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Key Points:6

• The freshwater transport of the East Greenland Current in the Fram Strait de-7

creased due to lower volume transport and freshwater content.8

• The salinity stratification within Polar Water increase while the Polar Water depth9

and the eastward extent of the Polar layer decrease.10

• Novel data have improved the seasonality of the freshwater transport and have de-11

creased the uncertainty.12
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Abstract13

We present year-round estimates of liquid freshwater transport (FWT) in the East Green-14

land Current (EGC) in the western Fram Strait from mooring observations since 2015.15

Novel data from additional instruments deployed in recent years are used to correct ear-16

lier estimates when instrument coverage was lower. The updated FWT time series (ref-17

erence salinity 34.9) show that the increased export between 2010 and 2015 has not con-18

tinued, and that FWT has decreased to pre-2009 levels. Salt transport independent of19

a reference salinity is shown not to be sensitive to salinity changes. Between 2015-2019,20

the FWT in the Polar Water decreased to an average of 56.9 (±4.5) mSV, 15% less than21

the 2003-2019 long-term mean, however, high FWT events occurred in 2017. The over-22

all decrease is related with a slowdown of the EGC, partly attributed to a decrease of23

the baroclinic component, due to salinification of the halocline waters (26.5 < σθ <24

27.7 kg/m3) which counterbalanced the freshening of the surface layer (σθ < 26.5 kg/m3).25

Our results show changes in the Polar Water between 2003-2019: Salinity stratification26

increases as the salinity difference between 155 and 55 m increased by 0.63 psu , the Po-27

lar Water layer became thinner by 46 m and the Polar-Atlantic front moved abruptly28

west in June 2015. All processes point to an “Atlantification” of the western Fram Strait29

and reduced Polar outflow. Including the novel data sets decreased the uncertainty of30

the FWT to an average of 8% after 2015, as opposed to 17% in earlier estimates.31

Plain Language Summary32

The East Greenland Current brings fresh and cold Polar Water southwards from33

the Central Arctic Ocean. In the Fram Strait, between Greenland and Svalbard, the strength34

and properties of this current has been observed using current meters and temperature35

and salinity sensors since 1997. We present updated data for the 2015-2019 period and36

re-analyse earlier variability and estimates. The earlier estimates of freshwater transport37

are evaluated based on an improved set of observations and found to be of good accu-38

racy. The main finding is that the freshwater transport since 2015 has decreased. This39

decrease is caused by a reduction in the southward flow speed and amount of the fresh40

Polar Water. The front between Polar and Atlantic water has moved westward, and the41

Polar Water layer has become thinner and more stratified. We also refine the seasonal42

variability of the East Greenland current based on the new data, discuss how freshwa-43

ter transport values depend on the chosen reference salinity, and possible connections44

towards Arctic freshwater storage.45

1 Introduction46

The Arctic is experiencing rapid changes related to anthropogenic climate change47

(Jahn & Laiho, 2020; Haine, 2020). Arctic warming and rising air-temperature leads to48

a more intense hydrological cycle, and rapid ice retreat, leading to increased liquid fresh-49

water input to the Arctic Ocean (Collins et al., 2013; Graham et al., 2017; Shu et al.,50

2018). Freshwater (both liquid and and sea-ice) circulate in the central Arctic Ocean with51

the surface currents and exit through the Fram Strait and the Canadian Archipelago.52

Freshwater anomalies entering the Nordic Seas and Subpolar North Atlantic may mod-53

ify dense water formation and therefore the strength of the Atlantic Meridional Over-54

turning Circulation (AMOC) (Stommel, 1961; Heuzé, 2017; Le Bras et al., 2021). So far,55

however, measurements of the AMOC reveal strong variability and the current length56

of the time series has been shown to be too short in order to identify a significant trend57

(Lobelle et al., 2020). Motivated by the observed rapid increase of the freshwater stor-58

age in the Arctic in the 2000s (McPhee et al., 2009; Proshutinsky et al., 2009; Rabe et59

al., 2014; Proshutinsky et al., 2019), and the projected freshening by the end of the cen-60

tury (Collins et al., 2013; Lique et al., 2016; Shu et al., 2018; Jahn & Laiho, 2020), we61

analyse the Arctic freshwater outflow through the Fram Strait, as it reflects changes oc-62
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curring in the central Arctic Ocean and alerts for potential future ones in the Nordic Seas63

and the Subpolar North Atlantic.64

The Fram Strait lies between North-east Greenland and the Svalbard archipelago65

(Figure 1a) and is the largest and deepest gateway between the central Arctic Ocean and66

the Nordic Seas. The deep part of the strait has a maximum depth of around 2600 m67

and steep slopes connect it to the much shallower continental shelves of Greenland and68

Svalbard. Following the continental slope in the western side of the strait, cold and fresh69

Polar Water (PW) and sea-ice are exported from the Arctic with the East Greenland70

Current (EGC) (Aagaard & Carmack, 1968a). Along the continental slope to the east,71

the West Spitsbergen Current (WSC) brings warm Atlantic water (AW) to the central72

Arctic Ocean (Mosby, 1962), while branches of AW recirculate within the Fram Strait73

and flow southward alongside the PW (Quadfasel et al., 1987). The EGC carries about74

half of the liquid freshwater export of the Arctic Ocean and nearly 90% of the sea-ice75

(see references in Haine et al. (2015)). Despite the challenging field conditions in the west-76

ern Fram Strait, a large and up-to-date dataset has emerged from the ocean moorings77

of the Fram Strait Arctic Outflow Observatory (FSAOO), providing hydrographic and78

current data from the EGC at 78°50’N since 2002 (79°N before that) allowing the study79

of the year-round Arctic freshwater outflow (De Steur et al., 2018).80

Freshwater content in the ocean is defined as the amount of zero-salinity water re-81

quired to reach an observed salinity, starting from a chosen reference value (Haine et al.,82

2015). One of the first indications of an increasing freshwater content in the Arctic Ocean83

came by Proshutinsky et al. (2009), who reported an increase of the freshwater content84

in the Beaufort Gyre between 2003-2007. Rabe et al. (2014), using both observations and85

model data reported a rapid Arctic-wide increase of the freshwater content between 200086

and 2009. This increase, identified by the literature, was accompanied by an intensifi-87

cation of the Beaufort Gyre leading to convergence of freshwater in the area (Proshutin-88

sky et al., 2009; Giles et al., 2012; Rabe et al., 2014) and possibly to a reduction of the89

Arctic freshwater outflow. In accordance with that, De Steur et al. (2009) identified a90

decrease in freshwater outflow through the Fram Strait between 2005 and 2009, while91

other studies reported no significant changes (Rabe et al., 2013; Marnela et al., 2016).92

Between 2009 and 2015 the spin-up of the Beaufort Gyre and the freshening of the Cana-93

dian Basin equilibrated (Zhang et al., 2016), but since 2016 the freshening continued (Proshutin-94

sky et al., 2019). The last record of the observed liquid freshwater outflow through Fram95

Strait showed a period of increased freshwater transport between 2010 and 2015, con-96

curring with the equilibration of the Beaufort Gyre, and accumulating to a significant97

freshwater volume anomaly (De Steur et al., 2018). After 2015, the freshwater transport98

in the Fram Strait is unknown, and it is unclear if the freshwater transport continued99

to increase, or if it had decreased, possibly in response to an intensifying Beaufort gyre.100

In this paper, we present updated freshwater transport estimates through the west-101

ern Fram Strait based on year-round ocean mooring records collected by the FSAOO be-102

tween 2015-2019. Moreover, we correct estimates from the previous years, which had fewer103

instruments, to make a consistent time series allowing for comparison. We show that the104

large increase in freshwater transport observed by De Steur et al. (2018) did not con-105

tinue after 2015, however, interannual variability has been large. We present the total106

volume transport and freshwater content through the full depth mooring array as well107

as for the Polar Water only, and describe changes in hydrography and current proper-108

ties between 2003 and 2019. To address concerns related to the dependence of freshwa-109

ter transport on a reference salinity (Schauer & Losch, 2019), we additionally provide110

salt transport values, as salt transport is independent of a reference value, and discuss111

the strengths and limitations of the two variables. Finally, we calculate the uncertainty112

of freshwater transport, and show how this has decreased over time with increasing in-113

strument coverage.114

–3–



manuscript submitted to JGR: Oceans

2 Material and Methods115

2.1 Mooring data116

Since 1997 and up to present, high-frequency year-round hydrographic data have117

been collected by the FSAOO across the East Greenland Current, between 0.3°W and118

8°W longitude (De Steur et al., 2014). Between September 2015 and August 2016, the119

year of maximum instrument coverage, the array consisted of eight moorings: F9, F10,120

F11, F12, F13, F13b, F14, and F17 positioned at: 0.75°W, 2°W, 3°W, 4°W, 5°W, 5.5°W,121

6.5°W, and 8°W longitude, respectively (Figure 1b). Moorings F11 up to F17 have been122

maintained by the Norwegian Polar Institute since 1997 (more details given below). Moor-123

ings F9 and F10 have been operated by the Alfred Wegener Institute until September124

2016. Since then, F9 has been discontinued and since 2017, the Norwegian Polar Insti-125

tute has continued F10. The composition of FSAOO has changed significantly over the126

years (Figure 2). This, since more moorings, instruments and technologies have been im-127

plemented, increasing the spatial coverage of the array. In addition, however, there have128

also been periods with significant data gaps due to lost moorings (De Steur et al., 2014;129

De Steur et al., 2018).130

A prominent improvement in the composition of FSAOO took place in September131

2003 when mooring F17 was added at 8°W resulting in a clear increase of the captured132

southward freshwater transport (FWT) (De Steur et al., 2018). As of September 2015,133

mooring F13b was added over the continental slope. Overall, the number of sampling134

points of the FSAOO has increased significantly in recent years providing better cover-135

age of the EGC (Figure 2). This study focuses on the moorings F10 through F17 between136

September 2003 and September 2019. Mooring F9 which has not been operated since137

September 2016, is excluded from this analysis.138

Since most of the FWT occurs in the upper water column, near-surface salinity and139

velocity measurements are essential. However, the acquisition of year-round salinity data140

in the top 50 m of the water column has been challenging due to the presence of icebergs141

and deep-reaching sea-ice keels that, until recently, did not allow the deployment of in-142

struments near the surface. Since 2013, Inductive Modem (IM) SBE37 Microcats (so called143

IceCATs) have been installed with a weak link (Curry et al., 2014) at 25 m target depth.144

However, until September 2019, the year-round IceCAT data are limited to four success-145

ful deployments (F13b: 2013, 2014, F17: 2015, 2017). Another significant addition to146

the instrumentation of FSAOO was the deployment of extra SBE37 sensors between 70147

and 170 m depth, at moorings F12 to F14 (F12: 2016, 2018, F13: 2013 to 2018, F13b:148

2014 to 2018, F14: 2016, 2018), that reduced interpolation errors between instruments149

at ∼ 55 m and 250 m depth. Apart from those, the array contains a combination of Seabird150

sensors (SBE 16, 37) measuring conductivity, temperature and depth, of Recording Cur-151

rent Meters (RCM 7, 8, 9, 11) with additional sensors measuring horizontal velocities,152

temperature and depth, and of Aanderaa Doppler Current Meter (DCM12), Aanderaa153

Recording Doppler Current Meter (RDCP600), or RDI Acoustic Doppler Current Pro-154

filers (ADCP) installed at ∼ 55 m providing velocity profiles between 50 m and 10 m be-155

low the surface. In general, the sampling intervals of salinity, velocity, temperature and156

pressure vary between 15 min to 2 h (De Steur et al., 2014).157

2.2 CTD data158

Since the first deployment of the mooring array, a CTD section is repeated every159

August/September during the annual maintenance of the array. In addition, five CTD160

sections from cruises crossing the Fram Strait during April/May are available (2002, 2005,161

2007, 2008, and 2018). The CTD sections provide high-resolution data (1m in the ver-162

tical, and 5 to 10 km in the horizontal) of salinity and temperature. A monthly clima-163

tology of salinity based on the CTD dataset is used complementary to the mooring dataset,164

to provide an estimate of the undersampled near-surface salinity in the absence of Ice-165
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Figure 1. a) Map of the Fram Strait. The red line indicates the mooring array of the Fram

Strait Outflow Observatory (FSAOO), and the green line the annually repeated CTD section.

The magenta and yellow arrows indicate the pathways of East Greenland Current (EGC) the

and West Spitsbergen Current (WSC) respectively. b) Setup of instruments in the FSAOO be-

tween September 2015 and August 2016. The colour shading and the black contours show the

2003-2009 mean salinity and velocity from the moorings. The mesh shows the interpolation grid

and the dots the interpolant positions. The big black dots show positions of combined velocity

(RCM) and salinity-temperature sensors (SBE), the blue dots positions of salinity-temperature

sensors, the black triangles upward-looking Doppler velocity profilers (ADCP), the green dots the

positions of velocity regression, and the small black dots the positions of salinity regression.

CATs, and to improve interpolation bias in the absence of instruments at ∼ 155 m. This166

climatology consists of the September and May data, which are interpolated cubically167

to provide a first order estimate of the seasonal cycle. For years with no May observa-168

tions the long-term mean May value is used.169

2.3 Gridding of data170

For the calculation of transport through the array, we interpolate the monthly av-171

eraged velocity and salinity data on a grid with 0.25° horizontal resolution (∼ 5.3 km).172

Moreover, to capture better the field over the steep continental slope, we use a bottom173

following grid below 155 m, and thus vertical resolution varies in space (Figure 1b) (De174

Steur et al., 2014). However, in case of data-gaps due to the lack or loss of instrumen-175

tation, and to limit interpolation bias and avoid extrapolation, estimations of monthly176

averaged salinity and velocity need to be added at essential positions in the cross-section.177

For velocity, this is done with linear regression from nearby instruments, with coefficients178

from other years’ deployments, while salinity gaps are filled with linear regression from179

nearby instruments, with coefficients from the CTD climatology. Remaining gaps are filled180
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Figure 2. Sampling point number of the FSAOO for salinity and velocity per year-

deployment (right axis). The horizontal black lines indicate the deployment period for each

mooring (left axis).

with the long term mean for both variables (see text S1 of supporting information). Then,181

the monthly averaged velocity is linearly interpolated on the grid and mooring salinity182

is cubically interpolated in the vertical and linearly interpolated in the horizontal. Fi-183

nally, the gridded salinity data are combined with temperature data (that followed the184

same process) to obtain density, and salinity is checked against and corrected for any den-185

sity instabilities.186

2.4 Methods187

As of September 2013, the novel instruments provide year-round observations of188

salinity at 25 m (IceCATs) and 155 m (SBE37), improving our understanding of near-189

surface salinity seasonality, and stratification. Since September 2014, the newly deployed190

mooring F13b provide data at 5.5oW , near the western edge of the core of the EGC. How-191

ever, it is unclear how the previous transport estimates, when those instruments where192

not deployed, compare to those from recent years. To account for that, we exclude those193

three datasets, and in their absence calculate the offset of salinity and/or velocity. Then,194

we correct the previous estimates for the calculated offsets, and recalculate the FWT (Sec-195

tion 3.1).196
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We address the spatial and temporal variability of the EGC by comparing the mean197

gridded salinity and velocity fields for three averaging periods: period 1 between Sept.198

2003 and Aug. 2009 showing relatively stable FWT from the EGC (De Steur et al., 2009);199

period 2 between Sept. 2009 and Aug. 2015 showing occurrences of increased FWT (De Steur200

et al., 2018) and period 3, after Aug. 2015, for which we present the updates of FWT.201

We examine the changes in salinity stratification with the salinity difference between 55202

m and 155 m, as well as the changes in the extent of the Polar layer across the EGC (Sec-203

tion 3.2).204

The freshwater and salt transports are determined as:205

FWT(t) =

∫ L1

L0

∫ Z1

Z0

V(t,x,z)

Sr − S(t,x,z)

Sr
dzdx, (1)

206

ST(t) =

∫ L1

L0

∫ Z1

Z0

V(t,x,z)S(t,x,z)ρ(t,x,z)dzdx, (2)

with V(t,x,z) and S(t,x,z) the velocity and salinity, and ρ(t,x,z) the density calculated from207

salinity and temperature. We set the reference salinity Sr to 34.9, the mean salinity of208

the Nordic Seas (Holfort & Meincke, 2005), but FWT is provided between brackets as209

well for Sr = 34.8, the mean salinity of the central Arctic Ocean (Aagaard & Carmack,210

1989). In the horizontal, we integrate between F10 (Lo = 2oW ) and F17 (L1 = 8oW )211

while in the vertical we distinguish two cases: 1) Integration across the full vertical sec-212

tion (Z0 = 0, Z1 = Zbottom), and 2) integration across the Polar Water (PW), here213

defined as the waters with negative temperature (T < 0oC) and potential density anomaly214

(σθ) less than 27.7 kg/m3 (Rudels et al., 2005) (Zo = 0, Z1 = Z|PWdepth) (Section215

3.3).216

The uncertainty in the calculation of FWT originates from the limited spatial cov-217

erage of the mooring array. More specifically, there are two types of uncertainty: The218

uncertainty of the interpolants and the uncertainty of gridding. The first refers to the219

uncertainty of the estimated values of velocity and salinity before gridding. This includes220

the sampling uncertainty of the instruments, the regression uncertainty from nearby in-221

struments and the uncertainty of gap-filling with the long-term mean (see text S1 of sup-222

porting information). The second refers to the uncertainty of interpolating between a223

limited number of interpolants (Figure 1b), thus lacking details of the spatial variabil-224

ity. To estimate the uncertainty of gridding we use the mean section of the September225

CTD-dataset as the baseline, we sub-sample the salinity and geostrophic velocity sec-226

tions at the interpolant positions, re-grid, and calculate the approximated FWT. Then,227

we use the absolute difference from the FWT of the baseline as the uncertainty. To in-228

clude the uncertainty of the interpolants we allow random deviations from the baseline229

values, with the maximum deviation depending on the interpolant category and of its230

position in the section (see text S1 of supporting information), then calculate five hun-231

dred ensembles of the approximated FWT, and define the root-mean-square difference232

from the baseline value as the uncertainty (Section 3.4).233

3 Results234

3.1 Novel Data235

The CTD climatology provides a first estimate of the seasonal cycle of salinity. Re-236

sulting from cubic interpolation between monthly averages from early September and237

May, it disregards any variability on shorter time scales. The salinity difference between238

25 and 55 m observed by the year-round IceCAT deployments (∆Sobs) shows some clear239

differences from the one estimated by the CTD climatology (∆Sctd), as it experiences240

abrupt changes within short periods (Figure 3). More specifically, in late September to241

early October, i.e. after the annually repeated CTD section, ∆Sobs increases as much242

–7–



manuscript submitted to JGR: Oceans

Sep Oct
Nov Dec Ja

n
Feb M

ar Apr
M

ay Ju
n Ju

l
Aug Sep

0

1

2

3

4

30

31

32

33

34

S
al

in
ity

F13b (2015-16)
b

Sep Oct
Nov Dec Ja

n
Feb M

ar Apr
M

ay Ju
n Ju

l
Aug Sep

0

1

2

3

4

30

31

32

33

34

S
al

in
ity

F13b (2017-18)
d

Sep Oct
Nov Dec Ja

n
Feb M

ar Apr
M

ay Ju
n Ju

l
Aug Sep

0

1

2

3

4

S
(5

5-
25

m
)

30

31

32

33

34

F17 (2013-14)
a Sal: 25m (obs.)

Sal: 25m (reg.)
Sal: 55m (obs.)

S
obs

S
ctd

Sep Oct
Nov Dec Ja

n
Feb M

ar Apr
M

ay Ju
n Ju

l
Aug Sep

0

1

2

3

4

S
(5

5-
25

m
)

30

31

32

33

34

F17 (2014-15)
c

Figure 3. Observed and regressed daily means of salinity at 25 m from the four IceCAT

deployments, and salinity at 55 m from the same mooring and year (right axis). Together, the

observed salinity difference between 25 and 55 m (∆Sobs ) and the one calculated from the CTD

climatology (∆SCTD ) (left axis).

as 1.3 psu/day reaching the maximum stratification in October, which is not resolved243

by ∆Sctd. In the core of the EGC at mooring F13b (Figure 3b, d), ∆Sobs experiences244

a sharp decrease in November - December due to a loss of summer stratification, mix-245

ing, and brine rejection, and remains well mixed up to late February - early March. On246

the shelf at mooring F17 (Figure 3a, c), ∆Sobs indicates well-mixed conditions in Novem-247

ber and February in both deployments, while December and January differ between the248

two deployment years.249

The differences between ∆Sobs and ∆Sctd result in an offset between the observed250

(IceCATs) and regressed salinity at 25 m (Figure 3), and thus between the respective251

freshwater transports (FWT). Similarly, we calculate the offset related with the newly252

introduced mooring F13b at 5.5oW (Sept. 2014), and with the SBE37 sensors deployed253

at ∼ 155 m (After Sept. 2013). Then, in the absence of these novel data, we correct the254

time series for those offsets. The correction of the time series is described in more de-255

tail in text S2 of the supporting information.256

Seasonally averaged between Sept. 2003 - Sept. 2013, when no novel data where257

available, the correction results in a small decrease of the mean FWT by 0.8 mSV (Fig-258

ure 4a), as the different offsets (varying from -6 mSV to +9 mSV) compensate each other259

(Figure 4b). More specifically, the SBE37 sensors introduced at 155 m result in a mean260

increase of 0.5 mSV by better resolving salinity in the lower halocline, and the mooring261

F13b at 5.5oW to a mean decrease of -1.5 mSV by limiting interpolation errors at the262

western boundary of the EGC in summer and autumn (Figure 4b). Finally, the mean263

–8–



manuscript submitted to JGR: Oceans

Figure 4. a) Southward FWT, seasonally averaged between 2003 and 2013, before and after

the correction based on the novel data. The envelope shows the seasonally averaged uncertainty

of FWT for the same period. b) Contributions of the three different novel datasets (IceCATs at

25 m, SBE37 at 155 m, mooring F13b at 5.5oW ) to the total offset.

offset from the IceCATs deployed at 25 m, and the corrections based on these data (see264

text S2 of supporting information) is small, however, with significant seasonal variation.265

The September and October FWT increases (9 mSV), reflecting the high stratification266

and low salinity observed at F13b (Figure 3b,d), but decreases between November and267

February (4 mSV), reflecting the well-mixed and more saline conditions in winter. Over-268

all, the corrected time series remain within the uncertainty limits (Section 3.4) of the269

earlier estimates, implying that the time series of FWT in the EGC are not impacted270

significantly by the changing composition of the FSAOO array.271

3.2 Hydrography and current velocity272

Here, to allow comparison with earlier years, we present the corrected salinity and273

velocity data and analyse them for the three periods defined in Section 2 (period 1: Sept.274

2003 - Aug. 2009, period 2: Sept. 2009 - Aug. 2015, period 3: Sept. 2015 - Aug. 2019).275

A test case where the novel instruments were excluded was tested and showed similar276

results. The mooring domain extends across the continental slope of Greenland between277

8oW and 2oW , covering the deep western Fram Strait and a part of the shelf (8oW−278
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6oW ). Close to the surface, two water masses are present. To the west, the southward279

moving buoyant Polar Waters (PW) with T < 0oC and potential density anomaly (σθ)280

smaller than 27.7 kg/m3, and to the east and beneath the PW, the denser recirculat-281

ing Atlantic Water (AW) (Figure 5a). The properties and position of the two water masses282

result in a tilt of the isopycnals and in a southward baroclinic velocity component that283

adds to the barotropic flow. Those two watermasses form the EGC with its core between284

5oW and 2oW (Figure 5d).285

Figure 5b and c show the salinity anomaly (∆S) in periods 2 and 3 relative to pe-286

riod 1. In period 2 the fresh near-surface water (σθ <= 26.5 kg/m3) became fresher287

(Figure 5b), while the layer below experienced only small changes. In period 3, the top288

layer remains fresher than in period 1 (Figure 5c), but the denser PW of the lower halo-289

cline experiences a significant increase in salinity. The freshening in the upper ocean is290

maximum in November-December, followed by September-October and is minimum in291

May-July where it is limited to the shelf. Salinification below the 26.5 kg/m3 isopycnal292

occurs does not show a seasonal pattern (results not shown). This salinification is ac-293

companied by an increase in temperature of the deeper PW shown by the upward and294

westward shift of the T = 0oC isothermal, which here defines the limit between PW295

and AW (Figure 5c). This shrinking of the PW domain is associated with increased pres-296

ence of AW on the section. The data do not support an intensified recirculation of AW297

at this latitude, as the zonal component of the velocity shows a weaker westward flow298

during period 3 (Figure 6b), however, increased recirculation of AW could have occurred299

upstream of our array.300

Figure 5d to f show the meridional velocity averaged over the three periods, and301

the anomaly of the two latter periods relative to period 1 is shown with contours (Fig-302

ure 5e, f). In period 2, an additional shallow current core is observed over the shelf. This303

shelf current transports fresh PW southwards, contributing to the increased FWT ob-304

served over that period (De Steur et al., 2018). In period 3, the shelf current weakens,305

and only a narrow belt over the slope (centered at 5°W) on the western limit of the EGC306

maintains higher velocity compared to period 1, while the deeper core of the EGC east307

of 4°W weakens significantly. Overall, in period 3 the EGC appears weaker than period308

1 and 2, but wider than period 1.309

Southward velocity averaged over the top 155 m increased from 0.07 in period 1310

to 0.08 m/s in period 2, while in period 3 it decreased to 0.06 m/s, though showing in-311

creased seasonality (Figure 6a). Similarly, salinity increases in period 3, as the salinifi-312

cation of the lower halocline exceeds the freshening of the top layer (Figure 6c). This salin-313

ification in the halocline results in shallower isopycnal depth (e.i. σθ = 27.7 kg/m3).314

This is less prominent at the eastern part of the domain (4oW to 2oW) (Figure 6d), re-315

sulting in a relaxation of the isopycnal tilt. This suggests that the observed weakening316

of the EGC is related partly to a decrease of its baroclinic component. From the Septem-317

ber CTD data we calculate the baroclinic component of the flow (Figure 6a), exclude318

September 2014 which deviated more than three standard deviation from the mean, and319

find it to amount to 47% of the observed (mooring) velocity in September months, while320

65% of the observed velocity decrease between periods 2 and 3 is explained by the re-321

duction of the baroclinic component (seen in the CTD sections).322

The changes in the spatial distribution of salinity in the western Fram Strait show323

increasing stratification in the PW, and a decreased depth and eastward extent of the324

PW domain related to increased presence of AW. Firstly, we present the changing salin-325

ity stratification of the PW with the mean salinity difference between 55 and 155 m (∆S55−155),326

averaged over the shelf from 8oW to 6oW (Figure 6e). Between period 1 and 2, ∆S55−155327

increased from 1.2 to 1.4 psu, following the freshening at 55 m depth, and in period 3328

it continued increasing reaching 1.6 psu, this time due to the salinification at 155 m. We329

note the difference of the shelf with the eastern part of the domain, where salinity strat-330

ification does not change significantly (Figure 6f), as salinity is increasing both at 55 and331
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Table 1. The long-term mean values (Sept. 2003 - Aug. 2019) and the means over the three

averaging periods for the southward freshwater, salt and volume transport, and the freshwater

content, integrated in the full section and the PW. The freshwater transport and content are

calculated with respect to the reference salinity Sr = 34.9 [34.8]. The long-term means are given

as well for the domain with S < Sref , as used in De Steur et al. (2018).

Southward Southward Southward
Domain Period Freshwater transp. Salt transp. Volume transp. Freshwater cont.

[mSV] [kT/s] [SV] [km2]

2003-2019 65.6 [43.8] 267.1 7.6 0.81 [0.34]
1) 2003-2009 59.1 [35.8] 286.1 8.16 0.80 [0.32]

Total 2) 2009-2015 77.8 [57.1] 253.5 7.26 0.87 [0.39]
3) 2015-2019 56.9 [35.9] 258.5 7.38 0.76 [0.28]

2003-2019 66.1 [62] 49.6 1.47 0.83 [0.78]
1) 2003-2009 61.7 [57.7] 49.1 1.45 0.85 [0.79]

Polar 2) 2009-2015 76.9 [72.3] 56.2 1.67 0.87 [0.8]
3) 2015-2019 56.3 [52.9] 40.4 1.2 0.76 [0.7]

S < Sref 2003-2019 70.17 [63.6] 124.4 [66] 3.6 [1.9] 0.92 [0.81]

155 m due to higher presence of AW over the whole depth. Finally, we quantify the re-332

treat of the PW layer with the PW depth (Figure 6g), defined as the lower limit of the333

Polar layer averaged between 8oW and 6oW, and the PW distance (Figure 6h), indicat-334

ing the distance of the PW-AW front (i.e. the 0oC isotherm) at the surface from 6oW.335

Both these variables experience a significant decrease in period 3: PW depth decreases336

from 182 m in period 2 to 157 m in period 3, while PW distance retreats from 71 km337

in period 2 to 61 km in period 3.338

3.3 Transport of freshwater and salt339

Here, we present the monthly mean time series of transport (Figure 7) for the two340

areas of integration, i.e. 1. the full vertical section and 2. PW only, both corrected for341

the introduction of novel instruments. The southward transport from the EGC is defined342

as positive. Along with the freshwater transport (FWT) (Figure 7a and b) and salt trans-343

port (ST) (Figure 7c and d, red line), we show the volume transport (VT) (Figure 7c344

and d, grey line) and freshwater content (FWC) (Figure 7e and f). FWT and FWC are345

calculated with respect to reference salinity Sref = 34.9 and their values are provided346

with respect to Sref = 34.8 as well between brackets.347

A Reynolds decomposition of the FWT through the full section (Figure 7a) shows348

that the velocity anomaly contributes on average 63% [59%], and the FWC anomaly 33%349

[37%] to the FWT anomaly, while 4% [4%] is the contribution of the cross term anomaly.350

The ST time series coincides with that of the VT (Figure 7c, d), as the velocity anomaly351

contributes 99.94% to the ST anomaly. For the case of the EGC, and in a fixed bound-352

ary domain, the ST variability is defined by velocity only, as the velocity anomaly dom-353

inates over the salinity (and density) anomaly. However, in a domain with a (non-fixed)354

variable boundary, as is the PW layer (σθ < 27.7 kg/m3 & T < 0oC), part of the vari-355

ability of VT and ST is explained by the variability of the boundary. Then, the VT and356

ST in the Polar layer (Figure 7d) is a function of velocity and of the area occupied by357

the PW. Those two contribute 84% [ 85%] and 16% [15%], respectively. The time series358

of FWT and ST anomaly, and the contribution from the different anomaly terms are shown359

in Figure S4 of Supplementary Information.360

–11–



manuscript submitted to JGR: Oceans

Due to their definition, FWC and FWT are larger when integrated up to S = Sref361

(table 1), as any salinity higher than the reference results in negative contribution to FWC362

and FWT. In the western Fram Strait, the FWT and FWC are controlled by processes363

within the Polar layer which accounts for 95% of the FWT and FWC occurring above364

the isohaline of S = Sref (table 1). More specifically, the increase of the FWT of the365

EGC in period 2 (Figure 7a, b), identified by De Steur et al. (2018), followed an increase366

of the VT and FWC in the PW (Figure 7d, f) due to increased-southward velocity (Fig-367

ure 6a), and freshening of the top layer (Figure 5b), respectively. In period 3, FWT de-368

creased as a result of lower VT and FWC in the PW, which followed the decreased south-369

ward velocity of the EGC and the salinification at the lower halocline (Figure 5c, f).370

Focusing on the PW domain, a decrease of FWC and VT in June 2016 led to the371

second lowest FWT (18.37 [16.9] mSV) observed at the time since September 2004 (6.68372

[6.14] mSV). Despite a general reduction in FWT in period 3, in 2017 between January373

- April and November - December, two strong FWT events (114 [108] mSV, 122 [117]374

mSV) occurred due to the concurring high FWC and VT. In June 2019, a very low FWT375

(14.41 mSV) was observed following mostly a large decrease of the VT. The apparent376

increased seasonal variability of velocity in period 3 (Figure 6a) contributes to an increase377

of the FWT variability, as two of the three lower FWT events of the whole record (June378

2016, June 2019) have been observed in period 3, as well as two of the five higher (Jan-379

uary - April, November - December 2017). Overall, since 2015, following the changes in380

the hydrography and current velocity in the western Fram Strait, the FWT of the EGC381

shows a marked change from before, not only in terms of a decrease in the average FWT,382

but in terms of increased variability as well.383

3.4 Uncertainty analysis384

Before September 2014, the significant data gaps (i.e. lost moorings and instrument385

failures) especially for the near surface velocity, resulted in high uncertainty that could386

reach up to 30% (Figure 8a, b). In Figure 8b we show the relative uncertainty time se-387

ries, while the horizontal lines show the mooring deployments with at least one veloc-388

ity sampling point above 100m. In the absence of velocity instruments in the upper 100m389

of the moorings F13 and F14, the uncertainty is higher than 20% for a large period of390

the year. After September 2014, when the new mooring F13b is included and more in-391

struments are in place (i.e. new ADCPs at the surface and more instruments in the halo-392

cline), the uncertainty drops to below 10% and remains low in the absence of major in-393

strumentation loss, for example the loss of F17 between Sept. 2018 - Sept. 2019.394

The total uncertainty is largely defined by the uncertainty of gridding. For an es-395

timate of this uncertainty, a single baseline dataset (mean of September CTD data) is396

used for all months (see Section 2.4), thus the seasonality of the gridding uncertainty is397

not addressed. The seasonality in the total uncertainty originates from the uncertainty398

at the interpolants (see text S1 of supporting information). Interpolants with data gaps399

are filled with the long term mean, or regressed with coefficients from other year deploy-400

ments (see Section 2.3). Those methods are more precarious for August-September as401

in those months salinity and velocity are more variable from year to year, resulting to402

larger uncertainty (Figure 8c). Overall, the uncertainty of FWT is largely dependent on403

the availability of velocity instruments near the surface. This as upper ocean velocity404

is much more variable than salinity in time and space, resulting to high uncertainty when405

velocity data gaps are regressed or interpolated. We mention that the estimated inter-406

polation uncertainty is dependent on the selection of the baseline dataset. In this anal-407

ysis the mean September CTD dataset was used as a baseline, however, a sensitivity anal-408

ysis with alternative baseline datasets, e.g. high-resolution model output, could give ad-409

ditional information.410
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4 Discussion411

Since period 1, the salinity stratification within the Polar Water in the western Fram412

Strait has increased (Figure 6e). This is caused by freshening near the surface where σθ <413

26.5 kg/m3, and salinification in the layer 26.5 > σθ > 27.7 kg/m3 (Figure 5b, c). In414

addition, the Polar layer has thinned substantially in particular over the shelf since ap-415

proximately mid-2014 (Figure 6g). This freshening and increasing stratification in the416

western Fram Strait is coherent with a shrinking ice-cover in the central Arctic Ocean417

which results in additional freshwater input at the surface through increased melt of sea418

ice during summer (Onarheim et al., 2018). The increasing salinity in the halocline could419

be due to enhanced winter-ice formation and brine rejection on the Arctic shelves. How-420

ever, since it is associated with a shoaling of the 0°C isotherm at the same time, this in-421

dicates that the observed weakening of the cold halocline and shoaling of the Atlantic422

Water in the Eurasian Arctic (Polyakov et al., 2020) is emerging in the Fram Strait. Our423

observations demonstrate a so-called “Atlantification” in the western Fram Strait as de-424

scribed for the Barents Sea and Eurasian Basin (Polyakov et al., 2017; Lind et al., 2018;425

Polyakov et al., 2020). Additionally, the PW has retreated towards the shelf break no-426

tably in June 2015 (Figure 6h). We find that in recent years, signatures from upstream427

processes as well as locally driven changes have emerged in the Arctic outflow in the west-428

ern Fram Strait. The cause of the distinct westward move of the PW-AW front in 2015,429

however, is subject of ongoing research.430

The cumulated southward FWT anomaly with respect to its long-term mean (2003-431

2019) is shown in Figure 9 together with the FWC in the Beaufort Gyre (BG) obtained432

from Proshutinsky et al. (2019), both for a reference salinity of 34.8. This comparison433

shows that FW volume anomaly through Fram Strait, more or less, anticorrelates with434

the FWC in the BG. Between 2003-2009 (period 1), the FWC of the BG increased while435

the FWT in the Fram Strait was less than the mean. This coincided with an intensifi-436

cation of the BG (McPhee et al., 2009; Proshutinsky et al., 2009) and a diversion of river-437

ine water from the Siberian shelves to the BG (Morison et al., 2012), that decreased the438

transport toward Fram Strait. Between 2009-2015 (period 2), the FWC increase stabilised439

during a temporary relaxation of the BG, and an eastward expansion of dynamic ocean440

topography (De Steur et al., 2013) allowed some freshwater from the BG to move toward441

Fram Strait leading to increased FWT. After 2015 (period 3), the FWC of the BG in-442

creased again and the FWT in the Fram Strait generally decreased. We do note, how-443

ever, a significant FWT event was seen in the Fram Strait in winter 2017, which hap-444

pened in concert with a temporary collapse of the BG and a reversal of surface circu-445

lation in the western Arctic in that year (Moore et al., 2018).446

The availability of freshwater that converges in the BG during periods of intensi-447

fication, and reduces the FWC in the Fram Strait suggests a clear link between the FWC448

of the BG and the FWT in the Fram Strait. However, the changes in the FWT of the449

Fram Strait between the three periods relate mostly to changing volume transport of the450

PW, and less to changing FWC (Figure 7b, d, and f). Further work is needed on iden-451

tifying the possible links and driving mechanisms between the FWC of the BG and the452

FWT in the Fram Strait. This may include possible teleconnections between the sea-level453

pressure over the BG driving the storage of freshwater, and the wind forcing over the454

Fram Strait largely controlling the outflow (De Steur et al., 2018), sensitivity experiments455

with circulation models, as well as analysis of the Arctic dynamic topography over the456

Fram Strait.457

After 2015, the southward velocity of the EGC decreased, partly as a result of a458

reduced baroclinic component. The decrease was most prominent in the core of the EGC459

(2°W - 4°W), in addition the southward current core seen over the shelf between 2009-460

2015 is not clearly observed after 2015. However, a portion of FWT on the shelf trans-461

ported with this core may instead have occurred further west on the shelf, and may not462

have been captured by the moorings. This unknown shelf transport provides, at present,463
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the largest uncertainty in our total FWT estimate at this latitude and enhanced mon-464

itoring of the shelf current system is required.465

Finally, we presented the ST of the EGC which is independent of any reference value,466

addressing the ambiguity of FWC and FWT that depend on a reference salinity (Schauer467

& Losch, 2019). We found that in the EGC, the ST anomaly is not sensitive to salin-468

ity changes, as it is fully determined by the anomaly of velocity. This makes salt trans-469

port not suitable to identify salinity variations in the outflow. The independence of ST470

anomaly on salinity relates to the small value of a typical anomaly-to-mean ratio for salin-471

ity compared to velocity. Even though the FWT has limitations, it is still an efficient472

way to quantify and visualise changes in the combined salinity and velocity field and its473

effects on basin-scale hydrography. This, as the reference salinity in the nominator of the474

freshwater fraction (Equation 1) decreases the mean value of salinity without decreas-475

ing its anomaly from the mean, resulting in a comparable anomaly-to-mean ratio for ve-476

locity and freshwater fraction. However, we acknowledge that the use of different refer-477

ence salinities when quantifying FWT and FWC in the literature leads to confusion. We478

suggest that if ST is preferred, it should be looked at in specific salinity domains, then479

ST anomaly depends on velocity directly, and on salinity through the limits of integra-480

tion (Equation 2), without using a reference salinity.481

5 Conclusions482

Between 2015 and 2019, the freshwater transport (FWT) from the East Greenland483

Current (EGC) decreased due to reduced volume transport (VT) and freshwater con-484

tent (FWC) in the Polar Water (PW: σθ < 27.7 kg/m3 & T < 0oC), which consti-485

tutes 95% of the FWT above the reference level of 34.9. From Sept. 2015 to Aug. 2019,486

the FWT of the PW reached an average of 56.3 (±4.5) mSV, 15% less than the long term487

mean. The salt transport (ST) anomaly coincides with the VT anomaly, meaning that488

ST is not sensitive to salinity changes. The average salt transport integrated over the489

full section between 2015-2019, was 258.5 kT/s of which the 40.4 kT/s occurred within490

the PW layer. Since 2015, both the VT and FWC in the PW experienced a significant491

decrease. The decreased FWC is related with a strong salinification of the lower halo-492

cline (26.5 < σθ < 27.7 kg/m3) which counterbalances the freshening of the top layer493

(σθ < 26.5 kg/m3). Between 2003-2019, the results show significant increase in the salin-494

ity stratification of the PW, as the salinity difference between 155 and 55 m increased495

by 0.63 psu, approximately 46 m thinning of the PW layer over the shelf, as well as a496

decreasing eastward extent of the PW from the shelf break. The salinification in the lower497

halocline is stronger over the shelf leading to a smaller tilt of the isopycnals and a weaker498

southward baroclinic component of the geostrophic velocity, which explained 65% of the499

mean-velocity reduction after 2015.500

The long-term mean FWT of the EGC, observed with the mooring array, appears501

not very sensitive in changes of the array’s composition. This means that estimates from502

previous years with less moored instruments are comparable with recent ones when cov-503

erage was higher. However, the newly deployed instruments demonstrated a seasonal bias504

in the earlier estimates. Salinity sensors (IceCATs) deployed at 25 m depth demonstrate505

that the FWT is in fact higher during September and October, and lower between November-506

February compared to the earlier applied estimates. Velocity sensors from the additional507

mooring F13B at 5.5oW show that FWT is smaller in summer, however, the differences508

are not significant within the uncertainty of the earlier estimations. Nevertheless, the509

improved instrument coverage of the mooring array results in lower uncertainty in the510

calculation of FWT. The mean uncertainty after 2015 is 8%, significantly smaller than511

the mean uncertainty of previous years (17%).512
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Figure 5. a) Mean salinity section over period 1, b-c) salinity anomaly of periods 2 and 3

relative to period 1. The solid contours indicate the mean position of the isopycnals σθ = 26.5

kg/m3, and σθ = 27.7 kg/m3, the isotherm T = 0oC and the isohaline S = 34.9 psu in each

period. The dashed contours in b and c indicate the mean position of the isolines over period

1. d-f) Mean velocity section over the three periods. For period 2 and 3 the contours show the

anomaly relative to period 1.

–19–



manuscript submitted to JGR: Oceans

Figure 6. a-b) Mean meridional velocity between 8o - 2oW , and zonal velocity between 4o -

2oW averaged in the top 155 m. The baroclinic meridional component calculated from the Sept.

CTD data is presented with the blue stars (the red star shows the anomalous month of Sept.

2014 which is excluded from the calculations). c-d) Mean salinity between 8o - 2oW , and between

4o - 2oW averaged in the top 155 m. The average depth of the σθ=27.7 kg/m3 isopycnal is pre-

sented for the three periods with the magenta lines. e-f) Salinity difference between 55 and 155

m depth, averaged between 8o - 6oW and 6o - 2oW . The mean values of salinity at 55 and 155 m

are shown with the red (155 m) and pale red (55 m) dashed lines. g) Polar Water depth defined

as the lower limit of the Polar layer averaged between 8o - 6oW, and h) Polar Water distance

defined as the surface distance of the PW-AW front (0°C isotherm) from 6oW.
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Figure 7. Time series of southward freshwater (a, b), salt and volume transport (c, d), and

freshwater content (e, f) integrated in the full vertical section (left), and the Polar layer (σ < 27.7

kg/m3, T < 0oC) (right) . (Sref = 34.9). The thin-black and thick-coloured time series indicate

the monthly values and three-month running means, respectively. The horizontal lines indicate

the long-term means (dashed: Sept. 2003 - Aug. 2019) and the means over the three averaging

periods (solid: period 1: Sept. 2003 - Aug. 2009, period 2: Sept. 2009 - Aug. 2015, period 3:

Sept. 2015 - Aug. 2019).
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Figure 8. a) Time-series of freshwater transport with the respective uncertainty envelope.

b) Relative uncertainty of the freshwater transport (left axis). The uncertainty of gridding is

provided together with the total uncertainty which includes the uncertainty of the interpolants as

well. The horizontal lines indicate the mooring deployments with at least one velocity sampling

point above 100m depth (right axis). c) seasonally averaged uncertainty (2003-2019).
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Figure 9. Cumulative southward FWT anomaly relative to 34.8 in the Fram Strait, with

respect to the long term mean of 65.6 mSV between 2003-2019. Increasing (decreasing) values

denote more (less) southward freshwater transport than 65.6 mSV. The blue and pale blue lines

shows the time-series before and after September 2015. The red and pale red bars show the FWC

in the Beaufort Gyre relative to 34.8 from moorings and ITP data presented in Proshutinsky et

al. (2019).
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