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Abstract10

Dense water masses formed in the Nordic Seas ow across the Greenland-Scotland Ridge and contribute11

substantially to the lower limb of the Atlantic Meridional Overturning Circulation. Originally considered an12

important source of dense water, the Iceland Sea gained renewed interest when the North Icelandic Jet - a current13

transporting dense water from the Iceland Sea into Denmark Strait - was discovered in the early 2000s. Here we14

use recent hydrographic data to quantify water mass transformation in the Iceland Sea and contrast the present15

conditions with measurements from hydrographic surveys conducted four decades earlier. We demonstrate that the16

large-scale hydrographic structure of the central Iceland Sea has changed signi cantly over this period and that the17

locally transformed water has become less dense, in concert with a retreating sea-ice edge and diminished ocean-18

to-atmosphere heat uxes. This has reduced the available supply of dense water to the North Icelandic Jet, but19

also permitted densi cation of the East Greenland Current during its transit through the presently ice-free western20

Iceland Sea in winter. Together, these changes have signi cantly altered the contribution from the Iceland Sea to21

the overturning in the Nordic Seas over the four decade period.22
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Introduction25

As part of the large-scale overturning in the Atlantic Ocean, warm water ows northward and cold,26

densi ed water returns to the south at depth. Most of the warm-to-cold transformation takes place east of27

Greenland (Lozier et al., 2019; Petit et al., 2020). The bulk of the deep return ow is composed of dense28

over ow plumes from the Nordic Seas, together with the water masses they entrain while descending29

from gaps in the Greenland-Scotland Ridge to the abyss of the North Atlantic (Cha k and Rossby, 2019).30

The exchange ow of warm and cold water masses across the ridge is reasonably well known (Østerhus31

et al., 2019; Tsubouchi et al., 2021), but open questions remain regarding where and how the water mass32

transformation north of the ridge takes place.33

Swift et al. (1980) and Swift and Aagaard (1981) proposed that the over ow water through Denmark34

Strait, which forms the densest contribution to the lower limb of the overturning circulation, originates35

via open-ocean convection in the Iceland Sea. They used hydrographic properties and chemical tracers36

to match dense water in the Denmark Strait over ow plume with wintertime mixed layers in the Iceland37

Sea, and applied a volumetric approach to determine the hydrographic properties of the locally formed38

water mass. Formation of a similar water mass in the central Greenland Sea was documented some39

years later (Strass et al., 1993). By contrast, subsequent work emphasized water mass transformation40

within the boundary current system around the Nordic Seas and the supply to Denmark Strait via the East41

Greenland Current (Figure 1; Mauritzen, 1996). Consequently, open-ocean convection in the Iceland and42

Greenland Seas was eventually discounted as an important source of Denmark Strait over ow water due43

to, among other things, the interannual and seasonal variability of the production that are not manifest in44

the over ow transport as well as the lack of a known direct pathway from the interior basins. Intermediate45

water formed in the Iceland and Greenland Seas was instead thought to supply the other major over ow46

from the Nordic Seas through the Faroe Bank Channel (Mauritzen, 1996).47

We now know that approximately equal amounts of dense water pass across the Greenland-Scotland48

Ridge east and west of Iceland (Østerhus et al., 2019). Much of this over ow water is transported by49

currents originating in the Iceland Sea. The North Icelandic Jet (NIJ, Figure 1) ows westward along50

the 600-800 m isobaths on the slope north of Iceland into Denmark Strait (Jónsson and Valdimarsson,51

2004; Våge et al., 2011; Pickart et al., 2017; Semper et al., 2019). The NIJ supplies approximately52

one third to one half of the over ow through Denmark Strait, including the densest component (Harden53

et al., 2016; Semper et al., 2019). The Iceland-Faroe Slope Jet (IFSJ, Figure 1) ows eastward along54

the Iceland-Scotland Ridge toward the Faroe Bank Channel at slightly greater depth than the NIJ, which55

is consistent with a deeper sill compared to Denmark Strait (Semper et al., 2020; Cha k et al., 2020).56

The hydrographic properties of the dense waters transported by the NIJ and IFSJ are similar, suggesting57

that the currents share a common source (Semper et al., 2020). In the present climate these dense waters58

primarily originate in the Greenland Sea (Huang et al., 2020), while the water formed in the Iceland Sea59

for the most part is not suf ciently dense (Våge et al., 2015).60

A substantial portion of the water mass transformation in the western Nordic Seas is driven by strong61

air-sea heat uxes during cold air outbreaks (Papritz and Spengler, 2017; Våge et al., 2015). The most62

intense cooling occurs along the marginal ice zone, where cold, dry air rst encounters open water. As63

the climate has warmed, the sea-ice extent in the Nordic Seas has decreased and the ice edge has receded64
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Figure 1: Schematic of the major currents in the Nordic Seas. The change in color indicates the gradual warm-to-cold
transformation of the Atlantic in ow as it progresses northward from the Greenland-Scotland Ridge. The central Iceland Sea
control volume used in the volumetric analysis is outlined in black. The dashed portion of the IFSJ indicates its uncertain
origin. The inset shows the data used in the volumetric analyses and the submarine ridges enclosing the control volume. The
yellow squares and gray dots are measurements from winters 1974-75 and 2015-16, respectively. The acronyms are: EGC =
East Greenland Current; NIJ = North Icelandic Jet; IFSJ = Iceland-Faroe Slope Jet; NIIC = North Icelandic Irminger Current;
NAC = Norwegian Atlantic Current; KBR = Kolbeinsey Ridge; WJMR = West Jan Mayen Ridge; JMR = Jan Mayen Ridge.

from the interior basins toward the coast of Greenland. This has resulted in diminished heat uxes in65

the Iceland and Greenland Seas and reduced convection in the interior basins (Moore et al., 2015), but at66

the same time has permitted ventilation within the East Greenland Current (Våge et al., 2018; Renfrew67

et al., 2019; Huang et al., 2021; Moore et al., 2022). Here we demonstrate that the role of dense water68

formation in the Iceland Sea as part of the overturning in the Nordic Seas has signi cantly changed, by69

contrasting the winters of 1974-75 and 2015-16 more than four decades apart.70
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Data and Methods71

Hydrographic data72

We utilize the volumetric approach of Swift and Aagaard (1981) to quantify water mass transformation73

in the Iceland Sea. They applied the technique to hydrographic data obtained during surveys of the74

ice-free portions of the Iceland Sea in October-November 1974 and February-March 1975 (Figure 1).75

Winter 2015-16 is the only winter since then with suf cient spatial data coverage to repeat this volumetric76

analysis. The hydrographic data from winter 2015-16 were primarily obtained by three autonomous77

ocean gliders that operated in the Iceland Sea from August 2015 to May 2016 (Figure 1). Details of the78

processing and calibration of the glider data are provided in Våge et al. (2018). Additional hydrographic79

data from the monitoring cruises of the Marine and Freshwater Research Institute of Iceland and from the80

Argo global program of pro ling oats from the same time period were included to augment the glider81

data set. Only delayed-mode data from the Argo program, which have been corrected for drift in the82

pressure and conductivity sensors (Wong et al., 2003), were used.83

To calibrate the Argo data, we identi ed a subset of Argo pro les that were obtained within 10 days84

and 50 km from shipborne conductivity-temperature-depth (CTD) pro les. These Argo-CTD pro le85

pairs revealed a fresh bias of approximately 0.002 g/kg in the Argo pro les. Substantial near-surface86

variability masked the bias in the upper 400 m; below that depth the bias was depth-independent. This87

bias is well below the accuracy of 0.01 PSS-78 in salinity for the Argo program (Wong et al., 2020) and88

not recti ed by the delayed-mode quality control, but would impact the volumetric analysis. To correct89

for the bias, a constant, depth-independent offset corresponding to the mean difference below 500 m90

between each Argo pro le and a mean central Iceland Sea pro le computed without using Argo data was91

calculated. This offset was applied to 112 of 178 Argo pro les from 4 of 6 active oats in the Iceland92

Sea during the 2015-16 winter that differed by more than three standard deviations from the mean central93

Iceland Sea pro le.94

Prior to the volumetric calculations, each pro le was interpolated onto a standard 800 m vertical grid95

with 1 m resolution. A 5-m median lter was applied to remove spikes from the pro les.96

A historical hydrographic data set spanning the period 1950-present (Huang et al., 2020) was used to97

assess the long-term variability in the central Iceland Sea, in particular the change from winter 1974-7598

to winter 2015-16. The data set contains pro les from ships, Argo oats, and gliders. Prior to the rst99

Argo oat deployment in 2005 the mean number of pro les each year was about 40. After 2005 this100

number nearly quadrupled. The vertical resolution in the upper 800 m gradually increased from around101

60 m before the early 1970s to less than 10 m after the mid-1990s.102

Volumetric analysis103

A volumetric analysis quanti es temporal changes in the proportions of different water masses within104

a control volume (e.g., Swift and Aagaard, 1981; Yashayaev, 2007; Brakstad et al., 2019). The black105

polygon in Figure 1 outlines the central Iceland Sea control volume used in our volumetric analysis. A106

set of submarine ridges (Kolbeinsey Ridge to the west, West Jan Mayen Ridge to the north, and Jan107
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Mayen Ridge to the east) as well as the north Iceland slope to the south provide natural boundaries.108

The southeasternmost part of the Iceland Sea was not included in the domain due to a lack of data from109

this region in winter 2015-16. The mixed layers in the southeastern region are shallower and less dense110

than in the rest of the Iceland Sea (Våge et al., 2015), hence the omission only reduced our volumetric111

estimates of water mass transformation in the lightest density classes.112

For winter 2015-16 a regular 0.5 longitude by 0.2 latitude grid was constructed within these boundaries.113

An effective radius of 75 km (corresponding to nearly 2 degrees of longitude in this latitude band) was114

assigned to each grid point. Following the procedure of Davis (1998) and Våge et al. (2013), the effective115

radius was increased along isobaths in regions of large topographic gradients to take into account the116

greater length scales along the bottom topography. This is appropriate given the close alignment between117

the circulation in the Nordic Seas and the bottom topography (e.g., Nøst and Isachsen, 2003). Bathymetric118

data were obtained from the ETOPO 1-min elevation data base (Amante and Eakins, 2009) and smoothed119

by convolution with a 10 km Gaussian window. Within the effective radius around each grid point, all120

pro les obtained within a 10-day window were averaged to reduce the in uence of periods of heavy121

sampling. Finally, distance-weighted mean pro les and their standard deviations (for grid points with at122

least 5 pro les) for the months of September-November and February-April were calculated at each node.123

To avoid near-surface data gaps we assumed a mixed-layer depth of at least 10 m and extrapolated each124

mean pro le from a depth of 10 m to the surface. Data gaps at depth were lled using linear interpolation125

from nearby grid points (only one late-winter grid point required such interpolation, at depths below126

700 m). The resulting 3-dimensional gridded elds of Absolute Salinity, Conservative Temperature, and127

potential density anomaly (hereafter referred to as salinity, temperature, and density) for September-128

October and February-April are designated fall and late winter, respectively. The fall data were obtained129

prior to the onset of wintertime convection, and the late-winter data were recorded when the mixed layers130

are deepest and densest (Våge et al., 2015). At most grid points multiple pro les were collected over the131

3-month periods in fall and late winter. We computed standard deviations at each grid point to account132

for the temporal variability, then combined these standard deviations to address the spatial variability133

across the control volume. From this we estimated upper and lower bounds of volumetric inventory in134

each density class, which formed the basis for the error estimates.135

For winter 1974-75, the fall and late-winter data from the central Iceland Sea (Figure 1) were obtained136

between late October and early November 1974 and between late February and early March 1975,137

respectively. Both data sets were collected within 10-day periods. Due to the relatively low spatial138

resolution of the winter 1974-75 hydrographic surveys, a regular 1 longitude by 0.5 latitude grid139

was constructed within the same boundaries as for winter 2015-16. The results are not sensitive to the140

resolution of the grid. The surveys alone did not provide suf cient data to compute standard deviations141

at each grid point for error estimates. Taking advantage of the synopticity of the fall 1974 and late winter142

1975 surveys, we instead considered the standard deviation of all pro les within the central Iceland Sea143

control volume as an estimate of the lateral variability. The coarser vertical resolution was taken into144

account by vertically shifting the mean central Iceland Sea pro les by half of the mean vertical resolution145

above the = 28.05 kg/m isopycnal of 28 m in both directions, then considering the differences (the146

mean vertical resolution of the pro les from winter 2015-16 was less than 3 m). These differences147

were substantial in the pycnocline, where the hydrographic properties had a pronounced gradient, but148
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considerably reduced where the pro les were more uniform. The two error source terms were combined149

as the root of the sum of the squares. Otherwise, interpolated elds of temperature, salinity, and potential150

density were computed the same way as for winter 2015-16.151

Reanalysis data152

We used the ERA5 reanalysis, which is the fth generation atmospheric reanalysis product from the153

European Centre for Medium-Range Weather Forecasts. It extends back to 1950 and has a spatial154

resolution of approximately 31 km (Hersbach et al., 2020; Bell et al., 2021). We used sea-ice155

concentration and surface turbulent uxes from the ERA5 data set. The turbulent uxes are generally156

in good agreement with observations over the ice-free ocean, but less accurate over the marginal ice157

zone. This is primarily due to an overly smooth sea-ice distribution in the ERA5 surface boundary158

conditions (Renfrew et al., 2021).159

Water mass transformation in winter 2015-16160

The collection of hydrographic pro les from the central Iceland Sea in winter 2015-16 is shown in161

Figure 2a. The mean temperature, salinity, and density pro les illustrate the seasonal transition from162

relatively warm, shallow mixed layers in fall to colder, denser, and deeper mixed layers in late winter.163

Typical wintertime mixed-layer depths were in the range 150-250 m (Figure 2a; see also Våge et al.,164

2015). All of the late-winter mixed layers had densities greater than = 27.8 kg/m , typically taken to165

delimit over ow water (Dickson and Brown, 1994). As such, dense water masses formed in the Iceland166

Sea may be regarded as potential contributors to the over ow plumes across the Greenland-Scotland167

Ridge (Våge et al., 2015).168

To further quantify the seasonal water mass transformation in the Iceland Sea, we conducted a volumetric169

analysis as outlined in the Data and Methods section (e.g., Swift and Aagaard, 1981). The temperature170

and salinity elds were partitioned into 0.1 C by 0.005 g/kg classes for fall and late winter (Figure 3).171

Following Swift and Aagaard (1981) we only integrated down to the = 28.05 kg/m isopycnal172

(approximately 600 m depth), which is not ventilated in the Iceland Sea in winter. As indicated by173

the spread of the fall pro les (Figure 2a), warm and fresh surface water masses were prevalent, mostly174

from the early part of the fall period and the southern part of the central Iceland Sea. At depth the pro les175

were more uniform, which is re ected by increasing volumes of a narrow subset of temperature-salinity176

classes at higher densities (Figure 3a). At the end of winter 2015-16 there was hardly any water less177

dense than = 27.9 kg/m in the central Iceland Sea (Figure 3b). While some of the fresh surface water178

in the western Iceland Sea is advected toward Greenland in fall and winter by westward Ekman transport179

induced by strong northerly winds (Våge et al., 2018; Spall et al., 2021), most of the light surface water180

is transformed into denser water (Swift and Aagaard, 1981; Våge et al., 2015). The difference between181

late-winter and fall inventories shows an increase in volume denser than = 27.9 kg/m , in particular at182

salinities near 34.95 g/kg (Figure 3c). This was the main water mass formed in the central Iceland Sea183

in winter 2015-16, which would be classi ed as upper Arctic Intermediate Water according to Swift and184

Aagaard (1981).185
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Figure 2: Central Iceland Sea hydrographic pro les from winter 2015-16 (a) and winter 1974-75 (b). The yellow pro les
represent fall and the red pro les winter. The thick and dashed lines are the means and standard deviations (taking also into
account the reduced vertical resolution for winter 1974-75 as detailed in the Data and Methods section), respectively. The
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Figure 3: Volumetric inventories in temperature-salinity space for winter 2015-16. The panels show the volume of water less
dense than σθ = 28.05 kg/m3 within the black outline in Figure 1 for fall (a, Sep-Nov), late winter (b, Feb-Apr), and the
difference in volume between late winter and fall (c). The horizontal gray line in each panel represents the 0◦C isotherm.
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The 2015-16 fall and late-winter volumetric inventories were also divided into 0.01 kg/m density186

classes (Figure 4a). Water less dense than the over ow water limit of = 27.8 kg/m constituted187

a substantial portion (11%) of the fall inventory, only the two highest-density classes were more188

voluminous ( = 28.04–28.05 kg/m , yellow bars in Figure 4a). Consistent with Figure 3b, there were189

only negligible amounts of water less dense than = 27.9 kg/m in the central Iceland Sea in late winter190

(red bars). The fall and late-winter inventories were nearly identical for the densest classes, which are not191

affected by the seasonal water mass transformation (Våge et al., 2015). In the density range = 27.90–192

27.95 kg/m (highlighted in Figure 4a by the dashed lines) the inventory increased from fall to winter193

by 9000 4000 km , primarily due to local water mass transformation. Considering the time interval194

between the fall and late-winter periods of approximately ve months, the difference in inventory can be195

converted to a net formation rate of 0.7 0.3 Sv (1 Sv 10 m /s). This estimate does not take into196

account ow into and out of the central Iceland Sea. As dense water masses are continuously exported197

from the Iceland Sea by the NIJ and IFSJ, this formation rate is likely an underestimate. In terms of198

volume transport, 0.7 0.3 Sv would constitute a substantial proportion of the more than 1.8 0.3 Sv199

of potential over ow water transported by the NIJ upstream of Denmark Strait (Semper et al., 2019).200

However, most of that transport is composed of water substantially denser than the dense water formed201

in the central Iceland Sea in winter 2015-16 (blue bars in Figure 4). The total NIJ transport in the density202

range = 27.90–27.95 kg/m is less than 0.2 Sv. As such, water mass transformation in the Iceland Sea203

is not an important source of dense water for the NIJ and the IFSJ in the present climate.204

We note that in the density range = 27.98–28.02 kg/m the inventory was greater in fall than in late205

winter. This range represents density classes that are continuously drained from the Iceland Sea by the206

NIJ and IFSJ, but not replenished at the same rate. However, water in these density classes is regularly207

formed just outside the borders of the central Iceland Sea (e.g., Våge et al., 2018; Huang et al., 2021).208

Using a collection of historical hydrographic measurements dating back to 1980 (Huang et al., 2020), we209

computed the thickness of the = 27.90–27.95, 27.98–28.02, and 28.03–28.05 kg/m density ranges210

(i.e., the mean difference in depth between the upper and lower bounds of the density intervals, not211

shown). For the rst range, which represents the main product of local water mass transformation, a212

pronounced seasonal signal with maximum thickness in April was evident. The second range, where213

the volumetric inventory was reduced from fall to winter, also had a seasonal signal, but the maximum214

thickness was delayed from April to May. This likely implies a delayed in ux of newly formed dense215

water through the northern boundary of the central Iceland Sea, which subsequently drains through the216

southern boundary at a constant rate. The nal range, representing the densest classes whose inventory217

remained unchanged from fall to late winter and was not ventilated in the Iceland Sea in winter 2015-16,218

did not have a seasonal signal in layer thickness. As the NIJ and IFSJ transport substantial amounts of219

water in these density classes, the ow into and out of the central Iceland Sea in this density range must220

be nearly constant.221

Water mass transformation in winter 1974-75222

Swift and Aagaard (1981) conducted a similar volumetric analysis for the ice-free portion of the Iceland223

Sea in winter 1974-75. To quantitatively compare the winters of 1974-75 and 2015-16, we repeated their224
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Figure 4: Volumetric inventories divided into density classes of width 0.01 kg/m3 for winter 2015-16 (a) and winter 1974-75

(b). The yellow bars represent inventories from fall and the red bars from late winter. The blue bars, scaled by the blue axis on

the right side of the figure, are North Icelandic Jet volume transports (representative of the period 2004-18) divided into the

same density classes (Semper et al., 2019). The vertical dashed lines enclose the density interval in which most of the local

water mass transformation took place each winter.
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volumetric analysis for the central Iceland Sea control volume (Figure 1). The winter 1974-75 pro les225

are qualitatively similar to the winter 2015-16 pro les (Figure 2). In particular, mixed-layer depths of226

150-300 m match well, though the lower vertical resolution prevents accurate comparison. However, the227

winter 1974-75 mixed layers were notably colder and denser.228

The volumetric inventory (Figure 4b) shows that also in winter 1974-75 nearly all surface water less229

dense than = 27.9 kg/m was either ushed out of the central Iceland Sea or transformed into denser230

classes. In contrast to winter 2015-16, most of the gain in inventory from the 1974 fall survey to the231

1975 late-winter survey took place within the signi cantly higher = 27.96–28.01 kg/m density range232

(highlighted in Figure 4b by the dashed lines). Taking into account the time difference between the fall233

and the late-winter surveys, we estimate a net formation rate of 0.7 0.2 Sv – same as for winter 2015-16.234

Unlike winter 2015-16, the hydrographic data from winter 1974-75 were obtained from synoptic surveys,235

which is the main reason the uncertainties are similar despite the lower spatial and vertical resolutions in236

winter 1974-75.237

The NIJ transport by density class (blue bars in Figure 4) was calculated from data obtained between238

2004 and 2018. While the NIJ has become warmer and more saline since the mid-1990s (Pickart et al.,239

2017), the changes in temperature and salinity have largely been density compensated. Since monitoring240

of the Denmark Strait over ow commenced in 1996, the over ow water transport has been remarkably241

steady (Jochumsen et al., 2017). Hydrographic measurements from Denmark Strait dating back to the242

1950s show that the density of the over ow water has hardly changed (Smedsrud et al., 2022). As such,243

it is possible that the density structure of the 1970s NIJ may resemble that of the present. Based on that244

assumption, Figure 4b indicates that water mass transformation in the central Iceland Sea may have been245

a more important source to the NIJ, and hence of dense water to Denmark Strait, in past climates than it246

is today.247

The late-winter survey in 1975 took place from late February to early March. This is 1-2 months248

before the mixed layers typically reach their maximum depth and density (Våge et al., 2015). Estimates249

using a one-dimensional mixed-layer model (Price et al., 1986) integrated for 1.5 months subject to a250

constant heat loss of 150 W/m (corresponding to the mean ocean-to-atmosphere turbulent and radiative251

uxes from late February to mid-April), indicate that the mean end-of-winter mixed-layer density would252

increase by approximately 0.03 kg/m to 28.00 kg/m . Swift and Aagaard (1981) surmised that water as253

dense as 28.05 kg/m may have formed in the Iceland Sea by the end of that winter. Assuming that such254

an increase applied to all density classes in the Iceland Sea volumetric inventory (Figure 4b) and that255

the density structure of the NIJ was not substantially altered from the 1970s to the present, we conclude256

that the Iceland Sea was likely an important source to the NIJ and the Denmark Strait over ow in winter257

1974-75.258

Long-term variability in the central Iceland Sea259

By contrasting winters 1974-75 and 2015-16, we have demonstrated that mixed-layer depths and net260

dense water formation rates have not changed appreciably, while the mixed layers have become warmer261

and less dense over the intervening four decades. In particular, a substantial portion of the water formed in262
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the central Iceland Sea is now warmer than 0 C (Figures 2a and 3c). Swift and Aagaard (1981) referred263

to the central Iceland and Greenland Seas - the region limited by the Arctic Front to the east and the264

Polar Front to the west - as the Arctic domain. The intermediate water masses formed in this region are265

considered Arctic-origin waters (e.g., Våge et al., 2011; Mastropole et al., 2017) and characterized by266

a temperature below 0 C. While such water is still formed in the Greenland Sea (e.g., Brakstad et al.,267

2019), most of the water ventilated in the Iceland Sea in winter 2015-16 was warmer than 0 C. This is268

not unexpected in the present climate. Hence using the 0 C isotherm to distinguish intermediate waters269

of Arctic origin and Atlantic origin (formed east of the Arctic Front; Swift and Aagaard, 1981) should be270

done with caution.271

Furthermore, below the mixed layer the water column has become less dense. Since 1950, isopycnals in272

the intermediate part of the water column in the central Iceland Sea have descended, the deeper isopycnals273

to a greater extent than the shallower isopycnals (Figure 5). This implies that the intermediate layer274

has become less strati ed. For water mass transformation in the Iceland Sea this has little impact,275

since convection is typically limited to depths of about 200 m with mixed-layer densities lower than276

these descending isopycnals (Våge et al., 2015). More importantly, the descending isopycnals also277

mean that the densest components of the water supplying the over ows across the Greenland-Scotland278

Ridge are located at substantially deeper levels now than in previous decades. Consider in particular279

the = 28.05 kg/m isopycnal, which corresponds to the “transport mode” of the NIJ (i.e., the most280

voluminous class of water transported by the current, Semper et al., 2019). In the 1950s this isopycnal281

was on average located just below 300 m depth, while the mean depth of the same isopycnal was nearly282

600 m in the 2010s. This echoes the ndings of Våge et al. (2015) from a repeat hydrographic station off283

northeast Iceland, except that the descent appears more gradual in the present longer-term perspective.284

These descending isopycnals have implications for the supply of the densest components of the over ow285

water, transported from the Iceland Sea to Denmark Strait by the NIJ and to the Faroe Bank Channel by286

the IFSJ.287

The root cause of the descending isopycnals in the central Iceland Sea (Figure 5) is reduced formation of288

dense intermediate water, which is being replaced by less dense intermediate water. Relative to the 1950s,289

the upper 800 m of the water column has become warmer and less saline (not shown). Lower salinities290

and higher temperatures were the main causes of reduced density between 1980 and 2000 and in the291

2010s, respectively. The recent warming in the Iceland Sea mirrors that in the Greenland Sea (Lauvset292

et al., 2018; Brakstad et al., 2019).293

Diminishing air-sea heat loss294

Using the ERA5 reanalysis product, we computed the ocean to atmosphere turbulent heat uxes in the295

central Iceland Sea (Figure 6). While the uxes were generally higher prior to the early 1980s compared296

to the latter part of the record, there was pronounced interannual variability. Winter 1974-75 was among297

the most severe winters of the past 70 years. Winter 2015-16 was substantially weaker, but representative298

of the past 20-30 winters. Moore et al. (2015) attributed the overall diminishing heat loss to a reduction299

in the air-sea temperature difference and retreat of the sea-ice edge toward Greenland.300
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Figure 5: Evolving density structure in the central Iceland Sea (Figure 1) from 1950 to present. Depths of the

σθ = 28.00, 28.03, 28.05, and 28.06 kg/m3 isopycnals for each hydrographic profile in the central Iceland Sea are marked

by green, yellow, orange, and red crosses, respectively. Decadal means and standard deviations are indicated by the squares

and error bars. Note that while each mean and standard deviation represent the decade indicated by the vertical dashed lines,

they are staggered to avoid overlapping symbols.

Cold air outbreaks, atmospheric events where cold, dry polar air is advected over the comparatively301

warm ocean, are responsible for most of the wintertime heat loss in the Nordic Seas (Våge et al., 2015;302

Papritz and Spengler, 2017; Terpstra et al., 2021). The strongest heat loss takes place near the sea-303

ice edge, where the cold air first encounters open water (e.g., Spensberger and Spengler, 2021). In304

accordance with the retreating ice edge, the region of highest heat loss has migrated from the central305

Iceland Sea toward Greenland (Moore et al., 2015; Pope et al., 2020). In the 1970s the western Iceland306

Sea was covered by sea ice in winter and the ice edge was located near Kolbeinsey Ridge, bordering the307

central Iceland Sea (Figure 7b). The frigid polar air emanating from the ice-covered region during cold308

air outbreaks efficiently extracted heat from the central Iceland Sea. By contrast, in the 2010s the ice309

edge had retreated toward the Greenland shelf break, and much of the western Iceland Sea was ice-free310

in winter. Consequently, during cold air outbreaks the polar air had already been modified by air-sea311

interaction prior to arriving over the central Iceland Sea, contributing to the recent reduction in heat loss.312

In February 2016, convection to depths of 400-500 m with mixed-layer densities of 28.01-28.02 kg/m3
313

took place to the west of Kolbeinsey Ridge, in an area that until recently had been within the marginal314
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Figure 6: Total turbulent (sensible plus latent) heat ux from the central Iceland Sea (Figure 1). The black line shows the
mean uxes averaged over the winter period of October through April. Winters 1974-75 and 2015-16 are marked in blue.
The red line is the sum of the rst two components of the Fourier transform representing variability with periods greater than
35 years.

ice zone in winter (Våge et al., 2018). This is outside of the control volume considered above, and the315

hydrographic conditions here are different than in the central Iceland Sea. The convection in the western316

Iceland Sea in winter 2015-16 re-ventilated the Atlantic-origin water transported by the East Greenland317

Current, resulting in a denser product than the Arctic-origin water formed in the central Iceland Sea in318

winter 1974-75. From Fram Strait to Denmark Strait the ice-edge retreat has exposed long stretches of319

the East Greenland Current to enhanced heat loss in winter (Moore et al., 2022). This indicates that, if320

properly pre-conditioned by strong northerly winds in fall and winter that shift the buoyant surface water321

toward Greenland (Våge et al., 2018; Spall et al., 2021), very dense water may form near the ice edge in322

the western Iceland and Greenland Seas. The recent numerical simulations of Wu et al. (2021) support323

this notion.324

Discussion and conclusions325

The volumetric analysis applied here is a powerful method to determine changes in water mass volumes326

between two periods, in particular to identify the product of water mass transformation when applied327
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Figure 7: Decadal change in sea-ice extent over the Iceland Sea. The hatched areas represent mean February-April ERA5
sea-ice concentrations in excess of 50% for the periods 2010-19 (a) and 1970-79 (b). The black polygon outlines the control
volume from Figure 1. The dashed portion of the IFSJ indicates its uncertain origin. The acronyms are: EGC = East Greenland
Current; NIJ = North Icelandic Jet; IFSJ = Iceland-Faroe Slope Jet; NIIC = North Icelandic Irminger Current; WJMR = West
Jan Mayen Ridge; JMR = Jan Mayen Ridge.
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before and after winter convection. Such a volumetric analysis presumes that there is no advection into328

and out of the control volume. This is not the case for the central Iceland Sea, from which dense water329

is continuously exported by the NIJ and IFSJ. As such, the estimates of net formation rates, which take330

into account the time that passed between the fall and late-winter measurements, are likely biased low331

and should therefore be considered conservative estimates. This applies in particular to winter 1974-75,332

when denser water that more closely matched the properties of the NIJ was formed. While the volumetric333

inventories were only assessed for winters 1974-75 and 2015-16, when the spatial data coverage was334

suf cient, comparison of mixed-layer properties and hydrographic structure with other winters within335

the same decades indicates that the two winters are broadly representative.336

Our volumetric analysis revealed that the central Iceland Sea may have been an important source of dense337

water to the NIJ in the 1970s. Although the net formation rates and convection depths were comparable338

for winters 1974-75 and 2015-16, the mixed-layer densities declined over the intervening four decades339

to the extent that the NIJ transports negligible amounts of water in the density range that is presently340

the main product of water mass transformation in the Iceland Sea ( = 27.90–27.95 kg/m ). This begs341

the question: what happens to the dense water presently formed in the Iceland Sea? This water mass is342

suf ciently dense to contribute to the over ows from the Nordic Seas. Hydro-chemical analyses indicate343

that it is an important component both of the over ows east of Iceland (Fogelqvist et al., 2003) and of the344

intermediate water in the Norwegian Sea (Jeansson et al., 2017). (We note that the East Icelandic Current345

offers a direct pathway from the Iceland Sea to the Norwegian Sea, Macrander et al., 2014; de Jong et al.,346

2018).347

Most of the densest waters owing into Denmark Strait and the Faroe Bank Channel likely pass through348

the Iceland Sea (Våge et al., 2011; Semper et al., 2019, 2020; Huang et al., 2020). Since 1950 these dense349

water masses have been located at increasing depth in the central Iceland Sea and hence are becoming350

less readily available to supply the NIJ and IFSJ. Descending isopycnals are not unique to the Iceland351

Sea; this has been reported across all basins of the Nordic Seas (e.g., Turrell et al., 1999; Mork et al.,352

2014; Brakstad et al., 2019). This implies that the reservoir of water that supplies the densest portion of353

the over ows from the Nordic Seas is diminishing, while dynamical constraints already limit its effective354

capacity (Yang and Pratt, 2013). Since monitoring commenced in the 1990s, the transport of over ow355

waters from the Nordic Seas has been remarkably steady (Østerhus et al., 2019). This stability may not356

continue if these dense water masses are renewed at a rate slower than they are removed by the over ows.357

The NIJ and IFSJ transport dense water from the interior brought to the Iceland slope by shelf-basin358

interaction (Våge et al., 2011; Semper et al., 2019, 2020; Huang et al., 2020). This mechanism may359

become less ef cient as dense water formation declines.360

Over the four decades separating the two winters of 1974-75 and 2015-16, the role of the Iceland Sea361

in the overturning in the Nordic Seas has undergone a remarkable change. In the mid-1970s suf ciently362

dense water to supply the NIJ – ultimately the densest contribution from the Nordic Seas to the lower363

limb of the Atlantic meridional overturning circulation – was formed in the Iceland Sea. Four decades364

later, in the present climate, the central Iceland Sea is no longer an important source of dense water to365

the NIJ. However, due to ice-edge retreat toward Greenland, re-ventilation of Atlantic-origin water in the366

East Greenland Current now occurs during its transit through the western Iceland Sea in winter (Våge367

et al., 2018; Renfrew et al., 2019; Huang et al., 2021). This additional densi cation of water contributing368
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to the over ow through Denmark Strait may to some extent compensate the reduced reservoir of dense369

water in the interior basins of the Nordic Seas. To predict how the overturning in the Nordic Seas will370

continue to respond to a warming climate, it is imperative to better understand and quantify how the371

effective capacity of the dense-water reservoir in the Nordic Seas is developing, as well as the extent that372

the Atlantic-origin water in the East Greenland Current is densi ed during transit through the ice-free373

portions of the western Greenland and Iceland Seas in winter.374
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