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ABSTRACT

Hydrographic data collected in the Irminger Sea in the 1990s-2000s indicate that dense shelf waters carried
by the East Greenland Current south of the Denmark Strait intermittently descend (cascade) down the
continental slope and merge with the deep waters originating from the Nordic Seas overflows. Repeat
measurements on the East Greenland shelf at ~200 km south of the Denmark Strait (65°-66°N) reveal that
East Greenland shelf waters in the Irminger Sea are occasionally as dense (o > 27.80) as the overflow-derived
deep waters carried by the Deep Western Boundary Current (DWBC). Clear hydrographic traces of upstream
cascading of dense shelf waters are found over the continental slope at 64.3°N, where the densest plumes (¢ >
27.80) originating from the shelf are identified as distinct low-salinity anomalies in the DWBC. Downstream
observations suggest that dense fresh waters descending from the shelf in the northern Irminger Sea can be
distinguished in the DWBC up to the latitude of Cape Farewell (~60°N) and that these waters make a significant

contribution to the DWBC transport.

1. Introduction

Cooling of the upper-ocean waters in the subpolar
North Atlantic and the Arctic Mediterranean produces
dense waters that flow equatorward in the lower limb of
the meridional overturning circulation. One of the cru-
cial sites for the overturning circulation is the Irminger
Sea (Fig. 1), where the Atlantic and Arctic water masses
join in an intense southwestward flowing Western
Boundary Current (WBC) extending from the sea surface
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to the bottom along the shelf and continental slope of
Greenland (Fig. 1). The upper part of the WBC (o <
27.80), which is often referred to as the East Greenland/
Irminger Current (e.g., Lherminier et al. 2007, 2010;
Sarafanov et al. 2012), carries (i) cold and fresh upper-
ocean waters advected from the Greenland Sea through
the Denmark Strait by the East Greenland Current
(EGCO) (e.g., Sutherland and Pickart 2008), (ii) warm and
saline North Atlantic waters recirculating cyclonically
from the eastern Irminger Sea and Iceland Basin (e.g.,
Lherminier et al. 2010; Sarafanov et al. 2012), and (iii)
Labrador Sea Water (LSW)—a relatively fresh interme-
diate water mass formed by deep convection in the
Labrador Sea (e.g., Lazier et al. 2002) and, occasionally,
in the Irminger Sea (Nansen 1912; Pickart et al. 2003;
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Falina et al. 2007; Vage et al. 2011a). The lower part of
the WBC (o > 27.80), commonly referred to as the
Deep WBC (DWBC), carries the deep water masses
formed by mixing of cold and dense Nordic Sea overflow
waters with warmer and lighter Atlantic waters (e.g.,
Dickson and Brown 1994).

The origin and hydrographic variability of the in-
termediate and deep waters carried by the WBC in the
Irminger Sea were recently the subject of increased at-
tention (e.g., Rudels et al. 1999, 2002; Dickson et al. 2002;
Pickart et al. 2003, 2005; Holfort and Albrecht 2007; Falina
et al. 2007; Yashayaev et al. 2007; Yashayaev and Dickson
2008; Sarafanov 2009; Sarafanov et al. 2010, 2012; Vage
et al. 2011a,b; Brearley et al. 2012). In particular, it was
shown that in the northern Irminger Sea, south of the
Denmark Strait, cold and fresh upper-ocean waters
transported by the EGC over the shelf occasionally de-
scend (cascade) down the continental slope and affect the
thermohaline properties and dynamics of the WBC at the
intermediate levels (Rudels et al. 1999, 2002; Pickart et al.
2005; Magaldi et al. 2011; Brearley et al. 2012). Cascading
of shelf waters was shown to be at the origin of the so-
called East Greenland Spill Jet—a localized bottom-
intensified flow observed in the northern Irminger Sea in
the WBC above the DWBC (see Pickart et al. 2005). A
contribution of shelf water cascading south of the Den-
mark Strait to the formation and variability of deep waters
transported by the DWBC (o > 27.80) was hypothesized
by Rudels et al. (1999) and Brearley et al. (2012).

In the present study based on hydrographic data col-
lected in the western Irminger Sea in the 1990s-2000s, we
present new findings supporting the hypothesis (Rudels
et al. 1999) that dense waters cascading from the East
Greenland shelf southwest of the Denmark Strait occa-
sionally merge with the overflow-derived deep waters
carried by the DWBC. We also suggest that hydrographic
traces of shelf water cascading can be found in the
DWBC as far downstream as 60°N and make a first es-
timate of the transient contribution of a cascading event
to the DWBC transport.

The paper is organized as follows. In section 2, we
briefly describe the origin and properties of the deep wa-
ters in the Irminger Sea and summarize the present-day
knowledge of shelf water cascading south of the Denmark
Strait. The hydrographic data used in the study are de-
scribed in section 3. In section 4, we discuss the hydro-
graphic properties of the deep waters east of Cape
Farewell in the southern Irminger Sea and the probable
origins of the anomalously fresh and highly oxygenated
plumes observed in the DWBC. In section 5, we demon-
strate that in the northern Irminger Sea, in the vicinity of
the Denmark Strait, shelf waters are occasionally dense
enough to cascade down the slope and join the DWBC.
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Observations supporting the occurrence of such cascading
are presented in section 6. The imprint of the shelf water
cascading on the hydrographic properties of the DWBC
waters in the southern Irminger Sea is discussed in sec-
tion 7. An estimate of the transient contribution of shelf
water cascading in the northern Irminger Sea to the
DWBC transport at Cape Farewell is made in section 8.
Conclusions are drawn in section 9.

2. Background: Deep waters in the Irminger Sea
and potential contribution of shelf water
cascading to their formation

The deep water column in the Irminger Sea is occu-
pied by the waters originating from the Nordic Sea
overflows that entrained Atlantic waters downstream of
the sills to form the Iceland-Scotland Overflow Water
(ISOW) and Denmark Strait Overflow Water (DSOW)
(e.g., Dickson and Brown 1994) (Fig. 1).

The ISOW in the Irminger Sea has potential density of
27.80 < oo < 27.88, potential temperature () of 2.7-
2.9°C, salinity (S) of over 34.90 and dissolved oxygen
concentrations of 275-280 umol/kg (Fogelqvist et al.
2003; Sarafanov et al. 2012). The export of the ISOW
from the Irminger Sea is thought to occur in the DWBC,
which is commonly defined as the lower part of the
WBC transporting waters denser than oy = 27.80 (e.g.,
Dickson and Brown 1994; Bacon 1998; Keike and Rhein
2006; Sarafanov et al. 2009, 2012). The recent study by
Sarafanov et al. (2012) suggests, however, that in the
2000s the ISOW outflow from the Irminger Sea occurred
largely in the interior part of the basin rather than in the
DWBC, which was fed primarily by the DSOW and by
the diapycnal flux from the upper levels.

At the exit of the Irminger Sea, in the vicinity of Cape
Farewell (~60°N), the DSOW has the following prop-
erties: < 2°C, S ~ 34.9, and o > 27.88 (e.g., Holliday
et al. 2009; Keike and Rhein 2006). It is commonly ac-
cepted that the Nordic component of the DSOW enters the
Irminger Sea through the deepest channel of the Denmark
Strait (Smith 1976; Dickson and Brown 1994; Kise et al.
2003; Girton and Sanford 2003; Macrander et al. 2005;
Tanhua et al. 2005). Recent observations in the Denmark
Strait (Rudels et al. 2002; Vage et al. 2011b; Brearley et al.
2012) showed, however, that the dense waters (o) > 27.80)
pass through the Denmark Strait not only via its deepest
channel but also over the East Greenland shelf.

Whether the dense shelf waters join the “classical”
overflow south of the Denmark Strait remains an open
question. Based on hydrographic observations immedi-
ately south of the Denmark Strait, Rudels et al. (1999,
2002) hypothesized that the densest shelf waters trans-
ported by the EGC (Fig. 1) could descend down the East
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FIG. 1. Locations of the repeat hydrographic sections used in the study. General pathways of the Nordic Sea
overflow-derived deep waters (DSOW and ISOW), the EGC, DWBC, Irminger Current (IC), and North Atlantic
Current (NAC) are schematically visualized (see Sarafanov et al. 2012). IG is Irminger Gyre (see Vage et al. 2011a).

The depths of less than 600 m are shaded.

Greenland slope in the northern Irminger Sea and
merge with the DSOW flow (o > 27.80). However, a
subsequent analysis by Pickart et al. (2005) did not re-
veal descending shelf waters dense enough to join the
DSOW. Instead, these waters were suggested to form
the East Greenland Spill Jet carrying waters lighter than
DSOW (Pickart et al. 2005; Magaldi et al. 2011). Most
recently, Brearley et al. (2012) demonstrated that the
East Greenland Spill Jet occasionally transports waters
denser than oy = 27.80.

The shelf water cascading in the Irminger Sea is likely
to be an episodic and localized phenomenon, which
temporal and spatial scales cannot be fully resolved by
available hydrographic data. Therefore, it is likely that
the studies by Rudels et al. (1999, 2002), Pickart et al.
(2005) and Brearley et al. (2012), which were based on
data from few hydrographic surveys, documented dif-
ferent stages and manifestations of the phenomenon,
and this led to different inferences about what compo-
nents of the WBC system are affected by waters de-
scending from the shelf.

3. Data

We used the 1997-2009 temperature and salinity
(CTD) profiles from 32 repeats of 3 hydrographic sec-
tions in the northwestern and southwestern Irminger
Sea (Fig. 1, Table 1). The 6 repeats of the northernmost
section at 65°—-66°N (1997-2005, S1 in Fig. 1) were carried

out in summer (July-August). The 11 repeats of the
64.3°N section (1997-2003, Faxafloi section, S2 in Fig. 1)
were carried out in winter-spring (November-May)
(Dickson et al. 2008). In the southwestern Irminger Sea,
the data were from 15 surveys conducted in summer—fall
(June—October) along the nearly collocated 59.5°N sec-
tion (e.g., Falina et al. 2007; Sarafanov et al. 2007, 2010,
2012), Ovide section (e.g., Lherminier et al. 2007, 2010)
and the ART7E line (e.g., Vage et al. 2011a) (1997-2009,
S3 in Fig. 1). In addition to the CTD profiles, we used
the June 2002 and 2004 oxygen data from the CTD-0O,
probe at the Ovide section. These data were calibrated
with oxygen concentrations obtained from water sam-
ples. The accuracies of the temperature, salinity, and
oxygen were estimated at 0.001°-0.002°C, 0.002-0.003,
and better than 2 wmol kg, respectively. The quality of
all hydrographic data meets the World Ocean Circulation
Experiment standards.

4. Probable origins of low-salinity anomalies in the
DWBC at ~60°N

The initial motivation of this study was finding an
explanation for the strong thermohaline variability of
the deep waters at Cape Farewell. Therefore, prior to
focusing on the shelf waters and the signatures of their
cascading in the northern Irminger Sea, we consider the
thermohaline structure of the deep waters carried by the
DWBC at ~60°N.
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TABLE 1. List of cruises used in the study.

Date

Vessel

Line S1 (64.5°~66°N)

August 1997 Meteor

August 1998 Valdivia

August 1999 Meteor

August 2000 Poseidon

July 2003 Meteor

August 2005 Arni Fridriksson
Line S2 (64.3°N)

May 1997 Bjarni Saemundsson

December 1997 Bjarni Saemundsson

February 1998 Bjarni Saemundsson

May 1998 Bjarni Saemundsson

November 1998 Bjarni Saemundsson

February 1999 Bjarni Saemundsson

May 1999 Bjarni Saemundsson

November 1999 Bjarni Saemundsson

May 2001 Bjarni Saemundsson

May 2002 Bjarni Saemundsson

May 2003 Bjarni Saemundsson

October 1997

Line S3 (~60°N)

Professor Shtokman

August 1999 Meteor

August 2000 Poseidon
October 2000 Pelagia

June 2002 Thalassa
August 2002 Akademik Mstislav Keldysh
August 2003 Pelagia

July 2003 Meteor

June 2004 Thalassa

June 2004 Akademik Joffe
September 2005 Pelagia

June 2006 Maria S. Merian
July 2007 Akademik Ioffe
June 2008 Akademik Ioffe
September 2009 Akademik Ioffe

The 6-S diagrams (Fig. 2) from the southwestern
Irminger Sea (the S3 line in Fig. 1) reveal two prominent
types of deep water (o > 27.80) thermohaline structure.
In 60% of the cases (9 surveys out of 15, Fig. 2a), the
salinity exhibits a distinct maximum in the ISOW den-
sity class (27.80 < o < 27.88) and gradually decreases
toward the bottom; for a given survey, the DSOW layer
(09 > 27.88) is nearly constant in salinity. In 40% of the
cases (6 surveys out of 15, Figs. 2b,c), the 6-S diagrams
show either widely scattered 6—S indices in the entire
deep water layer (op > 27.80) (Fig. 2¢) or the presence of
two distinct deep water masses separated by at least
0.02 in salinity, with nearly no mixing between them
(Fig. 2b). The only explanation of these disturbances in
the observed deep water structure is an upstream in-
jection of anomalously fresh dense waters. The Ovide
data demonstrate that these fresh (34.84 < § < 34.88)
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FIG. 2. The 6-S diagrams for the data collected in the southern
Irminger Sea at ~60°N (the S3 line in Fig. 1) in 1997-2009. The
plots illustrate different types of the deep water (op > 27.80)
thermohaline structure as discussed in section 4.

waters are localized at the East Greenland slope in the
ISOW density class (27.80 < oy < 27.88) at depths of
~1500-2400 m (Figs. 3a,c). Remarkably, the oxygen con-
centrations in these waters (290 < O, < 305 umol kg,
Figs. 3b,d) are close to those in the DSOW layer (290-
310 umol kg !, oy > 27.88) and are substantially
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DECEMBER 2012

higher than the concentrations typical for ISOW (275-
285 umol kg !, 27.80 < oy < 27.88) and the deep LSW
(275-288 umol kg~ !,27.76 < oy < 27.80). For reference,
we show in Fig. 3e three salinity patterns typical for the
situation (see Fig. 2a) when no distinct heterogeneities are
found in the deep water column.

The question is what mechanism(s) can explain the
occasional presence of the anomalously fresh and oxy-
genated waters in the ISOW density class and the re-
markable associated heterogeneities in the entire deep
water layer (o > 27.80) at the East Greenland slope at
~60°N. Two mechanisms can be suggested.

1) The anomalies originate from the Denmark Strait Over-
flow. Being injected into the Irminger Sea through the
deepest part of the Denmark Strait sill, the anomalies are
carried by the DWBC along the slope (e.g., Holfort and
Albrecht 2007; Yashayaev and Dickson 2008). Despite
an intense mixing of the overflow waters with warmer,
saltier, and less oxygenated ambient waters (e.g.,
Dickson and Brown 1994), the fresh high-oxygen plumes
retain their anomalous properties along the entire
pathway from the Denmark Strait sill to 60°N. This
would occur in 40% of the cases (see above), while for
the other 60% either no such plumes are injected
through the Denmark Strait sill or the plumes ““disap-
pear” because of vigorous mixing and do not reach 60°N.

2) The anomalies originate from dense waters (og > 27.80)
episodically injected, over the shelf, by the EGC
through the Denmark Strait into the Irminger Sea
(Rudels et al. 2002; Vage et al. 2011b; Brearley et al.
2012). South of the Strait, the dense shelf waters
propagate southwestwards, fall down the East Green-
land slope, and merge with the overflow-derived waters,
as hypothesized by Rudels et al. (1999; 2002). Then, the
shelf water-derived fresh oxygenated plumes are trans-
ported by the DWBC from cascading site(s) to ~60°N.

The two mechanisms do not exclude each other. The
first one corresponds to the classical paradigm. The
second one is supported by the advection of dense shelf
waters (oq > 27.80) by the EGC through the Denmark
Strait. However, the cascading of shelf waters down to
the layer of the overflow-derived deep waters trans-
ported by the DWBC has not been sufficiently docu-
mented. Below, we inspect the data collected in the
northwestern Irminger Sea at 64°-66°N (the S1 and S2
lines in Fig. 1) and identify signatures of such cascading.

5. Dense shelf waters southwest of
the Denmark Strait

Hydrographic data collected at ~200 km southwest of
the Denmark Strait at 65°-66°N (the S1 line in Fig. 1)

FALINA ET AL.

2259

confirm that waters on the East Greenland shelf in the
northwestern Irminger Sea are occasionally denser than
oo = 27.80. Figures 4a and 4c show the potential density,
temperature, and salinity distributions at S1 in August
2005 and July 2003. In August 2005, dense (g > 27.80)
cold fresh waters were found at depths of 260-370 m at
three stations carried out over the shelf (stations 65, 67
and 68). At station 68, the density of the near-bottom
waters was up to oy = 27.889 (Figs. 4a,b). In July 2003,
dense (up to oy = 27.865) shelf waters were found at the
westernmost station 422 (Figs. 4c¢,d).

Potential temperature (1.17° < 0 < 1.9°C) and density
(09 >27.80) of the near-bottom shelf waters observed in
2003 and 2005 are similar to those of the overflow water
passing through the deepest channel of the Denmark
Strait (0 < 2°C, oo > 27.80) (Tanhua et al. 2005). Sa-
linity of the dense shelf waters (34.75 < § < 34.83) is
substantially lower than the typical salinity of the
overflow in the deepest channel of the Denmark Strait
(34.87 < § < 34.94) (e.g., Dickson et al. 2002, their Fig.
2). In the 6-S plane (Fig. 5), the thermohaline indices
of the densest shelf waters (referred to as “DSW” in
Fig. 5) observed at S1 in August 2005 lie on a mixing
line between the cold and fresh Polar Intermediate
Water (see Rudels et al. 1999) and the warm and saline
waters of the Irminger Current observed in the
northern part of the Irminger Sea (see Fogelqvist et al.
2003). This agrees with the suggestion by Rudels et al.
(2002) that the latter two water types are the main
components of the dense shelf waters south of the
Denmark Strait.

The presence of the dense (27.80 < oy < 27.89) waters
over the East Greenland shelf at S1 was revealed in the
2003 and 2005 repeats of the section, which present
a better sampling of the shelf (4 stations in 2003 and 6
stations in 2005, see Fig. 4) than the 1997-2000 repeats,
when only one station in each cruise was carried out over
the shelf. Therefore, given the large width of the shelf at
S1 (~150 km), it is possible that the dense shelf waters
were missed in the 1997-2000 data because of insufficient
sampling over the shelf.

It is very likely that the dense shelf waters observed at
S1 were advected into the Irminger Sea by the EGC
through the Denmark Strait, where the shelf waters with
similar properties (6 < 2°C, oy > 27.80) were repeatedly
observed (see Rudels et al. 2002; Brearley et al. 2012;
Vage et al. 2011b). Based on data from a single synoptic
survey in the Denmark Strait, Brearley et al. (2012) re-
ported on the dense water transport (o9 > 27.80) of
about 1 Sv (1 Sv = 10° m® s™!) on the East Greenland
shelf. Accordingly, a part of the dense water transport
(o9 > 27.80) through the Denmark Strait to the North
Atlantic is likely to be missing in the existing estimates (e.g.,



2260 JOURNAL OF PHYSICAL OCEANOGRAPHY VOLUME 42
a) b)
50 ‘
|
|
|
1004 - — - — - S~ - N - - -~ - ===
|
|
|
150 4 - - ———-—-——————- A\ ----- - - - - -
|
— |
8 |
S 10001 2004 - - - oo AN - o]
) |
@ 12001 |
@ |
o 250 + — - R T
1400 station 65 ‘
|
1600 station 67 !
300 4 — — - -
1800 :
August 2005 August 2005 station 68 |
|
200010 Potential 2000+ . 350 4 - ——— — — == -
temperature Salinity 1 1 ‘
22004 22004 T T T
T T T T T T 1 27.2 27.4 27.6 27.8 28
31,5 31, 305 31,5 31, 305 P~
Longitude, W Longitude, W 0
c) 422 423 424 425 426 427 428 429 430 431 432 o2 43 44 425 46 427 428 430 420 431 42 d)
e — 0
50
100
z 150
S 10001 1000
g
3 12004 1200- 200
[
o

1400 1400

1600+ 1600

250

300

350

18001 July 2003 18997 July 2003
20001  Potential 2000
temperature Salinity
22004 2200
T T T
31 30,5 3I1 )

Longitude, cW

T,GC 12 9 8 7 6 5 4363331292724 2 1612 0 -2

Longitude, “w

30,5 27.2

S 35.25 35.1 34.98 34.95 34.92 34.89 3486 34.8 34 30

FIG. 4. Potential temperature (°C) and salinity observed at the S1 line in (a) August 2005 and (c) July 2003. The o isopycnals 27.55,
27.70,27.80, and 27.88 are shown as thick black lines; the station locations are marked with the ticks on the top axes. Vertical profiles of
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Macrander et al. 2005), which are based on measurements
in the deepest channel of the Strait and, hence, do not
account for the advection of dense waters over the shelf.

6. Observed traces of dense shelf water cascading
reaching the DWBC

Given the high density of the densest shelf waters (up
to op = 27.89) observed south of the Denmark Strait at
the S1 line, it is expected that, under favorable dynam-
ical conditions, these waters cross the shelf break, cas-
cade down the continental slope and join the DWBC.
Indeed, a numerical simulation by Magaldi et al. (2011)

suggests that events of dense water spilling off the shelf
can occur in various locations southwest of the Denmark
Strait and that the descending shelf waters can episodi-
cally merge with the deep waters transported by the
DWBC. It was suggested that spilling events can be in-
duced by East Greenland barrier winds pushing shelf
waters offshore along the bottom (Pickart et al. 2005),
by local perturbations in the flow and by eddies associ-
ated with dense overflow domes at depth (see Magaldi
et al. 2011). Here, we present hydrographic patterns
bearing the imprint of shelf water cascading reaching the
DWBC in the northern Irminger Sea and report on
observed properties of cascading dense waters.
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FIG. 5. Potential temperature (°C) and salinity observed at the S2 line in (a) February 1998, (c) May 1997, and (e) May 2002. The
g isopycnals 27.55, 27.70, 27.80, and 27.88 are shown as thick black lines; the station locations are marked with the ticks on the top axes.
The 6-S diagrams for the data collected at S2 in (b) February 1998, (d) May 1997, and (f) May 2002. In each 6-S plot, the properties
averaged over 11 surveys (see Table 1) (black dots) are superimposed. The rectangles denote the typical 6—S ranges for the following water
types: the Irminger Current Water (ICW, 5 < 0 < 8°C, S > 35.05) (Fogelqvist et al. 2003); DSOW (6 < 2°C, 34.87 < § < 34.93) (Macrander
et al. 2007; Dickson et al. 2002); Polar Intermediate Water (PIW, 6 < (0°C, 34.4 < § < 34.7) (Malmberg 1972; Rudels et al. 1999; Fogelqvist
et al. 2003), and Dense Shelf Water (DSW, 1.17 < 6 < 1.9°C, 34.75 < § < 34.83) as observed at the S1 line in August 2005 (see Fig. 4a).
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were observed (see section 6). The o isopycnal 27.80 for February 1998 is superimposed. The
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Hydrographic data collected at the Faxafloi section
(64.3°N, the S2 line in Fig. 1) support the original hy-
pothesis by Rudels et al. (1999) and the recent model-
based inference by Magaldi et al. (2011) that sinking
dense shelf waters can reach great depths and join the
DWBC. Indeed, as detailed below, hydrographic traces
of the shelf water cascading to depths of more than
1200 m are seen from the data collected at S2 in May
1997, February 1998, and May 2002 (i.e., from 3 of the 11
repeats of S2, see Table 1).

A spilling of shelf water at 64.3°N is evident from the
February 1998 salinity section (Fig. 5a) that shows a con-
tinuous near-slope low-salinity (S < 34.85) tongue ex-
tending from depths of ~250 to ~850 m, and two deeper
fresh (34.76 < § < 34.85) plumes at depths of 900-1200 m
and 1300-1500 m. The observed tongue and the two
plumes have similar low salinity (34.76 < S < 34.85, Figs.
Sa,b), but different temperatures (2 < 6§ < 5°C, the deeper
plumes are colder, see Figs. 5a,b) and, hence, different
densities ranging from oy = 27.6 to oy = 27.81 (Fig. 5b).
The salinity of the plumes is lower than that of LSW (S >
34.85,2.8 < 0 <3.2°C) and DSOW (§ > 34.87,0 < 2°C).

Although the shelf water cascading in February 1998
is not as evident from the potential temperature section
as it is from the salinity one (Fig. 5a), the pattern of
temperature anomalies in February 1998 relative to the

1997-2003 mean (Fig. 6a) reveals anomalously cold shelf
waters descending down the Greenland slope from
depths of ~150 m to ~1450 m and merging with the
DWBC (o > 27.80). The February 1998 pattern of
potential density anomalies (Fig. 6b) confirms that the
anomalously cold and fresh waters spilling from the
shelf were also anomalously dense. The largest den-
sity anomalies (up to about +0.12 kg m ™) associated
with waters descending from the shelf were found in
the DWBC (o > 27.80) at depths of ~1100-1450 m
(Fig. 6b).

Traces of another spilling event were observed at S2 in
May 1997. Penetration of fresh (34.81 < § < 34.84) and
dense (27.69 < oy < 27.89) plumes into the LSW and
DSOW layers was detected at depths of 800-1750 m
over the East Greenland slope (Fig. 5¢). The salinity of
these plumes was substantially lower than the salinity of
LSW and DSOW. The densest plumes (up to oy = 27.89)
are seen as low-salinity lids overlying the more saline
and colder DSOW (Figs. 5c).

A near-slope plume of fresh (S < 34.87) and dense
(27.70 < g < 27.90) water was identified at S2 from the
May 2002 salinity data (Fig. Se) within the 800-1550-m-
depth range, that is, in the LSW and deep water layers.
The freshest (34.81 < § < 34.84) part of the plume
(depths of 1200-1500 m) was as dense (up to oy = 27.90)
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FIG. 7. The 6-S diagrams for the data collected at the S2 line in December 1997, February 1998, and May 1998.

as the overflow water observed down the slope at depths
greater than 1600 m (Figs. Se,f).

In each of the three above cases, the densest plumes
(27.80 < g < 27.90) penetrated into the deep water
layer (o > 27.80) and thus transferred fresh ‘‘signals”
from the upper levels into the DWBC. Since in none of
these three cases the layer of dense waters (op > 27.80)
extended from the shelf to the lower part of the slope,
we conclude that the densest (g > 27.80) fresh plumes
observed at S2 descended down the slope upstream
of S2. This implies that cascading of dense shelf wa-
ters capable to merge with the DWBC occurs in be-
tween the Denmark Strait and ~64°N, in agreement
with the hypothesis by Rudels et al. (1999). The fact
that the dense waters (o > 27.80) spilling from the
shelf were observed at S2 on the midslope (~1000-
1500 m) above the ““classical’” DSOW (depths of more
than 1500-1600 m) corroborates earlier finding that
the densest waters (o9 > 27.80) occasionally trans-
ported at middepths (<1500 m) by the Greenland Spill
Jet at 65°-66°N (see Brearley et al. 2012; e.g., their
Fig. 6¢) contain a substantial fraction of waters origi-
nating from the shelf.

Figure 7 displays the 6—S diagrams based on the data
collected a few months apart at S2 in December 1997,
February 1998, and May 1998. The data from December
1997 and May 1998 do not show any remarkable traces
of shelf water cascading. The data obtained in February
1998 do show such traces, as discussed above (Fig. 5b).
This, along with the fact that the signatures of dense
shelf water cascading were observed only in 3 of the 11
surveys, confirms that shelf water cascading in the
northwestern Irminger Sea is a transient rather than
a continuous phenomenon.

Although the apparent short duration of cascading
events makes them hard to observe from research ves-
sels, the data considered herein along with the results
from earlier studies (Rudels et al. 1999,2002; Pickart et al.
2005; Brearley et al. 2012) suggest that the cascading may
occur throughout the year. Earlier, the events of shelf
water cascading in the northwestern Irminger Sea were
observed down to the intermediate levels (o9 < 27.80) in
August and September (Rudels et al. 1999; Pickart et al.
2005; Brearley et al. 2012). Here, the occurrence of shelf
water cascading down to the deep levels (g > 27.80) is
inferred from the data collected in February and May.

7. Likely link between the low-salinity anomalies
in the DWBC at 60°N and the upstream shelf
water cascading

In section 4, we hypothesized that the anomalously
fresh “‘signals” repeatedly observed in the DWBC at
~60°N can be associated with an upstream descent of
fresh dense waters from the shelf. As discussed in Sec-
tion 6, the descent of dense shelf water does episodically
occur north of ~64°N and the densest fresh plumes
sinking down the East Greenland slope are found in the
DWBC (o > 27.80).

According to Dickson et al. (2008), it takes 1 to 2
months for waters carried by the DWBC from the
northern Irminger Sea to reach 60°N. Therefore, if low-
salinity anomalies produced by shelf water cascading
were observed at 64.3°N in May, they would be expected
to appear at ~60°N in June—July. The comparison below
of the data collected at 64.3°N in May 2002 and 2003 with
the data collected at 60°N in June 2002 and July 2003
(Fig. 8) implies that it is likely to be the case.
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The 6-S diagram based on the 64.3°N data from May
2003 (Fig. 8a) shows the absence of distinct low-salinity
anomalies, which could be associated with shelf water
cascading. The data obtained downstream, at 60°N, ~1.5
months later (Fig. 8b) also indicate the absence of
anomalously fresh plumes in the deep water layer (o >
27.80). In 2002, the situation was radically different
(Figs. 8c,d). The #—S diagram based on the data obtained
at 64.3°N in May 2002 (Fig. 8c) indicates the presence of
low-salinity anomalies (S < 34.87, oy > 27.80) associ-
ated with the injection of dense freshwater from the
shelf (see section 6, Fig. 5Se). A month later, during the
Ovide cruise a near-slope anomalously freshwater was
observed in the DWBC (oy > 27.80) at 60°N at depths of
up to ~1600 m (Figs. 3a and 8d). This water at 60°N was
~0.1 saltier and ~1°C warmer than that observed in
May 2002 at 64.3°N. Following Lauderdale et al. (2008,
see their section 2.3), we estimated the intensity of
along-path diapycnal mixing required to explain the
increase in temperature and salinity of the near-slope
freshwater in between the 64.3° and 60°N sections. A

diapycnal mixing rate of the order of 107> m* s~ ' was

estimated in between the two sections, which is typical of
values reported for the WBC close to the East Green-
land slope (Lauderdale et al. 2008; Kokoszka 2012, his
Fig. 4.14). Therefore, the fresh near-slope water ob-
served in the DWBC at 60°N in June 2002 might rep-
resent a product of along-path mixing of the dense (op >
27.80) anomalously fresh near-slope water, observed at
64.3°N a month earlier, with warmer and saltier ambient
waters transported in the WBC at the intermediate and
deep levels.

The above comparison provides an argument in sup-
port of the hypothesis that the low-salinity anomalies
occasionally observed in the DWBC at 60°N (in 40% of
the cases, see Section 4) are, at least in part, caused by
the upstream cascading of dense fresh shelf water. The
argument should be regarded as tentative, though, since
the spilling events are localized both in time and space,
and therefore we cannot assert that low-salinity signals
seen from the data collected at 64.3° and 60°N in 2002
were associated with the same spilling event.
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8. On the contribution of shelf water cascading
to the DWBC transport

The Denmark Strait Overflow feeds the DWBC in
the Irminger Sea with ~3 Sv of dense cold waters
(09 > 27.80) passing through the deepest part of the Strait
(e.g., Macrander et al. 2005). According to Sarafanov
et al. (2012), in the 2000s the DWBC transport (oy >
27.80) increased from ~3 Sv at the Denmark Strait to
~10 Sv at 60°N mostly because of the entrainment from
the upper levels (o < 27.80). The results of the present
analysis support the hypothesis by Rudels et al. (1999)
that the fresh dense plumes descending from the shelf
south of the Denmark Strait occasionally merge with the
DWBC. Accordingly, it is very likely that shelf water
cascading in the northern Irminger Sea is responsible for
a part of the increase in the transport of the DWBC along
its path to 60°N.

The lack of velocity measurements limits our ability
to estimate transports associated with the shelf-derived
dense waters observed in the DWBC at the S2 line (see
Section 6). Nevertheless, the possible contribution of shelf
water cascading to the DWBC transport can be tentatively
estimated from the data collected downstream, at the S3
line, in June 2002 and June 2004 during the Ovide cruises
(see Table 1). In these two cruises, the anomalously fresh
and oxygen-rich waters were observed in the DWBCin the
ISOW density class (27.80 < oy < 27.88) (see section 4,
Fig. 3). These waters likely originated from the shelf, as we
suggested above (see section 7), and the associated trans-
ports can thus be considered as a tentative quantitative
measure of the transient effect of upstream shelf water
cascading on the DWBC transport.

Absolute transports across the Ovide section in 2002
and 2004 have recently been estimated by Lherminier
et al. (2007, 2010) by combining CTD and vessel-
mounted ADCP data collected in the cruises. The
DWBC transport (op > 27.80) was estimated at 8.2 *
1.0 Sv in June 2002 and 11.2 * 1.7 Sv in June 2004
(Lherminier et al. 2007, 2010). Using the absolute
velocity fields from Lherminier et al. (2010), we quan-
tified, for each of the two surveys, the fraction of the
DWBC transport associated with the anomalously fresh
(S < 34.88) and oxygenated (290 < O, < 305 umol kg™ ')
waters in the ISOW density class (27.80 < oy < 27.88).
This fraction was estimated at ~26% (2.1 = 0.3 Sv) in 2002
and ~23% (2.6 = 0.3 Sv) in 2004. Accordingly, about 25%
of the DWBC transport at 60°N in June 2002 and June
2004 was associated with the fresh near-slope waters likely
originating from the East Greenland shelf in the northern
Irminger Sea.

It should be emphasized that the above tentative es-
timate based on data from the two synoptic sections does
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not imply that ~25% of the time-mean DWBC transport
at 60°N is due to shelf water cascading. The duration of
cascading events is unknown, and in 60% of the cases
considered in this study, no hydrographic signatures of
upstream cascading were observed at 60°N. Therefore,
the time-mean contribution of cascading to the DWBC
transport cannot be reliably estimated from the data
used herein. What the above estimate does imply is that
the transient contribution of an individual cascading event
in the northern Irminger Sea to the DWBC transport at
Cape Farewell can be as large as ~25% and, thus, shelf
water cascading in the northern Irminger Sea is very
likely to be one of the important mechanisms behind the
DWBC transport variability.

9. Conclusions

The analysis of hydrographic data collected in the
northwestern Irminger Sea (65°-66°N) demonstrated
that the East Greenland Current ~200 km south of the
Denmark Strait occasionally carries shelf waters as
dense as the overflow-derived deep waters transported
by the DWBC (o > 27.80). Hydrographic traces of
cascading of dense shelf waters down the East Green-
land slope were found at 64.3°N in 3 of the 11 surveys
conducted in 1997-2003. In all 3 cases, the densest fresh
plumes were observed within the DWBC (o) > 27.80).
We suggest that the low salinity anomalies originating
from the shelf can be traced in the DWBC as far down-
stream as 60°N, where the anomalously fresh oxygenated
plumes are repeatedly observed (in 40% of surveys) in
the ISOW (27.80 < 0 < 27.88) and DSOW (o > 27.88)
density classes.

The results of the present analysis along with the re-
sults from earlier studies (Rudels et al. 1999; 2002;
Pickart et al. 2005; Brearley et al. 2012) show that shelf
water cascading in the northern Irminger Sea is an in-
termittent process occurring in all seasons of the year.
This implies that, despite the apparent short duration
of a particular cascading event, the cumulative contri-
bution of such events to the thermohaline variability and
southward export of the deep waters in the WBC can be
considerable. Our tentative estimate based on data from
two synoptic surveys suggests that the transient contri-
bution of a cascading event in the northern Irminger Sea
to the DWBC transport at Cape Farewell can be as large
as ~25%.
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