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Key Points:7

• T-S diagrams clearly show that the freshening is caused by isopycnal mixing in8

the eastern branch and diapycnal mixing in the western branch9

• The Freshening Length paradigm shows that the Irminger Current freshens lin-10

early with downstream distance both east and west of Greenland11

• The values of the Freshening Lengths show that the rate of freshening on the east-12

ern branch is 5 times greater than on the western branch13
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Abstract14

We estimate the fraction of the Irminger Current that passes from east of Greenland to15

the Labrador Sea west of Greenland. By employing the new paradigm of Freshening Length16

we show that only about 20% of the transport east of Greenland navigates its southern17

tip to enter the Labrador Sea in the west. The other 80% disperses into the ambient ocean.18

This independent quantitative estimate provides a climatological complement to several19

recent field campaigns that studied the connection between oceans east and west of Green-20

land. The Freshening Length approach differs from prior studies, by focusing on the fresh-21

ening of surface salinity maxima. Surprisingly, these maxima vary nearly linearly with22

distance along the current’s axis and a least-squares fit explains over 90% of the vari-23

ance. Furthermore, we find that the Irminger Current to the east of Greenland is char-24

acterized by isopycnal mixing, while to the west it is characterized by diapycnal mixing.25

Plain Language Summary26

The subpolar North Atlantic Ocean plays a critical role in global climate change,27

as it determines how heat and fresh water are distributed across the globe. Boundary28

current systems around southern Greenland are an important component of this com-29

plex process. We examine how ocean temperature, salinity, and currents vary from east30

to west of Greenland. A new method enables us to determine how much water moves31

from east to and west of Greenland. We find remarkable robustness in estimates of cur-32

rents both east and west of the coast of Cape Farewell, Greenland. Ocean freshening of33

the eastern branch is caused by horizontal motions, whereas in the western branch ver-34

tical processes dominate.35

1 Introduction36

Winds and ocean currents in the subpolar North Atlantic Ocean transform warm37

and salty surface waters into colder and fresher deep waters via intense air-sea interac-38

tions (Marshall & Schott, 1999; Bryden et al., 2020). The deeper waters move southward39

as the lower limb of the meridional overturning circulation (Cunningham et al., 2007)40

that extends throughout the world’s oceans. A critical region connecting the upper and41

lower limbs of this Atlantic Meridional Overturning Circulation (AMOC) is just offshore42

of Greenland. Adjacent to Greenland we find strong boundary current systems (Pickart43

et al., 2003), vertical convection (de Jong et al., 2012), and deep overflows (Jochumsen44

et al., 2015) as dynamical ingredients in the exchange of heat and mass between polar45

and global oceans. Winds and ocean currents around Greenland thus impact regional46

and global climate at time scales that range from regular weather to glacial cycles (Rahmstorf,47

1995, 2002).48

Krauss (1986) used drifter and hydrographic observations to quantify the AMOC.49

He estimated that about 7 Sv of northward flowing warm and salty surface waters are50

transformed at northern latitudes to cold and deep waters. Initially, it was thought that51

most of these transformations take place in the Labrador Sea (Pickart et al., 2002), how-52

ever, more recent observations indicate that most of the deep water formations take place53

to the east of Greenland both to the north and south of Iceland (Pickart & Spall, 2007;54

Lozier et al., 2019; de Jong et al., 2012). Lozier et al. (2019) estimate the AMOC from55

moored ocean velocity, temperature, and salinity observations across the North Atlantic56

east and west of Greenland. They find an overturning circulation of about 14.9 +/- 0.957

Sv across the subpolar North Atlantic. Almost 90% of this volume flux originates from58

the Irminger Sea to the east of Greenland (Lozier et al., 2019). The Irminger Sea and59

upstream oceans to the north thus emerge as the most critical regions in the AMOC.60

Thus, it seems that the flow around Cape Farewell at the southern tip of Green-61

land is a critical component of the complex circulation patterns making up the AMOC.62
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This is illustrated in Figure 1, adapted from Drinkwater et al. (2020) and Little et al.63

(2019), which shows two sketches of the circulation of the subpolar North Atlantic. Note64

the delicate spatial arrangement of the warm and salty Irminger Current adjacent to a65

cold and fresh East Greenland Current that together form a southward flowing western66

boundary current (V̊age et al., 2011). The East Greenland Current advects polar wa-67

ters from the Arctic Ocean along the continental slope region to Denmark Strait (H̊avik68

et al., 2017) and beyond (Pickart et al., 2005). Furthermore, a buoyancy-driven coastal69

current forms from local coastal freshwater discharges as described by Bacon et al. (2002)70

and Sutherland and Pickart (2008). These southward currents all converge as they ap-71

proach Cape Farewell. Also noteworthy are the southward currents off East Greenland,72

which appear to continue northward off West Greenland in Figure 1b only. This west-73

ern branch of the Irminger Current becomes the West Greenland Current and contains74

an unknown fraction of Irminger Current waters (Myers et al., 2009). Most of these wa-75

ters turn cyclonically near 65 N latitude, however, a fraction extends northward into Baf-76

fin Bay as a prominent Atlantic temperature maximum that can be traced beyond 7877

N latitude (Münchow, 2016; Rignot et al., 2021).78

The large number of observational studies conducted in the Irminger and Labrador79

Seas off southern Greenland inform on the kinematics and dynamics of subpolar bound-80

ary currents, deep convection, and climate impacts, e.g., Pickart et al. (2003), Holliday81

et al. (2007), Myers et al. (2007), Myers et al. (2009), and Le Bras et al. (2020). These82

studies also describe the seasonal and interannual variability of water properties and trans-83

ports from moorings and hydrographic expeditions, but such process studies are often84

limited by their coarse spatial coverage and are not always synoptic.85

In contrast, in the present study we analyze 37 years of water properties that are86

estimated with a data assimilating global model and thus are dynamically consistent with87

velocity fields. From this data base we quantify the fraction of the Irminger Current to88

the east of Greenland that successfully negotiates the sharp turn at Cape Farewell and89

thus contributes to the West Greenland and Baffin Island Currents (Münchow et al., 2015)90

and eventually the Labrador Current. As was concluded by (Pickart et al., 2003) some91

of the deep Labrador Sea Water must originate in the Irminger Sea. West Greenland and92

Irminger Currents are the main conduits for the transport of this water. While much of93

the Irminger Sea water detaches from the boundaries as it flows into the Labrador Sea94

near Cape Farewell, we emphasize that an unknown fraction of the Irminger Current con-95

tinues to flow northward along West Greenland.96

To quantify the fraction of the Irminger Current that flows into into Labrador Sea97

and remains at its surface we appeal to the new paradigm of Evaporation Length devel-98

oped by Berman et al. (2019). In that study the authors employed the relative changes99

in the salinity (due to the net evaporation that a column of water undergoes along a tra-100

jectory) to calculate a new parameter with the dimension of length termed the Evap-101

oration Length. This method was successively applied to salinity and geochemical data102

from the Red and Mediterranean Seas, the Indian Ocean, and the Gulf Stream (Berman103

et al., 2019). Here we adapt that approach to the surface salinity and temperature data104

for the Irminger Current east and west of Greenland from a data assimilation and ocean105

reanalysis (Carton et al., 2018). The Evaporation Length estimates the (hypothetical)106

distance that the column has to travel in order to evaporate all its water. As was shown107

in Berman et al. (2019) the Evaporation Length reliably quantifies the volume transport108

of the current per unit length of the cross-stream direction. In the present study we ex-109

tend this paradigm to the case where the salinity of the water in the column decreases110

along the trajectory and in this case the new length parameter is termed the Freshen-111

ing Length. In the scenario considered here the Freshening Length estimates the (hy-112

pothetical) distance that the column has to travel in order for its water to become fresh113

(i.e. zero salinity). The subsequent quantification of the volume transport (per unit length114

of the cross-stream direction) of the current in the freshening scenario is identical to that115
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in the evaporation scenario. The paradigm is particularly suitable for use in connection116

with changes in routinely observed variables (salinity in our case) that are stored in all117

climatological data archives since it is measured in all observations and reported in all118

model calculations.119

The schema we use is based on long-term observations. It differs from previous stud-120

ies in that the analysis follows the mean flow and is not limited to brief snapshots in time121

and not constrained to a specific geographical region. Furthermore, our new metric is122

insensitive to interannual variations associated with large decadal freshening of the sub-123

polar North Atlantic as described most recently by Holliday et al. (2020). This clima-124

tological data base is appropriate for our analysis of the Evaporation Length, because125

it encapsulates long term trends in the along flow characteristics of salinity and temper-126

ature in this region.127

The next section of this report describes the data used in our analysis. This is fol-128

lowed by the results of our analysis. The final section discusses our findings in the con-129

text of prior works and poses new questions raised by this research.130

2 Data and Methods131

We use data from the ”Simple Ocean Data Assimilation” or SODA project that132

Carton et al. (2018) describes in technical detail and the National Center for Atmospheric133

Research distributes at https://rda.ucar.edu/datasets/ds650.0/. The spatial resolution134

of the gridded data assimilation product is 0.5 degrees in latitude and longitude while135

the temporal resolution is 5 days. Time series of salinity and temperature data span the136

period from January 3, 1980 to December 19, 2017, nearly 37 years. The salinity and137

temperature values presented here are averages over the entire 37-year record taken at138

a depth of about 5 m. The geographical region used here is 45◦ W and 35◦ W longitude139

between 55◦ N and 65◦ N latitude. It covers the ocean adjacent to the southern part of140

Greenland.141

Our first step in the analysis of the average values includes a search, at each lat-142

itude, for the longitudes of maximal salinity values on both sides of the 43.75◦ W lon-143

gitude. Following this identification of maximal salinity, we average salinity values over144

1 degree longitude to the east and west adjacent to the point of maximal salinity, that145

is, we form a 5-point zonal average centered on the local salinity maximum. We then form146

transects to the east and west of Cape Farewell (Nunap Isua in Greenlandic) which is147

the southern tip of Greenland near 44◦ W longitude and 60◦ N latitude. The distance148

along the transect, x, we calculate as the spherical geodesic distance along the trajec-149

tory formed by the points of maximal salinity values. Hence ∆x is the geodesic distance150

between two adjacent salinity maxima. Figure 2 shows the location of the zonal salin-151

ity maxima to the east (in blue symbols) and west (in red symbols) between Cape Farewell152

and 63.75◦ N.153

Figure 1 shows the larger geographical context of our study area near Cape Farewell.154

We adopt this cartoon of the North-Atlantic circulation from Drinkwater et al. (2020)155

which provides a synopsis of prior results from field studies conducted over the past two156

decades. It underscores the complexity of the three-dimensional subpolar circulation (Lit-157

tle et al., 2019) as red and dark blue represent warm and cold surface currents, respec-158

tively, while light blue reflect deeper flows that result from deep convection or deep over-159

flow from Denmark Strait and the Faroe Channel that both connect the subpolar At-160

lantic to the Greenland Sea north of Iceland.161
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3 Results162

Figure 2a shows the 37-year mean surface salinity distribution between the Reyk-163

janes Ridge in the east and Labrador in the west. The Reykjanes Ridge to the south of164

Iceland is part of the Mid-Atlantic Ridge system where salinities and temperatures gen-165

erally exceed 35 psu and 8 ◦C, respectively, at the surface. The climatological mean clearly166

suggests a cyclonic circulation in the Irminger Sea that distributes warm and salty ”Irminger167

Surface Water” preferentially near the 2000-m isobath which is consistent with modern168

mooring observations (deJong et al., 2020). Note that much fresher waters occupy the169

continental shelf and slope regions off Greenland delineated by the 1000-m isobath to170

the east of 55◦ W longitude (Figure 2). The ”Irminger Surface Water” wraps around Cape171

Farewell and extends northward into the Labrador Sea albeit at reduced salinities and172

temperatures that we discuss next for the zonal salinity maxima to the east and west173

of Cape Farewell.174

Different mixing regimes are indicated by Figure 3 that shows temperature-salinity175

(T-S) of surface waters over contours of water density at atmospheric pressure. The data176

from the eastern (Irminger Current) branch all fall closely on a density contour of 1027.4177

kgm−3. In contrast, the data from the western (West Greenland Current) branch fol-178

low an almost straight line that crosses density contours between 1026.6 and 1027.4 kgm−3
179

(Figure 3) for locations shown in Figure 2. A comparison between the T-S properties in180

the two branches shows that freshening occurs along the eastern branch that is density-181

compensated by cooling. In contrast, the more substantial freshening along the western182

branch is not density-compensated by cooling. Hence the waters of the western branch183

become fresher due to diapycnal mixing. While the T-S diagram clearly indicates that184

different mixing processes act in the two branches, it provides no quantitative informa-185

tion on the rate at which the salty water of the Irminger Current freshens as it entrains186

fresh along its flow. We next introduce an adaptation of the Evaporation Length paradigm187

to provide a quantitative estimate of the mixing processes in the two branches.188

Berman et al. (2019) showed that the inverse of relative salinity changes due to net189

evaporation along a transect, S0/
∆S
∆X , (where S0 is the salinity at the origin of the tra-190

jectory and ∆S
∆X is the salinity gradient along the trajectory) yields the value of the Evap-191

oration Length denoted by L. The Evaporation Length paradigm requires a moving wa-192

ter column of depth H whose salinity change is determined by the rate at which fresh193

water is removed from it while its salt content remains unchanged. The conservation of194

salt and water in the column then relates q and L to the depth H and speed U of the195

column. We here extend the original evaporation paradigm to the freshening paradigm196

where the salinity decreases along the trajectory (i.e. ∆S < 0) since fresh water is added197

to the column e.g. by the entrainment of fresh water from the surrounding sea. In both198

cases the salinity change of the water in a column that extends from the surface to a depth199

z = −H yields a length that estimates either the (hypothetical) distance that the col-200

umn has to travel for all its water to evaporate (in the evaporation paradigm) or for its201

water to loose all its salinity and become fresh water (in the freshening paradigm). In202

both cases the Length, L, relates the speed of the current (i.e. the moving column), U ,203

its depth, H, and q — the rate of either net evaporation (in the evaporation paradigm)204

or fresh water entrainment (in the freshening paradigm).205

The Freshening Length paradigm is applied here to the Irminger Current that bi-206

furcates from the salty North Atlantic Current, flows northward along the western flank207

of the Reykjanes Ridge, turns cyclonically as does the 2000-m isobath, and flows south-208

ward along the slope off South-East Greenland (DeJong et al, 2020). Since it is surrounded209

by fresher waters on both the Greenland’s shelf and the Irminger Sea sides (Figure 2),210

it is clearly identified by a local salinity maximum.211

Note that the two branches shown in figure 4 are continued from the right bottom212

corner of panel (b) to the upper left corner of panel (a). The least squared best fitting213
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lines in the two panels of Figure 4 were calculated using the Matlab curve-fitting tool.214

Figure 4 clearly shows that the Freshening Length, L, on Greenland’s east side (106 Km,215

panel b) is five times larger than that on the west side (0.2×106 Km, panel a). The cor-216

related variance R2 of salinity and distance along the transect to the east and west off217

Greenland are larger than 0.92 and 0.97, respectively. Moreover, the transect along the218

eastern branch starts at 63.75N and extends to the south-west, while the transect along219

the westward branch starts at 58.75N and extends to the north-west to the same 63.75N220

latitude.221

Berman et al. (2019) demonstrated that the value of L is related to the volume trans-222

port per unit length of the cross-stream direction F = H × U via:223

Lq = F. (1)

Clearly, the 5-fold higher L of the Irminger Current in the east branch relative to the224

west branch has direct consequences on the transport of the Current, F , and/or on the225

rate of fresh water entrainment, q, in the two branches.226

4 Discussion227

The fate of salty and warm Atlantic water of subtropical origin plays an important228

role in the AMOC. Here we diagnose the salinity gradient along its path adjacent to south-229

ern Greenland. Figure 1 shows two different sketches of the circulation with red path-230

ways that represent the near-surface circulation in both the Irminger Sea to the east and231

the Labrador Sea to the west of Greenland. In Figure 1a the Irminger Current does not232

navigate Cape Farewell, but instead blends into the ambient Labrador Sea as the atmo-233

sphere removes its heat. In contrast, Figure 1b shows that a fraction of the Irminger Cur-234

rent navigates around Cape Farewell to flow along the slope of West Greenland (Pacini235

et al., 2020). Another fraction retroflects back into the Irminger Sea to contribute to an236

anti-cyclonic gyre there. Holliday et al. (2007) estimate that about 5.1 Sv or 80% of Irminger237

Current retroflects. Our Freshening Length results suggest the same percentage of retroflec-238

tion at Cape Farewell.239

The T-S plot in figure 3 shows that the southernmost stations on the east and west240

branches of the Current have nearly identical water mass characteristics, even though241

they are over 75 km apart. This implies continuity of the two branches of the Irminger242

Current. Moreover, Figure-2 emphasizes different freshening mechanisms of the Irminger243

Current east and west of Greenland. The eastern branch exhibits typical isopycnal mix-244

ing from the northern start to the southern end, a distance of about 700 kilometers. We245

interpret this isopycnal mixing as horizontal entrainment along a density surface. This246

conclusion is consistent with those drawn by both Pickart et al. (2003) and Smith (1937).247

While the former employed modern moorings and cross-sectional hydrography, early Amer-248

ican (Smith, 1934) and Scandinavian (reference) studies provided similar descriptions249

as part of the International Ice Patrol instead of the climatological data used here.250

In contrast, the western branch of the Irminger Current is characterized by strong251

diapycnal exchange that indicates vertical mixing. This, too, is consistent with Pickart252

et al. (2003) who concluded that the source of the North Atlantic Deep Water originates253

in the Irminger Sea rather than the Labrador Sea. The distinctive difference of horizon-254

tal and vertical mixing to the east and west of Greenland, respectively, resolves the dis-255

crepancy in circulations in Figure 1. Our analysis suggests that only about 20% of the256

eastern branch of the Irminger Current continues northwestward along West Greenland.257

Our analysis of the SODA climatological salinity transects along the Irminger cur-258

rent employs the Freshening Length paradigm recently proposed in Berman et al. (2019).259

Our analysis yields a 5-fold difference in L between the two branches. What does this260

finding imply? There are two possible scenarios:261
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In a first scenario, if we assume equal fresh water entrainment rates, q, into the Irminger262

Current east and west of Greenland, then the equatorward transport of the Irminger Cur-263

rent off East Greenland is 5-times larger than that the poleward transport off West Green-264

land. Hence we conclude that only 20% of the eastern branch successfully negotiates the265

sharp turn at Cape Farewell. For a uniform q the 80% decrease in L from 1×106 km266

in the east branch to 0.2×105 km in the west branch implies that 80% of the Irminger267

Current detaches from the coast. We speculate that some of this 80% may cool, sink,268

and contribute to the NADW as Drinkwater et al. (2020) suggested with the purple cy-269

clone labeled ”LS” in Figure 1a. Alternatively, some of these 80% could retroflect and270

form the southern branch of the Irminger Gyre as depicted in 1b and labeled ”IC”. Holliday271

et al. (2007) quantifies such a retroflection from a single snapshot of velocity observa-272

tions, however, they find 80% navigate the bend of Cape Farewell from east to west while273

20% moves offshore and to the east. And finally, we speculate that a fraction the 80%274

is shed as eddies in the area (Bracco et al., 2008).275

In a second scenario, the fresh water entrainment rate, q, is 5 times larger in the276

western branch compared to the east branch. This counterbalances the difference in L277

so that the volume transports F in the two branches are similar. This scenario requires278

that the speed of the current decreases in the west branch, to allow for the higher rate279

of entrainment, while the depth of the current increases to maintain the same volume280

transport.281

The SODA3 data contains annual and seasonal variations of surface salinity and282

Freshening Lengths in addition to the 37-year mean discussed above. Repeating the above283

analyses on annual data, we find root-mean-square variations of the Freshening Length284

of about 300 km, i.e. less than 1%, (not shown). Variations include physical signals such285

as the Great Salinity Anomalies in 1981 and 1993 (Belkin, 2004) that propagate through286

the subpolar North Atlantic Ocean with surface salinities, S(x=0), that are more than287

0.4 psu below the SODA3 average both east and west of Greenland. During 1995 and288

2016 we find almost uniform salinity along the axis of the Irminger Current east of Green-289

land (not shown) which implies infinitely large Freshening Length. Our findings are con-290

sistent with those of Holliday et al. (2020) who find substantial expansion of the Irminger291

Gyre in recent years. Nevertheless, the combination of climatological data and Fresh-292

ening Length paradigm emerges as a robust metric largely insensitive to decadal events293

like the Great Salinity Anomalies in the subpolar Atlantic Ocean (Belkin, 2004; Holl-294

iday et al., 2020).295

We stress that our analysis uses 37 years of assimilated modeled hydrographic data296

and a new paradigm. This Freshening Length paradigm compliments traditional stud-297

ies that emphasize direct data from moorings and surveys of the Irminger Current to the298

east and west of Greenland. It would be interesting to examine survey data along the299

axis of the Irminger Current, as done here, to compare with the climatological analysis300

presented here. Such hydrographic data from the center of the Irminger Current may301

resolve the dynamics that lead to the two scenarios presented above. Only direct obser-302

vations can decide whether the 5-fold drop in the value of L along the east branch cor-303

responds to a drop in the transport F of the current as it negotiates Cape Farewell.304
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Figure 1. Two sketches of the North-Atlantic circulation between Iceland in the north-east

and Newfoundland in the south-west adapted from (a) Drinkwater et al. (2020) and (b) Little et

al. (2019). Red currents indicate warm and salty surface waters. Light blue currents in (a) and

blue currents in (b) indicate cooler deeper flows. The dark blue lines in (a) and turquoise lines in

(b) indicate cold and fresh Arctic surface waters such as the East Greenland and Labrador Cur-

rents to the east of Greenland and Labrador, respectively. Grey dots and arrows in (b) indicate

deep water formation areas in the Labrador and Irming Seas. Black circles focus on the Irminger

Current at the southern tip of Greenland.
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Figure 2. 37-year averages of surface salinity in psu (a) and temperature in ◦C (b) around

southern Greenland. Blue and red filled circles indicate the location of eastern and western salin-

ity maxima, respectively, along constant longitudes. Black contours are 1000 m and 2000 m

bottom depths.
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Figure 3. Surface temperature-salinity diagram (triangular symbols) over density contours

(solid and dashed thin lines) for the stations shown in Figure 2 and used in Figure 4. Red and

blue triangles are from stations along the western and eastern branches, respectively.
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Figure 4. Salinity (psu) along the trajectories highlighted in figure 2. The salinity in each

branch is averaged over the 5 grid points containing the maximum and two adjacent grid points

on either sides of the maximum. x is the spherical geodesic distance along the trajectory, i.e.

∆x is the geodesic distance between two adjacent maxima. The linear fits were calculated using

Matlab curve-fitting tool to find the least square linear fit.
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