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Abstract

The North Atlantic subpolar gyre experienced strong freshening in recent years starting around 2012. Here, we investigate the
imprint of this freshwater anomaly on the water column hydrography and transport variability of the Irminger Current (IC).
The IC transports warm and saline waters northward along the western flank of the Reykjanes Ridge as part of the upper
limb of the Atlantic Meridional Overturning Circulation (AMOC). To investigate if the salinity anomaly spread and propagated
downward, we used high-resolution mooring data from the IC covering the period 2014 — 2022 combined with hydrographic
sections from the Irminger Sea and Iceland Basin. We found that the IC experienced a strong freshening starting in summer
2016. By 2018, this salinity anomaly covers the whole water column down to 1500 m depth and freshened the IC until 2022. In
2022, the IC was at its freshest state observed since the early 1990’s. Hydrographic sections across the adjacent basins showed
that the recent freshening spread across the Irminger Sea and was also comparable to its fresh state in the early 1990’s. The
salinity anomaly increased the freshwater transport of the IC by a factor of three from 2014-2015 to 2021-2022 and caused a
decrease in density over much of the water column. This resulted in an increase in the transport of waters lighter than 27.55

kg m-3, potentially strengthening the upper limb of the AMOC.
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Key Points:

e Starting in summer 2016, the Irminger Current (IC) freshened over the upper 1500 m
until 2018 and stayed fresh until 2022.

e The northward freshwater transport of the 1C increased by a factor of 3 from 2014-2015
to 2021-2022.

e Asaresult, the volume transport of waters lighter than 27.55 kg m™ increased with
possible implications for the AMOC’s upper limb.
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Abstract

The North Atlantic subpolar gyre experienced strong freshening in recent years starting
around 2012. Here, we investigate the imprint of this freshwater anomaly on the water
column hydrography and transport variability of the Irminger Current (IC). The IC transports
warm and saline waters northward along the western flank of the Reykjanes Ridge as part of
the upper limb of the Atlantic Meridional Overturning Circulation (AMOC). To investigate if
the salinity anomaly spread and propagated downward, we used high-resolution mooring data
from the IC covering the period 2014 — 2022 combined with hydrographic sections from the
Irminger Sea and Iceland Basin.

We found that the 1C experienced a strong freshening starting in summer 2016. By 2018, this
salinity anomaly covers the whole water column down to 1500 m depth and freshened the IC
until 2022. In 2022, the IC was at its freshest state observed since the early 1990°s.
Hydrographic sections across the adjacent basins showed that the recent freshening spread
across the Irminger Sea and was also comparable to its fresh state in the early 1990’s. The
salinity anomaly increased the freshwater transport of the IC by a factor of three from 2014-
2015 to 2021-2022 and caused a decrease in density over much of the water column. This
resulted in an increase in the transport of waters lighter than 27.55 kg m, potentially

strengthening the upper limb of the AMOC.
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Plain Language Summary

The subpolar North Atlantic experienced strong freshening in recent years starting around
2012. This paper uses moored observations and hydrographic ship sections to investigate the
impact of this freshening on the Irminger Current (IC). The IC brings warm and saline waters
northward along the western flank of the Reykjanes Ridge in the Irminger Sea. Between 2014
— 2022, the unusual low surface salinity decreased the salinity of the water column of the IC
(and the entire Irminger Sea) down to 1500 m depth. In 2022, the IC was freshest observed
since the 1990°s, the Irminger Sea was at a similar fresh state as in the early 1990’s. In
response to the unusual low salinity, the northward transport of fresh waters drastically
increased over the 8-year time period. The freshening resulted in an increase of the northward
transport of lighter waters by the IC. The observed transport changes in upper ocean waters

might impact overturning in the Northeastern Atlantic.



manuscript submitted to JGR Oceans

60 1 Introduction

Latitude

Depth [m]

2014 - 2022

1

2014 - 2022

1 | |

-33.5 -33 -32.5
Longtitude

61

62  Figure 1: Schematic overview of the circulation in the Irminger Sea and hydrography of
63  the Irminger Current (a) Schematic of circulation in the Irminger Sea: Irminger Current

64  (IC), East Reykjanes Ridge Current (ERRC), East Greenland Current (EGC), Irminger Gyre
65 (IG) and bathymetric features Bight Fracture Zone (BFZ) and Reykjanes Ridge. Gray dots:

66  OSNAP East moorings, green triangles: I1C array moorings and M1; Green line represents the
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hydrography line (b) velocity across IC section from 2014 — 2022 (shading, m s*) with mean
isopycnals (contours); black lines mark mooring locations, white icons mark the depth of
ADCPs (triangles) and current meters (squares); black triangles mark IC boundaries; grey
line marks bottom topography: (c) as (b) but for salinity [g kg™], here white circles mark the
depth of the MicroCATSs.

The Atlantic Meridional Overturning Circulation (AMOC) is a major component of the
climate system. At the surface, the AMOC is responsible for poleward heat transport. At
depth, it transports cold and dense water masses formed by deep convection in the Labrador
and Irminger Seas (e.g. Lazier, 1973; Lazier et al., 2001; Marshall & Schott, 1999; Pickart et
al., 2003; Pickart and Spall, 2007) and Nordic Seas (e.g. Eldevik et al., 2005; Messias et al.,
2008; Vage et al., 2015). Previously, AMOC variability was assumed to be primarily linked
to variability in Labrador Sea convection (e.g., Thornalley et al 2018; Yashayaev, 2007;
Yeager and Danabasoglu 2014). However, recent studies instead highlight the importance of
transformation in the Irminger Sea and Iceland Basin to the AMOC variability in the
Subpolar North Atlantic (Fu et al., 2023; Li et al., 2021).

Due to increasing freshwater input and upper ocean stratification in these high latitude
regions, climate models predict an AMOC slow down, but uncertainty on the magnitude of
the expected AMOC decrease remains large (Fox Kemper et al., 2021). Numerous model
studies have shown that the release of large amounts of freshwater for an extended period of
time can lead to a partial or complete shutdown of the AMOC (e.g. Jackson and Wood 2018;
Jackson et al., 2023; Stouffer et al., 2006). However, intermittent periods of intense
freshening of the subpolar North Atlantic on multi-year to decadal time scales have also
occurred whose impact on the AMOC remains largely unclear.

From the 1960’s to the mid-1990°s the North Atlantic experienced several of these transient
freshwater anomalies mostly identified signals at the surface. Periods of intense surface
freshening, so-called “Great Salinity Anomalies” occurred in the 1970’s (Dickson et al.,
1988), the 1980’s (Belkin et al., 1998) and the 1990’s (Belkin, 2004).

The freshening from 1967 — 1971 was one of the strongest low-salinity periods observed in
the North Atlantic (Dickson et al., 1988; Kim et al., 2021; Lazier et al., 1980). Earlier studies
related the shutdown of Labrador Sea convection to increased stratification due to the low
upper ocean salinity (e.g., Gelderloos et al., 2012; Lazier et al., 1980). Alternatively, the
recent modeling results from Kim et al. (2021) suggest the reverse: that the 1970’s freshening
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resulted from decreased Labrador Sea convective activity. The authors showed that this
convection suppression was mainly driven by weakened atmospheric forcing.

The freshening event of the 1990’s was followed by a period of increasing salinity (Holliday
et al., 2008) up until a new fresh anomaly entered the subpolar gyre in 2012 (Holliday et al.,
2020). Due to the increased availability of observations, this most recent salinity anomaly is
described in much more detail than earlier events. The decrease in surface salinity could be
attributed to changes in wind patterns, which in turn resulted in major changes in the ocean
circulation (Holliday et al., 2020). This surface freshening was strengtheneed by enhanced
precipitation due to unusual atmospheric patterns. An important role in the spread of the
freshwater anomaly might have been the interaction between the Labrador Current
retroflection and the Gulf Stream as recently suggested by Jutras et at. (2023).

In this paper, we focus on the fate of this recent surface salinity anomaly in the Irminger Sea,
and analyze how it spread over the water column and changed the local hydrography.

The hydrography of the subpolar North Atlantic has been observed systematically since 1990
with regular repeats of the World Ocean Circulation Experiment AROLE section (WOCE, van
Aken et al., 2011) and the Greenland to Portugal OVIDE section (Lherminier et al., 2007;
Mercier et al., 2015). Since 2014, AMOC transport in the subpolar gyre has been observed
within the basin-wide Overturning in the Subpolar North Atlantic Program (OSNAP, Fu et
al., 2023; Li et al., 2021; Lozier et al., 2017, 2019). OSNAP is designed to quantify trans-
basin fluxes of volume, heat and freshwater in the subpolar North Atlantic by directly
measuring velocity and property fields over the whole water column. The mooring array
spans across the Labrador Sea towards Greenland (OSNAP West) and from Greenland
towards the Scottish shelf (OSNAP East, grey dots Fig.1a) across the Irminger Sea, the
Iceland Basin and Rockall Trough. The overturning at OSNAP appears dominated by its
eastern section as first shown by the 2-year time series (Fu et al., 2023; Li et al., 2021; Lozier
etal., 2019).

In the Irminger Sea, the Irminger Current (IC, Fig.1a) brings relatively warm and saline
waters northward along the western flank of the Reykjanes Ridge. It continues cyclonically
around the Irminger Sea, flows southward along the east coast of Greenland side by side with
the East Greenland Current (EGC) and then turns west into the Labrador Sea at Cape
Farewell. Over the Reykjanes Ridge at the OSNAP East line, the IC has a two-core structure
with a surface intensified flow and a southward recirculation around 1000 m depth (Chafik et
al., 2014; Fried and de Jong, 2022; de Jong et al., 2020; Knutsen et al., 2005; Petit et al.,
2019; Sarafanov et al., 2012; Vage et al., 2011, Fig.1b).
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As part of OSNAP, a mooring array has been measuring the IC in detail since 2014 (green
triangles Fig.1a). The characteristics of the two IC cores have previously been described: the
western core is colder and fresher, the eastern core warmer and more saline (Fig.1c, Fried and
de Jong, 2022; de Jong et al., 2020; Petit et al., 2019; Vage et al., 2011). At OSNAP East,
Fried et al. (2023) identified two main source regions for the two IC cores using a Lagrangian
model study: the central Irminger Sea and the Iceland Basin. The western core mostly
originates from the central Irminger Sea with a smaller contribution from the Iceland Basin.
The eastern core instead has a clear connection to the Iceland Basin and contains a smaller
contribution from the central Irminger Sea. In this paper, we investigate the spread of the
salinity anomaly with respect to both basins.

Based on the 2014-2016 time series, de Jong et al. (2020) showed that the mean volume
transport in the two IC cores is nearly equal, but that IC the variability is dominated by the
variability of its western core. The warmer and more saline, eastern core is responsible for
most of the northward heat and salt transport within the array. De Jong et al. (2020) find a
mean transport of 10.6 + 1.4 Sv (std error) for the whole IC at OSNAP East. Variability of
the total volume transport is high with a standard deviation of 9.2 Sv (daily values) and 4.4
Sv from monthly values. The 2014-2016 time series showed a mean freshwater transport of -
22.5 mSv (de Jong et al., 2020). This negative value of the freshwater transport reflects that
the IC is more saline than the reference salinity used to calculate freshwater transports from
the OSNAP observations (de Jong et al., 2020) and, in the mean, brings salt northward.
Negative freshwater transport can therefore be interpreted as positive northward salt
transport.

Since 2016, the IC and the Irminger Sea in general have freshened considerably. The initial
arrival of the fresh anomaly was described by de Jong et al. (2020). They show that the
anomaly arrived in summer 2016 in the near surface layer of the easternmost IC mooring.
The arrival and impact of the surface fresh anomaly in the central Irminger Sea was
investigated by Bilo et al. (2022). They emphasize that the salinity anomaly resulted in
fresher convective waters in 2017-2018 and that it contributed to suppressing the convection
in the following winters. Here, we will show that, since then, the anomaly has transitioned
from a near surface anomaly to a general freshening of the entire water column which may

have implications on the basin-wide density structure and AMOC transport.

This paper is organized as follows: Section 2 introduces the mooring data and hydrographic
sections as well as the data processing steps. Section 3 discusses the downward propagation
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and spread of the salinity anomaly at the mooring array throughout the 8-year record. Section
4 puts the decreasing salinity into perspective of changes in the whole Irminger Sea and
Iceland Basin and compares it to salinity changes in the Irminger Sea over a 30-year time
period. Section 5 links the decrease in salinity to the density structure and transport
variability of the IC. The strong decrease in salinity at the IC array will be discussed with
respect to literature in section 6.



174

175

176
177
178
179

180
181
182
183
184
185
186
187
188
189
190
191
192
193
194

195

196
197
198
199
200
201
202
203
204
205

manuscript submitted to JGR Oceans

2 Data and Methods
2.1 The Irminger Current mooring array

In July 2014, the Royal Netherlands Institute for Sea Research (N10Z) first deployed five
moorings on the western flank of the Reykjanes Ridge to directly measure the transport of the
IC. The moorings were deployed as part of OSNAP and belong to its sub-section OSNAP

East. Here, we analyze the full 8-year time series that is available up to July 2022.

The N1OZ mooring array consists of four long (IC1, IC2, IC3, 1C4) and one short mooring
(1C0) within the two-core structure of the IC (Fig.1a, b). To determine the boundary between
the southward flow of the East Reykjanes Ridge Current (ERRC) and the northward flow of
the 1C, we include the tall mooring M1 on the eastern side of the Reykjanes Ridge in our
analysis. M1 is maintained by the University of Miami. The four long moorings reach from
the bottom up to ~60 m below the sea surface and measure velocity, temperature and salinity.
The moorings are equipped with upward looking ADCPs (Acoustic Doppler Current Profiler,
RDI 75 kHz Long Ranger) and single point current meters (CM, either Aanderaa RCM11 or
Nortek Aquadopps) to measure the velocity field. We use Sea-Bird Electronics SBE37
(MicroCATSs) and Sea-Bird Electronics SBE56 (thermistors) to measure temperature and
salinity. The short mooring 1CO only covers the lower 700 m of the water column and is
equipped with MicroCATs and CMs only. The M1 mooring has an upward-looking ADCP,
Nortek Aquadopp current meters and MicroCATSs (see Koman et al., 2020 for additional
information on the set-up of that mooring). Sampling rates are 1 hour for the ADCPs, 30
minutes for the CM, 15 minutes for the MicroCATS, and 5 minutes for the thermistors.

2.2 Mooring Data Processing

All data processing consistently involved the following steps. First, the data were low-pass
filtered with a 41-hr Butterworth filter to remove tides and inertial motion and subsampled on
a daily grid. Next, all profiles were vertically interpolated with the MATLAB “pchip”
function and horizontally interpolated linearly on a grid with bottom following contours. The
IC flows in a north-east direction along the ridge with an angle to the mooring array. To be
able to compute transports across the array we rotate the velocities clockwise by 10° as a
third step. The resulting velocities are now aligned with the orientation of the array line and
approximately with the main flow direction.

After filling the data gaps we obtain daily fields of along- and across-stream velocity,
potential temperature and practical salinity from 2014 - 2022. Finally, we convert the



206
207
208
209
210
211
212
213
214

215

216

217

218
219
220
221

222

223

224

225

226
227
228

229

230

231

232

233
234

manuscript submitted to JGR Oceans

observed potential temperature and practical salinity to conservative temperature and absolute
salinity using TEOS-10 (McDougall & Parker, 2011). Yearly means described in the text are
computed from summer to summer (1% of August — 31* of July). A detailed description on

data processing can be found in de Jong et al. (2020) and Fried et al. (2022).

2.3 Volume, heat and freshwater transport
From the mooring data we calculated volume, heat and freshwater transports following de
Jong et al. (2020) and Fried and de Jong (2022). Volume transport estimates are derived from

the daily fields. The total volume transport V is defined as:

V= er fZO v(x,y,t)dzdx [Sv=10"m’s"], (1)

Xw

where v is across-array velocity, X,, and X, are the western and eastern boundaries
respectively (indicated by black triangles in Figure 1b, c), the surface (0) and bottom (Z,,4y).
We define the IC transport between 34.1°— 30.7°W (black triangles Fig.1b, c) following Véige
et al. (2011).

We calculated the heat transport / with respect to a reference temperature 7,.r= 0°C using:
Xe (0
H=pc, [, [, v(6y,t) (T(x,y,t) = Tref)dzdx [PW =10" W], ()

where p is density and ¢, is the specific heat capacity. Density and specific heat capacity are
calculated respectively per time step from the gridded fields using TEOS-10 (McDougall &
Parker, 2011).

The freshwater transport F is defined as:

Xe (0
F=ff

Zmax

v(x,y,t) (1 ~ S(Sx—y;)) dzdx [mSv]. 3)

We use the reference salinity Syer = 34.9189 g kg™* (compare de Jong et al., 2020). As the IC
has a higher salinity this results in negative freshwater transport.
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To investigate the transport changes in different parts of the water column, we compute the
transports for three different density classes. We use the potential density o, (hereafter
interchangeably referred to as density for simplicity) of maximum overturning in OSNAP
27.55 kg m™ as a separation between upper and lower AMOC density classes (Fu et al., 2023;
Li et al., 2021). Additionally, we define waters denser than 27.8 kg m™ as overflow waters.
Hence, we have three layers: from the surface to 27.55 kg m™ (Layer 1), between 27.55 —
27.8 kg m™ (Layer 2) and below 27.8 kg m™ (Layer 3).

2.4 Hydrographic sections at OSNAP East

To quantify the hydrographic changes the Irminger Sea underwent within the last 30 years we
use temperature and salinity from CTD stations. We use hydrographic sections across the
Irminger Sea and the Iceland Basin along the WOCE AROLE repeat sections (van Aken et al.,
2011) and the Greenland to Portugal OVIDE section (Lherminier et al., 2007; Mercier et al.,
2015). The ARO1E section aligns with the OSNAP East line and therefore allows us to link
changes at the IC mooring array to basin-wide changes over a longer time period. This
section has been observed with ships since 1990, nearly every year, mostly in summer. For
the 2022 occupation of the OSNAP East section, dissolved oxygen was measured using a
SBE43 sensor and calibrated using discrete water samples measured for oxygen using
shipboard Winkler titrations.

All section data was vertically interpolated to a regular 1 m depth grid. To account for the
unequal amount of CTD stations per year, we created a grid along the OSNAP East section
with 0.1° resolution in the horizontal. The data was put to the nearest grid point and then
interpolated horizontally. From the 6 sections between 2014-2022 we compute an OSNAP
mean section (referred to as “OSNAP mean”).

To put recent salinity changes into a long-term perspective we specifically focus on two
sections both taken in September: 1992 and 2005. Those two years best mark the extreme
variability in the Irminger Sea in the past 30 years. In 1992 the Irminger Sea was freshest and
in 2005 most saline. To compare changes in the IC’s salinity between different years, we
create mean vertical profiles of salinity for the IC between 34.1°-30.7°W (black triangles
Fig.1b,c).
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3. Salinity changes in the Irminger Current
To understand the changes within the IC, and consequently changes of the AMOC’s upper
limb, we first investigate the spread of the near surface salinity anomaly over the whole water

column across the IC mooring array between 2014 — 2022.
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Figure 2: Salinity evolution at IC2, IC4 and M1 Daily salinity anomalies from I1C2 (a),
IC4 (b) and M1 (c) mooring (shading) overlaid with potential density (contours). The
anomalies are computed by removing the 2014-2022 mean salinity and seasonal cycle at each
location and depth. Horizontal black lines mark instrument depths for respective deployment

periods.

The recent salinity anomaly described by Holliday et al. (2020) circulated in the eastern
subpolar gyre between 2012 and 2016. We highlight the arrival and deepening of this
freshening signal at the 1C moorings by showing the salinity anomaly with respect to the 8-
year mean salinity (Fig.2). Throughout the year, the IC is more saline in summer and fresher
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in winter. Figure 2 shows the salinity anomalies from 1C4 (Fig.2b), located in the most saline
waters of the IC over the top of the Reykjanes Ridge, and from 1C2 (Fig.2a), located on the
edge of the saline waters (~35 g kg™*) and near the western edge of the eastern IC core
(Fig.1b,c). For a comparison of the arrival of the salinity anomaly in the Irminger Sea we
additionally show M1 located on eastern side of the Reykjanes Ridge.

The onset of the negative salinity anomaly in the upper 300m at the moorings is around
summer 2016. At IC4, the anomaly gradually extends over more of the water column through
2017-2018 and is seen at depths down to 1500m by summer 2018. The anomaly is stronger at
IC4. At IC2, the anomaly appears over the whole water column in winter 2017/2018. 1C2
shows more short-term variability overlaying the interannual signal.

There is an overall decrease in density associated with the freshening of the water column at
all moorings (Fig.2). As a result, the isopycnal of maximum subpolar overturning (i.e.,
60-27.55) deepens due to intense freshening near the surface. While this isopycnal was
outcropping during winter in 2014 and 2015, it stays well below 300 m after summer 2018
until the end of the deployment. Additionally, the deep isopycnal defining the overflow
waters (i.e., o9 =27.8 kg m™) retreats offshore, away from the top of the ridge, disappearing
from the IC4 records in 2018. The evolution on the eastern side of the ridge at M1 is very
similar to 1C4, highlighting the connection of the two moorings.

To get a better sense of the temporal and spatial evolution of the salinity over the whole IC,
we now focus on yearly mean anomaly sections from the moorings with respect to the 8-year
mean salinity shown in Figure 1c. Figure 3a reveals that the year 2014-2015 was by far the
most saline year in the 8-year record. Especially the upper 500 m show a strong positive
anomaly across the whole array compared to the 8-year mean (0.09 g kg™*). The positive
salinity anomaly is weaker in 2015-2016 (Fig.3b). In 2016-2017, with the arrival of the fresh
anomaly, a negative salinity anomaly becomes visible in the upper 500m, most pronounced
between IC4 and M1 (-0.06 g kg™, Fig.3c). In 2017-2018, the anomaly deepens in the middle
of the array. Slight positive anomaly remains at IC1 below 1000m and at IC4 (0.01 g kg™,
Fig.3d). By 2018-2019, the negative salinity anomaly covers the whole array, but its
amplitude is weaker as the signal is gradually diluted most likely due to vertical mixing (-
0.01- -0.05 g kg, Fig.3e). Between 2019-2021 (Fig.3f,g) the anomaly weakens even further.
Some saline waters reappear resulting in slight positive anomalies in the eastern part of the
array. In 2021-2022, fresher waters appear in the upper 300m again, which decreases the
salinity (~ -0.03 g kg™), particularly at the surface at IC1.
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boundaries. Black vertical lines mark the mooring locations.



319
320

321
322
323
324
325
326
327
328
329
330
331
332
333
334
335

manuscript submitted to JGR Oceans

Depth [m]
@
o
o

2500 v 2014 - 2016 2020 - 2022

Depth [m]
&
[=]
o

2500 2014 - 2016 2020 - 2022

-35 -345 -34 -335 -33 -325 -32 -315 -31 -305 -35 -345 -34 -335 -33 -325 -32 -315 -31 -305
Longitude Longitude

Figure 4: Two-year mean absolute salinity and conservative temperature at IC array
(a,b) Mean salinity for (a) 2014-2016 and (b) 2020-2022. Isohalines with a 0.1 g kg™ interval
are depicted in red. The o= 27.55 and 27.8 kg m - isopycnals are indicated by white
contours. Black triangles at the surface mark the 1C boundaries. Moorings are marked with
black vertical lines (1C0-1C4, M1) and MicroCAT depths are denoted by white circles. Grey
line marks the bottom topography. (c,d) as (a,b) but for mean conservative temperature
(color). Isotherms with a 0.5°C interval are depicted in red. Thermistors are marked with

white diamonds.

To further contrast the extreme changes in absolute salinity and highlight the role of salinity
in the density changes, we show the salinity and temperature changes from two periods:
2014-2016 and 2020-2022 (Fig.4).

The salinity decreased over the entire water column of the I1C section and dominated the
changes in density over changes in temperature. The first two years, 2014-2016, were
characterized by a very saline IC with absolute salinities higher than S = 35.15 g kg™ in the
upper 500m (Fig.4a). The S = 35.15 g kg™ isohaline extended west nearly to the location of
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IC2 (Fig.4a). In 2020-2022, this isohaline is found further east between IC3 and 1C4 (Fig.4b).
In addition, the volume of water with salinity below 35.1 g kg™ expands from an initially
~500m thick layer at IC1 and 1C2 to filling most of the water column at IC1 and IC2 at the
end of the record. The near bottom salinity maximum at IC3 and 1C4 associated with
Icelandic Slope Water is much reduced compared to 2014-2016 (van Aken & de Boer, 1995;
Johns et al., 2021; Read, 2000).

The expansion of the low salinity volume in layers deeper than 1000 m is accompanied by a
slight cooling (Fig.4c,d). The depth of the 3.5°C-isotherm decreased by 500m in 2020-2022
compared to 2014-2016. In contrast, the uppermost eastern waters are slightly warmer in
2020-2022, resulting in the 7°C-isotherm at 1C4 moving down by 100m by 2020-2022.
Overall, we find a decrease in density. Freshening dominates over the cooling in deeper
layers. The upper eastern waters got both fresher and warmer adding to the decrease in
density.

To sum up, we showed that density changes at the IC array between 2014-2022 were

dominated by the decreasing salinity.
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4 Salinity changes in the Irminger Sea and Iceland Basin
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Figure 5: Salinity at OSNAP East section with salinity profiles for the IC (a) TS-diagram

of the upper 1000m in the Irminger Current from hydrographic section between 1990 — 2022.

Average absolute salinity and conservative temperature from for the IC between the IC

boundaries and the main core of the IC up to 2000m depths from all available ship sections.

(b) mean salinity from hydrographic sections between 2014 — 2022 (color) with isopycnals

(contours); (c-f) salinity anomaly compared to (a) with mean isopycnals for each year
(contours) for 2022, 2014, 2005 and 1992. (g) IC salinity profiles averaged between 34.1°-
30.7°W for all hydrographic sections during the OSNAP time period (solid, colored lines)

and 1992 and 2005 (dashed lines).
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In the following, we investigate the spatial extend of the freshening signal. Since we have a
long observational record of salinity from hydrographic sections, we can put the changes in

the IC into the perspective of changes in the Irminger Sea and Iceland Basin.

In Figure 5, we compare the salinity changes found at the IC array to changes along the
whole ARO1E section from single summer snap-shots using hydrographic sections. We focus
on the most recently collected section at OSNAP East from 2022, which exhibited the most
widespread salinity anomaly at the I1C array, and 2014 which was most saline (Fig.3a, h). In
addition, we compare this to the years 2005 and 1992 which both mark extreme years in
salinity in the Irminger Sea and Iceland Basin. In Figure 5a we show a mean TS-diagram of
the upper 1000 m of the IC from 25 CTD sections between 1990 and 2022. The years 1992
and 2005 contrast the fresh state of the 1990’s with the very warm and saline mid-2000’s
(Fig.5a). Over the whole array 2005 shows the strongest anomaly. For interpretation it is
important to keep in mind that sections are not fully synoptic and that the anomalies we
describe propagate around the basin, peaking at different times in different regions.

The OSNAP mean from 2014-2022 (Fig.5b) exhibits higher salinities in the Iceland Basin
compared to the Irminger Sea, where most saline waters can be found at the top of the
Reykjanes Ridge. In the central Irminger Sea, we find low salinity waters typically known as
Labrador Sea Water. Those waters were either formed in the Labrador Sea and exported to
the Irminger Sea or formed by local convection in the Irminger Sea itself (de Jong et al.,
2012, 2018; de Jong & de Steur, 2016; Piron et al., 2016). The 27.55-isopycnal exhibits a
strong slope in the vicinity of the IC, marking its strongest horizontal pressure gradients and

velocities.

In 2022, most of the section shows a negative salinity anomaly (-0.01 g kg, Fig.5c). The
decrease in salinity is strongest over the Reykjanes Ridge (-0.1 g kg™), where typically the
most saline waters in this section are found (Fig.5b). While waters below 300m in the Iceland
Basin are more saline, the Irminger Sea is slightly fresher than the mean. The freshening in
2022 is especially obvious when comparing it to 2014. Fig.5d shows that the positive salinity
anomaly is not limited to the IC but extends across the Irminger Sea and the Iceland Basin,
where the upper 700m show a positive salinity anomaly (0.1 g kg™). Below, in the layers
associated with Labrador Sea Water, the Iceland Basin is fresher (-0.002 g kg™). The Iceland

Basin shows a negative salinity signal below 700m.
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Changes observed at the IC mooring array do extend into the Irminger Sea. But are these
changes associated with the recent salinity anomaly exceptional? Long-term hydrographic
changes in the central Irminger Sea are described by van Aken et al. (2011) and de Jong et al.
(submitted). They identified the early 1990°s as the freshest period in the record since 1950.
At the IC, the 2005-section exhibits a thin fresh summer layer at the surface that results in a
slightly fresher TS-mean for the IC (Fig.5a, Fig.5e). In 2005, the upper 1000m exhibit a
positive salinity anomaly, strongest in the Iceland Basin (Fig.5e). Note that the ISOW layer is
also saltier than average, probably because of the rapid entrainment of saline Atlantic waters
in the ISOW plume (e.g., Devana et al., 2021; Chafik & Holliday, 2022). In the Irminger Sea
instead, the waters below the 27.8 kg m™ -isopycnals waters are fresher. In 1992, all waters
masses at the entire section experienced a freshening (Fig.5f), which is stronger than in 2022.
Especially the Iceland Basin is very fresh compared to the OSNAP mean. Holliday et al.
(2020) showed that the most recent salinity anomaly peaked in 2016-2017 in the Iceland
Basin. By 2022, the anomaly in the Iceland Basin has diluted and weakened and therefore

appears less strong.

To investigate the stratification of the IC, Fig.5g shows vertical salinity profiles. The 1992
profile (black dashed line in Fig. 5g) shows very little stratification in salinity, the result of
deep convective mixing in preceding winters. Deep convection ceased around 1995, and a
period of predominantly weak winters lasted until 2007 (de Jong et al., (submitted)). During
the late 1990°s and early 2000’s the basin slowly restratified with warmer, more saline water.
The 2005 profile (blue dashed line in Fig. 5g) shows a salinity minimum at 1000 dbar, a
remnant of convective waters, with strongly increasing salinity profile upwards to around 300
dbar. These upper waters are the warm, saline waters with an IC origin. A thin fresher layer is
found at the top, typical for summer stratification (Sterl & de Jong, 2022). Below 100 m, the
IC is most saline compared to the OSNAP years and 1992. Since 2005, there has been
intermittent convection until the winter of 2014 — 2015, but not strong enough to halt the
seasonal restratification of the basin (de Jong et al., submitted). Exceptionally strong
convection event occurred in the winters of 2014-2015 and 2015-2016 (de Jong & de Steur,
2016; de Jong et al., 2018). The 2014 (summer) profile shows the salinity of the water
column before that event. It shows that most of the water column had become more saline
than the 2005 profile, except for the 200-500 dbar layer. The 2015 profile instead is much
fresher, especially above the recorded mixed layer depths (~1500 dbar), except for the

uppermost layer. The 2016 profile got even more saline throughout the water column except
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for the upper 200 m. The freshening near the surface marks the onset of the salinity anomaly.
The section was taken in August 2016 which goes in line with the onset of the salinity
anomaly observed by our moorings. The 2018 profile in turn is much fresher in the upper 600
meters. Between 150-250 m the 2018 profile is even fresher than the profile from 1992. The
2020 profile shows that salinity in the upper 300 m increased again. In 2022, the waters
above 250 m freshened. At depth, below 500 m, the downward mixing of the salinity

anomaly made the IC even fresher than in 1992.

The recent freshening at the IC array is comparable to the fresh state in the early 1990’s.
While the surface freshening is comparable to 1992, the waters below 500 m are about 0.03 g
kg™ fresher in 2022 than in 1992. From the IC, the anomaly spread into the entire Irminger
Sea over upper 1500 m. The freshening is comparable to the fresh state in the 1990’s with the
anomaly peaking in 2016-2017 in the Iceland Basin and in 2018-2019 in the Irminger Sea.
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5 Changes in the Irminger Current’s velocity structure and transports

Figure 6: Across-section velocities at IC array (a, b) Mean velocity across array for (a)
2014 — 2016 and (b) 2020 — 2022. The isopycnals are indicated by black contours. Black
triangles at the surface mark the 1C boundaries. Moorings are marked with black vertical
lines (1C0-1C4, M1). Blue (red) shading mark southward (northward) velocities. Current
meters and ADCPs are marked with white boxes/triangles respectively. Grey line marks the
bottom topography.
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To understand potential changes in the AMOC’s upper limb in response to the recent
freshwater anomaly, we investigate the implications of the observed salinity and density

changes on the velocity structure of the IC and its transport.

As shown in Figure 4 the strong changes in salinity were not compensated by strong changes
in temperature. Therefore, resulting changes in the density structure can primarily be
attributed to the salinity anomaly. The changes in salinity in turn could potentially have
affected the velocity structure of the IC by changing the slope of the isopycnals and with that
the location of strongest velocities (Fig.6a,b). In addition to a change in the density field the
changing velocity could also be related to other factors like winds that were not investigated
in this study. The 2014-2016 mean displays a clear two-core structure separated by a very
weak southward recirculation at intermediate depth. In 2020-2022, the western core moved
closer to the eastern core and the southward flow around IC2 at 2000m depth disappeared
(Fig.6b). The region below 1500 m at 1C3 is still characterized by low velocities. Maximum
velocity in the upper layer increased compared to 2014-2016 for both cores. Comparing the
mean depth of the two chosen isopycnals (27.55 kg m™, 27.8 kg m™), both have deepened by
2020-2022. Waters denser than the 27.8 kg m™ -isopycnal are no longer seen at IC3 at the
end of the record.

Lastly, we present the imprints of the salinity anomaly on freshwater, heat and volume
transport of the 1C (Fig.7). All correlations shown in the following are statistically significant
on a 95% confidence interval. At the IC, the northward freshwater transport is negative
because the salinity of the IC is higher than the reference salinity (Equation 3). A negative
freshwater transport means the northward transport of salt by the IC. For a better
visualization of the saline IC, we reverse the axis for freshwater transport (Fig.7) to represent
a decrease or increase in salinity more intuitively. A minimum (maximum) in freshwater
transport represents a decrease (increase) in northward salt transport. The mean freshwater
transport over the 8-year time series is -8.1 = 13.0 mSv.

The freshwater transport drastically changed from -16.1 mSv in 2015-2016 to -6.1 mSv in
2016-2017(Fig.7a, Tab.1) with the arrival of the salinity anomaly at the IC array. Those
numbers indicate the diminishing northward salt transport by the IC that reached its minimum
in 2017-2018. From 2018-2019 onwards, the northward salt transport recovers but remains

lower than at the start of the record.
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The IC heat transport shows a different evolution than freshwater transport (red line in Fig.7a,
Tab.1). Both time series are anti-correlated with r=-0.37. Clearly, the correlation between
heat and freshwater transport changes throughout the observed time period (Fig.7a). We find
a strong correlation between heat and freshwater transport before the arrival of the salinity
anomaly until 2016 (r=-0.79), after which the correlation decreases to r=-0.22. This
highlights the impact the salinity anomaly has on the freshwater transport. Throughout the
eight years, the heat transport is strongly correlated to volume transport (black line Fig.7d,
r=0.98) and increased associated with the increasing velocities and the slight warming of the

waters in the upper east of the array.
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Figure 7: Transports of the Irminger Current Daily transport time series from 1C mooring
data smoothed by 30 days for 2014 — 2022 for (a) freshwater transport (blue, mSv) and heat
transport (red, PW); note that the axis for freshwater transport reversed to represent
northward salt transport; (b) total freshwater transport (total, blue), from constant salinity and
variable velocity field (var V, green) and constant velocity and variable salinity field (var S,
orange); (c) freshwater transport in density classes: total (dark blue, Sv), lighter than o = -
27.55 kg m™ -isopycnal (cyan), between 27.55 -27.8 kg m™ (light blue) and denser than 27.8
kg m™ (blue): (d) volume transport total (black, Sv), lighter than 6,=27.55 kg m™- isopycnal
(pink), between 27.55-27.8 kg m (purple) and denser than o=27.8 kg m™ (dark purple).
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To investigate the relative importance of salinity versus velocity changes in the freshwater
transport in a simplified way, we compute the freshwater transport from both the varying
velocity and salinity field (Equation 3) with the other parameter kept at the record mean. In
varsS the salinity is varying as observed and the velocities are constant. In varV the salinity is
kept constant, and the velocity is varying as observed. Figure 7b shows both constructed time
series together with the actual total freshwater transport. The varS-time series nicely
reproduces the actual freshwater transport on annual time scales or longer resulting in a

moderate correlation to the total freshwater transport (r=0.53). Still the velocity field is
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responsible for variability on shorter time scales resulting in a similar moderate correlation
(r=0.59). Overall, the freshwater transport is driven both by variations in the salinity and

velocity field.

The influence of the velocity and/or salinity field on the freshwater transport can change over
the water column. To assess the variability of freshwater transport more closely, we divide
the freshwater transport up into three density classes: the upper water column (Layer 1: oo <
27.55 kg m®), the intermediate waters (Layer 2: 27.55 < o< 27.8 kg m®), and the deep

overflow layer (Layer 3: oo > 27.8 kg m® these isopycnals are marked in Figure 2, 3).

We show the respective effects of salinity and velocity on freshwater transport for each layer
in Figure S1. The waters above the o, = 27.55 kg m™ - isopycnal (Layer 1, Fig.S1a) strongly
correlate to the freshwater transport computed by a variable salinity field (r=0.6). The
correlation to the varying velocity field is slightly weaker (r=0.54). Changes in the freshwater
transport in the upper most layer are therefore slightly more driven by changes in salinity.
The waters between 27.55-27.8 kg m™ (Layer 2, Fig.S1b) still show a moderate correlation
(r=0.47) to a varying salinity field, but the effect of changing velocity field dominates
(r=0.69). The freshwater transport of the lowermost layers is mainly driven by the velocity
field (Layer 3, Fig.Slc, r=0.91), but still experience a strong influence from the salinity field
(r=0.5). At depth the overall trend is driven by salinity but shorter variability by velocity.
Therefore, the relationship between salinity and freshwater transport is strongest in the
uppermost layer that experienced strongest freshening. As the impact of the salinity anomaly

decreases over depth the influence of the velocity field on the freshwater transport increases.
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Table 1: yearly mean values for freshwater, heat and volume transport from daily time

series First row: Total freshwater transport with corresponding standard deviation [mSv]

together with freshwater transport split into density layers. Second row: Heat transport [PW].

Third row: Total volume transport [Sv] and split into density classes; numbers in brackets

denote the percentage from the total transport.

To investigate the contribution of each layer to the total freshwater transport and possible

changes, we show the respective freshwater transport time series per layer in Figure 7c.

Before the arrival of the salinity the anomaly the upper and intermediate layer both equally

contribute to the total freshwater transport (-6.4 mSv, -7.4 mSv respectively). Between 2016-

2018, at the maximum strength of the salinity anomaly, the contribution drastically changes.

In 2017-2018, the upper layer brings freshwater northward (+0.2 mSv) instead of salt. The

intermediate layer changed to -3.1 mSv. The upper layer increased in salinity until a second

drop in 2021/2022. The intermediate layer slowly recovers from the salinity anomaly. As

most changes happen in the upper layer, its correlation to the total freshwater transport is

strongest. Even though the deepest layer was least affected by the salinity anomaly, we find a

long-term trend of decreasing northward salt transport.
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540  To investigate possible changes for the AMOC’s upper limb, we assess the impact of changes
541 in freshwater transport on the volume transport. We correlate each layer of volume transport
542  with its corresponding layer of freshwater transport (Fig.7c, d). The lower the correlation, the
543  stronger changes in freshwater transport can be related to changes in salinity rather than

544  changes in the volume transport. The freshwater transport of the upper layer, that experienced
545  strongest changes in salinity, is weakly anti-correlated to its corresponding layer of volume
546  transport (r=-0.12). The low correlation here again highlights that salinity is driving the

547  changes in freshwater. Instead, the freshwater transport for the intermediate layer is weakly
548  Dbut significantly anticorrelated to the intermediate layer of volume transport (r=-0.35). As

549  shown before this layer does experience a stronger contribution from the varying velocity

550  field. The negative correlation arises from the fact that an increase in volume transport leads

551  to a decrease in freshwater transport (= increase in salinity).

552 To highlight the major changes in the upper layers, we now investigate the respective

553  contribution of each layer of volume transport to the total transport. The total volume

554  transport increased from 8.3 Sv to 11.7 Sv with strong year-to-year variability (Tab.1).

555  Before the anomaly, the upper layer only contributed with 1.7 Sv to the total transport.

556 During the anomaly upper and intermediate layer nearly equally contribute to the total

557  transport (3.3 Sv and 3.5 Sv in 2017-2018). The contribution of the upper layer stays high
558 until the end of the record with 4.2 Sv. The contribution of the deepest layer decreases in
559  response to the freshening. Even though we find strong variations in the total transport, the

560  upper layer transport strongly increased, which potentially strengthens the upper limb.

561  In summary, the decrease in northward salt transport (increase in freshwater transport)
562  changed the volume transport composition of the IC to a stronger contribution of lighter

563 waters.

564
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Discussion & Conclusion

In this study, we investigated the imprint of the recent freshwater anomaly described by
Holliday et al. (2020) on salinity changes over the whole water column of the IC using high-
resolution mooring data from 2014-2022. To put our results into a basin wide context, we
combined this data set with hydrographic sections of the Irminger Sea and the Iceland Basin.
At the IC array, the freshwater anomaly decreased the salinity over the entire upper 1500 m.
Therefore, the freshwater anomaly should no longer be seen as a near surface anomaly. In
response, the northward freshwater transport of the IC changed from -15.5 mSv in 2014-2015
to -4.6 mSv in 2021-2022. This indicates a decreasing northward salt transport; the 1C’s
salinity gets closer to the used reference salinity. We could attribute the changes in freshwater
transport in the upper layer to the salinity changes, rather than to volume transport changes.
Previous studies showed that the salinity anomaly reached the Irminger Sea from the Iceland
Basin (Bil0 et al., 2022; Devana et al., 2021). Concerning the onset of the upper ocean
salinity anomaly, Devana et al. (2021) find low salinity waters in the upper 300m in the
eastern Iceland Basin in autumn 2015. They further find that the anomaly reached the eastern
flank of the Reykjanes Ridge by summer 2016 which agrees with our results on the western
side of the ridge (Fig.2). We performed a lead-lag correlation between the mean salinity
anomaly at 300-500 m for 1C4 and M1. The highest correlation is at lag zero (r = 0.78) which
highlights the strong and fast connection of the upper layers across the Reykjanes Ridge.

We further investigated the recent salinity anomaly using hydrographic sections and find that
the salinity anomaly extends across the Irminger Sea. By summer 2022, an oxygen sections
reveals that waters with the same oxygen levels and low in salinity spread out from the
central Irminger Sea (Fig.8). The high oxygen waters are freshly ventilated in the Irminger
Sea, indicating that convection mixed the initial upper ocean fresh anomaly into the deeper
layers of the water column. This deep pathway towards the I1C likely explains the delayed and
diluted freshening signal in the deeper part of the water column. Additionally, the freshening
at depth could be advected from the Iceland Basin entering the Irminger Sea through Bight
Fracture Zone. Devana et al. (2021) studied the mixing of the salinity anomaly into the
Iceland Scotland Overflow Water in the Iceland Basin. They state that the salinity changes in
the overflow plume are directly related to changes in the upper ocean through entrainment.
Deep waters that got freshened in the Iceland Basin through this mechanism would arrive at

the IC array much later than surface waters.
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Figure 8: Salinity and Oxygen Section at OSNAP East for the Irminger Sea from 2022
(a) Salinity across the Irminger Sea from a hydrographic ship section in summer 2022
(shading) overlaid with isopycnals; (b) same as (a) but for oxygen.

By construction, our results are limited to the location of the IC moorings and only refer to
the IC changes at OSNAP East. Deep waters from the Iceland Basin enter the Irminger Sea
through various fractures zones in the Reykjanes Ridge (Fried et al., 2023; Koman et al.,
2020; Petit et al., 2018). As the IC is constantly fed by waters from the Iceland Basin north of
the OSNAP East section (Koman et al., 2020), it is likely that the upper waters of the IC
downstream of OSNAP East experienced an earlier surface freshening. Mostly surface waters
have the potential to cross westward into the Irminger Sea as the ridge is less deep north of
the OSNAP East line. Overflow waters mostly enter the Irminger Sea through Bight Fracture
Zone (Bower et al., 2019; Kanzow and Zenk, 2014; Petit et al., 2018; Zou and Lozier, 2017).
The important pathway for the first onset of the salinity anomaly in the Irminger Sea are the
surface waters crossing north of OSNAP East as the deep waters experienced the salinity
anomaly later. The exact pathways of the anomaly entering the Irminger Sea are beyond the
scope of this study.
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Using a combination of hydrographic ocean analysis and mooring data Bil6 et al. (2022)
show that the surface anomaly freshened the upper Irminger Sea waters to values as fresh as
in the early 1990’s. Our results show that indeed water across the whole basin reached low
salinities as in the 1990’s through the entire water column despite slightly warmer. At the IC
array, waters below 500 m are even fresher than in 1992. We conclude therefore that the IC is
in its freshest state observed since the 1990°s.

In Fried and de Jong (2022), we showed that the basin-wide density gradient influences the
transport variability at the IC array. We used 28 years of monthly reanalysis data to show that
the increased volume transport during the 1990’s was driven by a strong density gradient
between the central Irminger Sea and the top of the Reykjanes Ridge. When the gradient was
weak instead, around 2010/2011, the IC reached its lowest volume transport. We concluded
that changes in the density gradient across the Irminger Sea can impact the volume transport
at the IC array. A freshening of central Irminger Sea, as observed in this study, increases the
density gradient between the interior and the 1C and might explain the stronger volume
transport observed in 2020-2021. At this point, the salinity anomaly on top of the ridge
weakened while the interior Irminger Sea still freshened, increasing the contrast between
fresher waters in the Irminger Sea and higher salinity on top of the ridge. But the intensity of
the total transport also strongly depends on whether the mooring array captures the entire
northward flow of the IC. Especially its western core is very variable in location and has
therefore the potential to strongly impact the transport. A strong transport event can therefore
also be caused by the western core being fully captured by the western most mooring. In
addition, Fried and de Jong (2022) showed that the transport can also be influenced by
mesoscale variability within the mooring array. Basin-wide observations in the Irminger Sea
therefore remain crucial to understand and disentangle the mechanisms driving the transport
variability of the IC.

In this study, we find that the volume transport of lighter waters (¢ < 27.55 kg m™) strongly
increased due to the freshening of the waters above. In 2014-2015, the waters lighter than
27.55 kg m™ contributed with 1.7 Sv to the total transport. By 2021-2022, this increased to
4.2 Sv. Therefore, the contribution of lighter waters to the total transport increased. The
transport of intermediate waters is comparable at the beginning and at the end of the record.
The overall increase in volume transport is likely a combination of the increased transport in
the upper layers and the changing velocity structure of the IC. Specifically, the location of the

IC’s western core moved further east throughout the observed time period. De Jong et al.
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(2020) showed that the western core is dominating the variability of the total volume

transport, mostly due to its strong spatial variability.

In this study, we showed that the warm and saline IC drastically freshened in response to the
most recent salinity anomaly resulting in an increase in the northward transport of lighter and
fresher waters. The constant freshening of the AMOC’s upper limb has the potential to
suppress convection downstream in the Irminger Sea as well as in the Labrador Sea.
However, once these freshwater anomalies are distributed over a large part of the water
column the impact on stratification decreases. Therefore, monitoring and understanding the
evolution of transient freshwater anomalies remains important to understand AMOC

variability.
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Open Research

We used mooring data from 2014 — 2022 from five deployments that are publicly available
per deployment under:

de Steur, L., and M.F. de Jong (2018). High-resolution current meter and hydrographic

data from the Irminger Current mooring array 2014-2015. NIOZ Royal Netherlands Institute
for Sea Research. Dataset. https://doi.org/10.4121/uuid:77b2c4fc-c253-4494-91bd-
8dlef66a014a

de Steur, L., and M.F. de Jong (2018). High-resolution current meter and hydrographic
data from the Irminger Current mooring array 2015-2016. NIOZ Royal

Institute for Sea Research. Dataset. https://doi.org/10.4121/uuid:9ae97ceb-39e4-43ec-abdb-
614103285c16

de Jong, M. F., and N. Fried (2021). "High-resolution current meter and hydrographic data
from the Irminger Current mooring array 2016 - 2018", https://doi.org/10.25850/nioz/7b.b.nb

de Jong, M. F., and N. Fried (2021). "High-resolution current meter and hydrographic data
from the Irminger Current mooring array 2018 - 2020", https://doi.org/10.25850/nioz/7b.b.pb

de Jong, M. F., and N. Fried (2024). "High-resolution current meter and hydrographic data
from the Irminger Current mooring array 2020 - 2022", https://doi.org/10.25850/nioz/7b.b.af
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In this study we used the gridded field for the entire time period 2014 — 2022 that has been
published under:

de Jong, M.F., and N. Fried (2024). “Gridded high-resolution current meter and hydrographic
data from the Irminger Current mooring array from 2014 — 2022",
https://doi.org/10.25850/nioz/7b.b.0f

In addition, we used hydrographic sections from 1990 — 2022.
From 1990 — 2004 the near-annual surveys of the AR7 hydrographic section can be
downloaded via http://cchdo.ucsd.edu/.

The OVIDE sections from 2002, 2004, 2006, 2008 and 2010 are available under:

Daniault Nathalie, Mercier Herle, Lherminier Pascale (2016). Gridded property and transport
data of the biennial Greenland-Portugal A25 OVIDE line. SEANOE.
https://doi.org/10.17882/46446

The section data from 2014 — 2022 made freely available by the OSNAP (Overturning in the
Subpolar North Atlantic Program) project and all the national programs that contribute to it
(www.0-snap.org).

The 2015 OSNAP section data is available at https://www.seanoe.org/data/00481/59302/ (de
Jong & de Steur, 2019).

The 2020 OSNAP data is available
https://dataverse.nioz.nl/dataset.xhtml?persistentld=doi:10.25850/nioz/7b.b.1f

(de Jong, 2023).

The 2022 OSNAP section data is available at https://cchdo.ucsd.edu/cruise/33VB20220819
(Straneo, 2023). The calibrated oxygen data from this section will be available at BCO-DMO,
under project “Collaborative Research: Gases in the Overturning and Horizontal circulation
of the Subpolar North Atlantic Program (GOHSNAP)”: https://www.bco-
dmao.org/project/897705.
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