDW being stable from the 1990s to the 2010s, while
GSBW showed a small increasing trend in AOU, reflecting the increased intrusion of deep waters from the Arctic
Ocean.

The changes in mean age show several features that are similar to those in AOU, although the trends in the upper
1,500 m are less clear. The appearance of the convectively formed GSAIW, represented by the 500—1,000 m layer
(Eldevik et al., 2009; Jeansson et al., 2017) in the 1990s had a clear impact on the age, decreasing from 27 years
in 1982, to 8 years in the 1990s and the 2000s, and 2 years in the 2010s. The 1,000-1,500 m layer showed a clear
increase in ventilation (decrease in age) from the 1990s to the 2010s, with a mean age of 28 years in the 1990s,
16 years in the 2000s, and 6 years in the 2010s. The layer below (1,500-2,000 m) had an age of ~70 years until
the 2000s, which decreased to 16 years in the 2010s. This clearly indicates that the upper 2,000 m have been
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Table 1

Decadal Means (+ Standard Deviations) in Potential Temperature, Salinity, Apparent Oxygen Utilization, Mean Age and

C,..for Main/Selected Water Masses in the Nordic Seas

Water mass Parameters 1982 1990s 2000s 2010s

ISAIW 200-500 m Pot. temp (°C) -0.22 +0.10 —0.19 + 0.20 —-0.22 +0.10 —0.12 £ 0.11
Salinity 34.890 + 0.019 34.874 +0.032 34.877 + 0.021 34.887 + 0.016
AOU (umol kg™") 437+ 11.0 41.7+13.2 33.2 +10.6 292 +9.6
Mean age (yr) 7.7 +£6.6 253+ 142 157 +£7.1
C,, (pmol kg=") 27.3+£2.6 28.6 £4.5 36.2+33

ISDW 1,500-2,000 m Pot. temp (°C) —0.97 + 0.02 —0.95 £ 0.02 —0.89 + 0.02 —0.84 + 0.01
Salinity 34915 +£0.006 34.911+0.005 34911 +£0.002 34.912 + 0.002
AOU (umol kg=") 60.5 +£4.0 60.4 +£5.1 592+54 62.0+£5.0
Mean age (yr) 702 +0.3 124.8 + 16.1 133.6 £ 8.5
C,, (pmol kg1 159+ 0.0 143+ 1.6 15.7+0.8

GSAIW Pot. temp (°C) —1.12 + 0.05 —0.87 £ 0.10 -0.76 + 0.14 —0.40 +0.13

500-1,000 m Salinity 34.891 + 0.003 34.879 +0.007 34.888 + 0.009 34.917 + 0.004
AOU (umol kg™") 439+ 1.7 33.0+39 26.2+3.6 195 +2.2
Mean age (yr) 26.9 7.8+54 82+33 19+13
C,, (pmol kg=1) 21.7 349+22 393+2.1 52.8+1.0

GSDW 2,000-3,000 m Pot. temp (°C) —1.26 +0.02 —1.08 + 0.05 —0.97 + 0.08 —0.84 + 0.07
Salinity 34.894 + 0.001 34.904 + 0.003 34.909 + 0.003 34.916 + 0.003
AOU (umol kg=") 424+ 1.0 54527 563+ 1.8 545+42
Mean age (yr) 34.7 100.6 + 17.2 138.4 £ 19.0 130.1 + 50.2
C,, (pmol kg=") 20.3 16.6 + 1.4 154 +£1.9 209 £6.2

GSBW 3,000-4,000 m Pot. temp (°C) —1.28 + 0.00 —1.17 £ 0.02 —1.08 £ 0.05 —-0.93 £ 0.02
Salinity 34.892 + 0.001 34.901 +0.005 34.906 + 0.003 34.916 + 0.002
AOU (pmol kg=") 41.9+0.7 527+24 55.0+£2.0 583+ 1.1
Mean age (yr) 37.7+£04 111.1+124 146.1 + 18.4 200.9 + 6.1
C,, (pmol kg1 19.8 £ 0.1 15.6 +£0.7 147+ 0.8 14.1+04

NSAIW (NB) 500-1,000m  Pot. temp (°C) —0.15+0.35 —0.36 + 0.29 —0.37 £ 0.28
Salinity 34.907 £ 0.005 34.896 + 0.007 34.893 + 0.004
AOU (umol kg™") 49.6 +£5.3 51.8+6.3 469 +3.9
Mean age (yr) 359 +£232 33.5+19.8 29.2 £12.7
C,, (pmol kg=1) 21.0+3.8 27.7+4.7 31.2+3.8

NSAIW (LB) 1,000-1,500 m  Pot. temp (°C) —0.39 +0.24 —0.34 + 0.31 0.10 + 1.38
Salinity 34.907 £ 0.007 34.901 +£0.006 34.918 + 0.059
AOU (umol kg™") 52.5+3.6 51.8 +4.9 442 +11.1
Mean age (yr) 42.1+17.3 44.1 £22.0 32.1+185
C,, (pmol kg=") 19.6 £2.7 24.6 £4.6 324 +£6.7

NSDW (NB) 3,000-4,000m  Pot. temp (°C) —1.05 + 0.00 —1.03 + 0.00 —1.02 + 0.00
Salinity 34.910 £ 0.001  34.909 +0.003 34.911 + 0.001
AOU (umol kg=") 55.1£0.8 59.5+3.8 60.5 +£ 0.4
Mean age (yr) 119.6 197.1 £ 143 212.1 £9.0
C,, (pmol kg1 12.1 10.5 + 0.6 109 + 0.4

NSDW (LB) 3,000-4,000m  Pot. temp (°C) —1.05 + 0.00 —1.03 + 0.01 —0.99 + 0.02
Salinity 34.909 +0.000 34.910 £ 0.003  34.910 + 0.002

JEANSSON ET AL. 13 of 25

85U8017 SUOWIWIOD @A 81D 3| (dde ays Aq peusenob afe sapiie YO ‘@SN JO Sa|nJ 10} ArIq1T 8UIUO /8|1 UO (SUOTPUOO-pUR-SLLIBY WD A8 |Im" ARe.q 1 BuUo//Sd1y) SUORIpUOD pue swie 1 8y} 88s *[€202/20/€0] Uo AriqiTaulluo /8|1 ‘| 1eXeI0l(qIs IS BAILN AQ 8TEETODCZZ02/620T OT/I0P/LI0d A8 | im" ARe.q 1 pul|uo'sgndnBe//:sdny woly pepeoiumod ‘€ ‘€202 ‘16266912



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Oceans 10.1029/2022JC019318

Table 1
Continued

Water mass Parameters 1982 1990s 2000s 2010s

AOU (umol kg™!)  56.6 £0.2 57.8 £2.8 60.6 + 1.3
Mean age (yr) 83.5+0.2 166.8 £10.6 1967 +9.0
C,,, (nmol kg ™) 14.7 £ 0.0 11.7 + 0.4 12.1 + 0.4

progressively more ventilated over the decades. In contrast, the mean ages of the deep waters increased consider-
ably over the analyzed time-period, from ~40 years in 1982 to between 130 and 200 years in the 2010s. This large
increase reflects the increased fraction of Arctic Ocean deep waters in the Greenland Sea following the cessation
of deep-water formation in the 1980s (e.g., Karstensen et al., 2005; Schlosser et al., 1991; Somavilla et al., 2013).
This will be further discussed in Section 4.2. It should be stated that the uncertainties in the mean ages as illus-
trated by the + in Table 1 and the error bars in Figures 7-10 are based on the standard deviations of the means
in each layer and decade. The real uncertainty, however, largely connected to the uncertainty in the applied A/T",
may be much higher as indicated in Figure 4.

The concentrations of C,, more than doubled at all depths above 2,000 m over the period. The change in the
1,500-2,000 m layer from the 2000s to the 2010s, was as large as 82%, due to the intense convection. The deep
waters showed declining C_, concentrations, except GSDW (at 2,000-3,000 m) from the 2000s to the 2010s,
which increased by 36%, although with a large spread. This indicates that the ventilation, in the 2010s, reached
below 2,000 m. However, the observed decreases in the mean values of both AOU and mean age are small and

not significant, considering the uncertainties.
3.2.2. Iceland Sea

In the Iceland Sea (Figure 8) the trends are overall less clear than in the Greenland Sea. In the upper 1,000 m
the temperature was stable over the first decades but warming occurred in the 2010s. The salinity was more
variable. In the 500-1,000 m layer, which is affected by GSAIW (Jeansson et al., 2017), salinity declined from
1982 to the 2000s, and then increased in the 2010s. This recent increase is suggested to be a consequence of the
positive salinity trend in the GSAIW since the 1990s. Below 1,000 m there was a warming over the entire period,
but for salinity the clearest change was from the higher values in 1982 to lower values in the following decades.
The salinities in the deeper part of the Iceland Sea in 1982 were higher than in any of the other basins at that time.

For AOU the only layer showing a clearly declining trend is the 200-500 m layer, which is dominated by ISAIW
(Jeansson et al., 2017). In the layer below, AOU has decreased slightly, but the change is smaller than the uncer-
tainties. The deep waters showed minor changes over the analyzed period.

The mean age varied over the decades. Above 1,500 m, waters were older in the 1990s than in both the 1980s and the
2000s. The Iceland Sea Deep Water (below 1,500 m) increased considerably in mean age from 1982 (70 years) to the
1990s and the 2000s (125—134 years). As in the Greenland Sea, this can only be explained by a larger fraction of older
deep water from the Arctic Ocean. Unfortunately, there are no tracer data from the 2010s available for the Iceland Sea.

The change in C,, was minor from 1982 to the 1990s, but the 2000s displayed a rather considerable increase
compared to the 1990s, at all depths above 1,500 m, of 24%-29%.

3.2.3. Norwegian Basin

In the Norwegian Basin (Figure 9) the 200-500 m layer is affected by warm (~2°C) Atlantic Water. The mean
salinity varied over the decades, with the 1990s being fresher. The layer below is dominated by NSAIW (e.g.,
Jeansson et al., 2017), and got fresher with time. Some freshening could also be observed in the layer below. All
waters below 1,500 m showed a slight warming over the decades (Table S4 in Supporting Information S1).

For AOU there is a clear difference between the relatively well ventilated upper 500 m and waters below, which
had much higher AOU. No trends are evident in the upper 1,500 m, but the deep waters all had lower values in
1982 than in the more recent decades. The same evolution is seen in mean age. The clearest change was the signif-
icant increase from 1982 to the 1990s/2000s, indicating an increased fraction of older deep water from the Arctic
Ocean, in the later decades. The age of the NSDW in the 2000s, below 2,000 m, was ~220-240 years. These are
the oldest waters of the study area (Table 1).
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Figure 8. Decadal changes (comparing 1982, the 1990s, the 2000s, and the 2010s) in potential temperature, salinity, AOU, mean age and C,, for different depth layers
in the Iceland Sea. The color coding is the same as in Figure 11. The error bars indicate the standard deviations of the decadal means for each layer.

The change in C,, was clear in the upper 1,500 m, with the greatest increase in the NSAIW layer of ~50% from

1982 to the 2000s. There were only minor changes in the deeper waters.

It should be pointed out that the data coverage in this basin is the lowest of all the four evaluated basins, with 2002
being the last sampled year in the GLODAPv2.2019 data product (see Section 2).

3.2.4. Lofoten Basin

The Lofoten Basin holds a thick layer of Atlantic Water, clearly seen in the upper 1,000 m (Figure 10). The
upper 500 m was clearly warmer in the 1990s/2000s than in 1982, while the mean temperature of the layer
below increased every decade. However, the variability in each decade was large in this layer, seen from the
magnitude of the standard deviations. Thus, there is no significant trend. The salinity in the 200-500 m layer was
markedly higher in the 2000s compared to the earlier decades. The mean salinity of the 500—1,000 m layer was
clearly higher in the 2000s, but again, with no significant trend considering the uncertainty in the estimates. The
1,000-1,500 m layer is dominated by NSAIW (Jeansson et al., 2017), and was colder and fresher than the upper
1,000 m. The salinity was decreasing slightly from 1982 to the 1990s, but the water became warmer, and saltier
in the 2000s. It is unclear whether this reflects a deeper Atlantic Water layer or property changes of the NSAIW.
Note that the standard deviations in especially the 2000s are much larger for temperature and salinity in this layer
compared to the other decades, making the change statistically non-significant. The 1,500-2,000 m layer showed
a small freshening trend, but also became warmer with time. This warming was also seen in the deep waters.

In AOU there was a strong gradient from the upper layers to 1,500 m. The only obvious change in the mean values
with time was the decrease in the 1,000-1,500 m layer from the 1990s to the 2000s, although within the uncer-
tainty. The deep waters only showed minor changes, with a possible, but not statistically significant, increase in
AOU with time.
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Figure 9. Decadal changes (comparing 1982, the 1990s, the 2000s, and the 2010s) in potential temperature, salinity, AOU, mean age and C

for different depth layers

ant

in the Norwegian Basin. The color coding is the same as in Figure 11. The error bars indicate the standard deviations of the decadal means for each layer.

The mean age in the upper 1,000 m was stable and low. The NSAIW layer at 1,000-1,500 m showed a small
decrease from the 1990s to the 2000s, but within the uncertainty. The evolution of the deep waters (>1,500 m) in
the Lofoten Basin was similar to that in the other basins, with a stronger depth gradient with time, from close to
homogeneous ages in 1982 (~80 years) to clearly older water at depth, reaching ~200 years in the 2000s. For C,,,
all depths above 2,000 m showed increased concentrations with time. The largest change is seen in the NSAIW
layer (1,000-1,500 m), with 65% increase in C,, from 1982 to 2000s, but even the layer below had an increase
of 35% over the same period. The deep-water concentrations were lower in the later decades, in agreement with

the larger presence of older water.

3.3. Decadal Variability in the Column Inventory of C,,

To evaluate the impact of the described concentration changes on the inventory of C_, in the Nordic Seas basins,

we compare the mean decadal specific column inventories of C,  for each basin (see Section 2 for details). The

ant
inventories are summarized in Table 2 and Figure 11. In the 1990s, the increase (from the 1980s) in the Arctic
domain (i.e., the Greenland and Iceland Seas) was rather modest (8%—10%). The increase in the Norwegian Sea

was somewhat larger; 12% in the Norwegian Basin and 14% in the Lofoten Basin.

In comparison, the atmospheric C_, increase was 31% over this period (between 1982 and 1995). It is only at
constant ventilation that the water column concentrations, and thus the inventory, would be expected to increase
at the same relative rate as the atmospheric. However, the column inventories relate to each other as an indicator
of the overall ventilation state of the basins. In the 2000s, the changes were overall much larger. The increase in
the Arctic domain was 14%—17%, and the Lofoten Basin inventory increased by 20% over the same period, which
is similar to the atmospheric increase from 1995 to 2005 (22%). The change in the Norwegian Basin, however,
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Figure 10. Decadal changes (comparing 1982, the 1990s, the 2000s, and the 2010s) in potential temperature, salinity, AOU, mean age and C,, for different depth layers
in the Lofoten Basin. The color coding is the same as in Figure 11. The error bars indicate the standard deviations of the decadal means for each layer.

Table 2

Column Inventory (mol m=2) of C,

Seas, for Different Decades

ant

in the Different Basins of the Nordic

1982 1990s 2000s 2010s (2016)

A Cypam (B)* - 31 22 24
Greenland Sea 82.2 88.7+3.0 100.9 +7.9 135.2
Rel. change (%) - 7.9 13.7 34.0
Iceland Sea 40.2 44.1+33 SL7+1.7 -

Rel. change (%) - 9.7 17.2

Norwegian Basin 61.5 68.9 +3.3 748 +2.4 -

Rel. change (%) - 12.0 8.6

Lofoten Basin 69.9 80.0+4.4 96.0 + 5.6 -

Rel. change (%) - 14.4 20.0 -

Note. The presented standard deviations for the 1990s, 2000s, and 2010s
(2016) are the variability among the annual inventories over each decade.
The relative change (in percent) is the change from the previous decade.

*This marks the relative atmospheric change in C,, from 1982 to 1995, 1995
to 2005, and 2005 to 2016, respectively.

was ~9%, but then again, for this basin we only have data until 2002. The
inventory in the Lofoten Basin in the 2000s is not statistically different from
the Greenland Sea inventory for the same decade. The Greenland Sea inven-
tory in 2016 is 34% larger than the mean in the 2000s, which indicates a faster
growth rate than the atmospheric increase from 2005 to 2016 (24%). This is
another clear illustration of the stronger ventilation of the Greenland Sea in
the 2010s.

3.4. Linking Ventilation and C,_ , Changes

ant

To get a better understanding of the connection between ventilation and the

amount of C

. 0 the Nordic Seas, we explore the relationships among decadal

changes in AOU, mean age, and C_ in the different basins. We illustrate this
in Figure 12, where the left column compares changes in mean age and in
AQU, and the right column compares changes in C, and in AOU, for each
basin. Each panel is divided into four quarters where, for the left column,
the lower left quarter (a) shows negative changes in both AOU and in mean
age (i.e., the clearest sign of ventilation), the upper left quarter (b) shows
negative changes in AOU but positive changes in mean age, the upper right
quarter (c) shows positive change in both mean age and AOU (i.e., clearest
signal of waters getting older, and the lower right quarter (d) shows positive
changes in AOU and negative changes in mean age. For the right column it is
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Figure 11. Decadal mean evolution in column inventory of C,, in the four main basins in the Nordic Seas. The error bars
indicate the standard deviations of the decadal means.

the upper left quarter that shows the clearest signal of ventilation-driven increase in C,,, (positive change in C,,

ant

and negative change in AOU).

For the Greenland Sea there is a clear development over time that more layers are moving from the quarter iii (i.e.,
an aging of the water masses; left column) toward the quarter i, illustrating the increased ventilation. In the 2010s
only the deepest layer remains in the non-ventilated quarter. The largest change is seen for the 1,500-2,000 m
layer from the 2000s to the 2010s, which is the case for AOU, mean age, and C
the concentration of C,, increase with almost 15 pmol kg .

o the age decrease ~50 years and

The changes in the Iceland Sea between 1982 and the 1990s are all close to “0” regarding AOU, but with an
aging of the deeper layers; the age of the deepest layer (>1,500 m) increase by ~50 years. The changes in C,,
are all very small, and centered between the quarters. In the 2000s most layers, except the deepest one, move into
the “ventilation quarter,” with lower AOU and mean age and higher C,,. This is clearest in the 200-500 m layer

(dominated by ISAIW), but also for the layer below (affected by GSAIW).

The Norwegian Basin displays a lack of ventilation between 1982 and the 1990s, with all AOU and mean age
changes in/around the quarter iii, and with some very large increases in age of the deeper layers. Still, there are
some increases in C,, in the layers between 200 and 1,000 m. In the 2000s all layers have moved toward the center
or into the quarter i, which is clearest for mean age of the 1,000-1,500 m layer.

The development in the Lofoten Basin is somewhat similar to the Norwegian Basin. However, while this is
especially true for the depths below 2,000 m, a larger part of the water column in the 1990s is closer to the “0”
axis for AOU change, and the upper 1,500 m also displays no change in mean age, and a positive change in C_.
Also in this basin, more layers in the 2000s are found in or close to the quarter i, with the clearest change for the
1,000-1,500 m layer for both mean age and C,,.

4. Discussion
4.1. Intermediate Layers

The intermediate layers are where ventilation changes would first be detected since the upper layers are expected
to be well ventilated. The most obvious candidate is of course the Greenland Sea, where numerous studies
have documented the development in convection (e.g., Brakstad et al., 2019; Karstensen et al., 2005; Lauvset
et al., 2018; Ronski & Budéus, 2005). This basin shows a very strong transformation from the 1980s to the
2010s. While intermediate depths (500-1,000 m) were part of the rather homogenous deeper water column in
1982 the cessation of deep-reaching convection (e.g., Karstensen et al., 2005; Schlosser et al., 1991; Somavilla
et al., 2013) led to a more intermediate-reaching ventilation, and the emergence of the cold and fresh GSAIW
in the 1990s. The hydrographic properties of this water mass have changed considerably in the recent decades,

JEANSSON ET AL.

18 of 25

85U8017 SUOWIWIOD @A 81D 3| (dde ays Aq peusenob afe sapiie YO ‘@SN JO Sa|nJ 10} ArIq1T 8UIUO /8|1 UO (SUOTPUOO-pUR-SLLIBY WD A8 |Im" ARe.q 1 BuUo//Sd1y) SUORIpUOD pue swie 1 8y} 88s *[€202/20/€0] Uo AriqiTaulluo /8|1 ‘| 1eXeI0l(qIs IS BAILN AQ 8TEETODCZZ02/620T OT/I0P/LI0d A8 | im" ARe.q 1 pul|uo'sgndnBe//:sdny woly pepeoiumod ‘€ ‘€202 ‘16266912



| ¥eld ,
A\ Journal of Geophysical Research: Oceans 10.1029/2022JC019318
AND SPACE SCIENCE
100 Greenland Sea Greenland Sea
— i) 6 iii}) 4 i o0
5 6 5 i) 2 32 g
o) L
g 50 g 4 RER 10 2
2 2 -
c 0 238 s 1=200-500 A 0 35
s 2 2=500-1000 0
[} 3=1000-1500 -
S 507 4 4=1500-2000 o°
4 5=2000-3000 ) . <
i) 6=3000-4000 jv) i) iv) -20
-100 : : : :
-20 -10 0 10 20 -20 -10 0 10 20
100 Iceland Sea Iceland Sea
—_ i) iii}) i) iif20 —
m l
L 4 (o)
2 50 s ; 10 =
3 i % :
0 3 0
% 1 33 4 3
- c
% -50 0 %
. . ; 20 <
i iv i iv
100 1) ) ) )
-20 -10 0 10 20 -20 -10 0 10 20
100 Norwegian Basin Norwegian Basin
— i) 6 iii}) i) iif20 .
© | 5 o
> %0 4 . 10 2
o 56 213 E
g 0 Ao s 0o g
S 3 =
_ c
% '50 [ 1 0 Om
“ i) iv) i) iv) -20
-100 : : : :
-20 -10 0 10 20 -20 -10 0 10 20
100 Lofoten Basin Lofoten Basin
—_ i) iii}) i) iy 20 —
) | 5 'O
g 50 ] 3 3 10 =
5 & %, :
3 %
c 0 s 4 8 0 3
S -
2 50 10 s
<
. . . w20 <
i iv i iv
ool W) ) W)
-20 -10 0 10 20 -20 -10 0 10 20
AAOU [pmol kg™"]
Figure 12. Decadal changes in AOU versus mean age (left column), and AOU versus C,,, (right column), in the four
main Nordic Seas basins (one row per basins). The change in each analyzed depth layer is displayed as a number (1-6),
representing the evaluated depth layers (defined in the upper left panel), color coded by decade: red shows the change
between 1982 and the 1990s, blue the change between the 1990s and the 2000s, and black the change between the 2000s and
the 2010s. The roman numbering (a—d) refer to the divided quarters. See text for further clarification.
becoming warmer and saltier (Table 1), as has also been documented by, for example, Brakstad et al. (2019) and
Lauvset et al. (2018). The vertical extent of the GSAIW is also increasing (e.g., Jeansson et al., 2017). There are
indications in the 2010s that the convection has started to affect the upper part of the deep water, below 2,000 m.
This would be a clear shift from the situation during the last decades, but more recent observations are needed
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to clarify if this is indeed an ongoing trend. Compared to the Greenland Sea, the other basins of the Nordic Seas
host a rather thin layer of intermediate water. This makes it more challenging to find clear evidence of signifi-
cant ventilation changes, especially since the interannual variability can be high. Our focus on decadal means
also leads to rather large spread in the results over each decade, and thus overlapping ranges. Still, there are
many indications that while the 1990s was a period of modest to slow ventilation, this changed in the 2000s. We
hypothesize that this is due to the spreading of GSAIW to the different basins (e.g., Blindheim, 1990; Jeansson
et al., 2017), but the changes in AOU and mean age of the NSAIW in either of the Norwegian Basins are not
statistically significant. The recent property changes of GSAIW should be possible to follow as these propagated
around the Nordic Seas with the spreading of GSAIW. However, this is difficult to assess from the present study
since we here focus on the central basins.

4.2. Deep Waters

The most obvious change in the deep waters was the steadily increasing ages with time. While the mean age
range found in 1982 was between ~40 and 120 years, the range in the 2000s was between ~130 and ~210 years.
Furthermore, the bottom waters in the Greenland Sea became ~50 years older between the 2000s and the 2010s.
This is far greater than a cessation of deep-water formation would give, approximately 10 years older waters
per decade. The only plausible explanation is an increased fraction of older water, which must come from the
Arctic Ocean (or an error in the assumption of the shape of the TTD, i.e., the A/I" ratio, or/and that the ratio
is time-invariant). These waters enter the Nordic Seas via the Fram Strait, where the ages of the Arctic Ocean
deep waters are in the range 170-250 years (Stoven et al., 2016). The evolution of the GSBW in the 2010s is
different from that of the GSDW; the former continued the trend of aging, while the latter showed some signs of
ventilation, as discussed above. The gradual transformation from younger “classic” locally formed GSBW into
older more Arctic Ocean-type deep water is seen in many properties (Figure 13). The initial GSBW in the early
1980s was cold and relatively fresh, low in silicate and relatively high in oxygen. These properties changed almost
linearly over the evaluated period, toward higher temperature, salinity, silicate, and lower oxygen. These trends
also followed a trend of increased age. The increased fraction of Arctic Ocean deep water in the Greenland Sea
can be evaluated with a simple two end-member mixing scenario, where one is the Eurasian Basin Deep Water
(EBDW; Arctic Ocean), and the second the “classic” GSBW from 1982 (Table 1: ® = —1.28°C; § = 34.892;
AOU = 41.9 pmol kg~!; mean age (from CFC-12) = 38 years). Using the properties of EBDW from Jeansson
etal. (2008) (® = —0.87°C; § = 34.923; AOU = 56.3 umol kg~!; mean age (from CFC-12) = 349 years), assum-
ing that these are representative for the whole period, we can calculate the fraction of the classic GSBW and
EBDW needed to explain the GSBW properties in 1990, the 2000s, and the 2010s (Table 1). Using only © and S
(separately), the resulting fractions (in %) of EBDW is ~30%, 45%-50%, and 77%—85%, in the 1990s, the 2000s,
and the 2010s, respectively. If we conduct the same calculation using mean age, adjusted for the time passed since
1982 (i.e., deduct this time from the mean ages of the different decades), the fraction of EBDW is 32%, 45%,
and 70%, in the 1990s, the 2000s, and the 2010s, respectively. This is in very good agreement with the results
from the hydrography. This agreement supports the mixing evolution with an increased fraction of Arctic Ocean
deep water in the deep Greenland Sea and rules out any considerable error in the A/I" ratio as an explanation for
the large increase in mean age with time. If we use AOU instead, the results are very different, with an EBDW
fraction of 75% already in the 1990s, and ~90% in the 2000s. This is likely due to the much smaller gradients in
AOQOU among the deep waters in the region (~53-58 pmol kg~! for GSBW after the 1990s, and ~56 pmol kg™
for EBDW in 2002), despite a large range in mean age. Thus, even though the uncertainty in mean age is larger
at higher ages (see Figure 7) it seems to be a better tracer to identify water mass changes in the deep water in the
studied region, compared to AOU. The small deep-water gradient in AOU may partly be explained by the low
primary production and consequentially remineralization in the Arctic Ocean, but also in the Nordic Seas due to
the relatively young ages compared to deep waters in the global ocean.

An increased fraction of Arctic Ocean deep water is also the only plausible explanation for the older ages found
in the deep parts outside the Greenland Sea, especially when comparing 1982 with the 1990s and 2000s. The
Arctic Ocean deep water can reach these basins either via the boundary currents (e.g., Blindheim & Rey, 2004),
via the Greenland Sea through openings in the Jan Mayen Fracture Zone (to the Iceland Sea) or through the Jan
Mayen Channel (to the Norwegian Sea; e.g., @sterhus & Gammelsrgd, 1999; Q. Shao et al., 2019). We do not
attempt to identify the specific pathways with this basin-centered analysis, but some combination of the pathways
may be plausible.
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Figure 13. Evolution of the Greenland Sea Bottom Water (below 3,000 m) in the Greenland Sea, from 1982 to 2016. The
evolution of salinity (upper left), potential temperature (upper right), AOU (lower left), and silicate (lower right), are plotted
against mean age. The color coding indicates time of observation.

4.3. The Impact of Ventilation State on the Accumulation of C_

Ventilation brings surface properties to deeper layers, which is important for the sequestration of C_ in the ocean.
At steady-state ventilation the rate in accumulation of C_, will be proportional to the atmospheric increase. At a
stronger (reduced) ventilation the accumulation will be faster (slower). In the Greenland Sea the trend of stronger
A clear example is the 1,500-2,000 m
layer, which in the earlier decades was part of the deep water due to the shallower convection, but ventilated in the

and deeper convection with time results in an increased inventory of C_ .
later decades as the convection reached deeper. Consequently, this is where the ventilation signal is the strongest
(between the 2000s and the 2010s) and also the increase in the concentration of C_ (Figure 12). This also led
to a larger increase in the inventory compared to the previous decades (Figure 11). This is also a result of the

ant

increase in C_ below 2,000 m. The Lofoten Basin had also a relatively fast accumulation in the 2000s compared

ant
to earlier decades. Since this basin has a thick layer of Atlantic Water in the upper ~1,000 m, which is expected
to be in phase with the atmosphere, this rate change is most likely linked to advection of GSAIW. Indeed, the
largest increase in both ventilation and C, is seen in the 1,000-1,500 m layer (Figure 12), which is dominated
by GSAIW. The change in the Iceland Sea and Norwegian Basin is closer to steady state. Nevertheless, as indi-
cated in Figure 12, all basins show a general increase in ventilation state in the 2000s (and later, when relevant)
compared to the 1990s, and this is followed by an increased rate in C,,, accumulation. It will be very interesting

to see if this development will continue.
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5. Conclusions

This study has presented an evaluation of decadal changes in ventilation in the Nordic Seas, based on both
TTD-derived mean ages and apparent oxygen utilization (AOU), and changes in concentrations and column
inventories of anthropogenic carbon (C,,,
clear shifts from 1982 to the 2010s. This is particularly evident in the Greenland Sea, which changed from a

). In terms of ventilation, the Nordic Seas have gone through some

rather well-ventilated basin at all depths in the early 1980s, to a much shallower ventilation in the 1990s, and a
re-vitalization of the convection in the 2000s in the upper 1,500 m. This continued in the 2010s, accompanied
with considerable change in the hydrographic properties of the intermediate waters during the recent decade. The
ventilation of the other main basins of the Nordic Seas was more variable over the studied period, with the 1990s
generally less, and the 2000s more, ventilated. We hypothesize that the stronger ventilation typically found in
the Nordic Seas in the 2000s is linked to the advection of intermediate water from the Greenland Sea. However,
this needs to be evaluated further, and is perhaps best done within a modeling framework. The deep waters of the
Nordic Seas, however, show a trend of increased age with time. The magnitude (typically more than 50 years
per decade) is much larger than a cessation of deep convection would give. This must therefore be the result of
an increased fraction of older deep water from the Arctic Ocean, slowly filling the deep Nordic Seas basins and
reducing the gradients between them.

The changes in C_ are clearly connected to the level of ventilation; the stronger the ventilation, the larger the

ant
increase in C, concentration. This is also reflected in the inventory of C, . The inventory increases from 1982
to 1990s in the four basins were rather modest (8%—14%), while the increases from the 1990s to the 2000s were
in the range 14%-20% (except the Norwegian Basin with less data). The Greenland Sea is the only basin with
tracer data also in the 2010s, and here the change in both ventilation and C, into that decade was stronger than in
any other part of the Nordic Seas over the analyzed period, and the relative change in C_, inventory (34%) even

surpassed the atmospheric increase (24%).

The contribution of dense overflows from the Nordic Seas is a major component of the Atlantic Meridional Over-
turning Circulation (AMOC) (e.g., Chafik & Rossby, 2019). AMOC is a critical process controlling the Earth's
climate. Thus, it is very important to sustain a well-covered observational network in this region.

Data Availability Statement

The used data from the GLODAPv2.2019 data product (Olsen et al., 2019) can be found at https://www.ncei.
noaa.gov/access/ocean-carbon-acidification-data-system/oceans/GLODAPv2_2019/. The Iceland Sea CFC
time-series data (Olafsson et al., 2023) are available at https://ncei.noaa.gov/archive/accession/0276771. These
data will be included in the next version of GLODAP (GLODAPv2.2023).
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