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Abstract Denmark Strait Overﬂow Water (DSOW) supplies the densest contribution to North Atlantic
Deep Water and is monitored at several locations in the subpolar North Atlantic. Hydrographic (temperature and salinity) and velocity time series from three multiple-mooring arrays at the Denmark Strait sill, at
180 km downstream (south of Dohrn Bank) and at a further 320 km downstream on the east Greenland
continental slope near Tasiilaq (formerly Angmagssalik), were analyzed to quantify the variability and
track anomalies in DSOW in the period 2007–2012. No long-term trends were detected in the time series,
while variability on time scales from interannual to weekly was present at all moorings. The hydrographic
time series from different moorings within each mooring array showed coherent signals, while the velocity ﬂuctuations were only weakly correlated. Lagged correlations of anomalies between the arrays
revealed a propagation from the sill of Denmark Strait to the Angmagssalik array in potential temperature
with an average propagation time of 13 days, while the correlations in salinity were low. Entrainment of
warm and saline Atlantic Water and fresher water from the East Greenland Current (via the East Greenland
Spill Jet) can explain the whole range of hydrographic changes in the DSOW measured downstream of
the sill. Changes in the entrained water masses and in the mixing ratio can thus strongly inﬂuence the
salinity variability of DSOW. Fresh anomalies found in downstream measurements of DSOW within the
Deep Western Boundary Current can therefore not be attributed to Arctic climate variability in a straightforward way.

1. Introduction
The passage featuring the largest transport of dense water from the Nordic Seas into the North Atlantic is
Denmark Strait, one of the few deep channels in the Greenland-Scotland-Ridge (GSR). The dense water,
known as Denmark Strait Overﬂow Water (DSOW), provides about half of the total dense water overﬂow of
the GSR, thus contributing signiﬁcantly to the formation of lower North Atlantic Deep Water [Hansen et al.,
2004]. The overﬂow is steered by topography and descends as a gravity plume along the East Greenland
shelf break and continental slope into the Irminger Basin [Dickson and Brown, 1994; Dickson et al., 2002].
DSOW in the northern Irminger Basin is commonly deﬁned as a water mass with a potential density anomaly of more than 27.8 kg m23 and being colder than 2 C [e.g., Tanhua et al., 2005] with a salinity of about
34.9. Along its way, mixing with ambient waters modiﬁes the temperature, salinity, and other characteristics
of the overﬂow plume and its volume transport is substantially increased. The DSOW then spreads into the
abyssal subpolar North Atlantic as the bottom layer of the Deep Western Boundary Current (DWBC), which
is monitored with moored instruments at several locations [Fischer et al., 2014].
Downstream of Denmark Strait, entrainment warms the overﬂow and hence decreases its density. Nevertheless, DSOW remains the densest water mass in the Irminger Sea with temperatures below 2 C,
descending to more than 2000 m depth. Here it is overlain by Iceland Scotland Overﬂow Water (ISOW),
which also inﬂuences the less dense portion of the plume by isopycnal mixing. The average overﬂow
water transport at the sill of Denmark Strait is around 3.4 Sv [Jochumsen et al., 2012], which increases further downstream to 10.7 Sv near Angmagssalik due to entrainment and the combination with ISOW [Dickson et al., 2008].
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Figure 1. Snapshots of the (a) potential temperature, (b) salinity, and (c) velocity distribution at the sill of Denmark Strait in July/August
2012 as measured during Poseidon cruise P437-1. The low salinity of the surface water is out of scale; thus, the upper layer was ﬁlled with
dark purple color. The velocity was obtained from a vessel-mounted ADCP with 75 kHz frequency. No data are available at shallow and
near-bottom depth levels due to interference with surface/bottom reﬂection. The data were detided using a tidal model and rotated
according to the direction of the section; shown is the cross-section component. Negative velocities are toward the southwest (blue), while
positive velocities are northeastward (red). Black lines illustrate selected isopycnals. The Denmark Strait overﬂow water with rh > 27.8 kg
m23 is labeled as DSOW; note the extension of this layer toward Greenland. The positions of CTD stations are marked at the top of each
ﬁgure. The ADCP data have a spatial resolution of about 3 km. The location of the section is shown in Figure 2.

DSOW measurements in Denmark Strait focused on the deep channel where the velocity is strong (>0.5 m
s21 on average), although it has long been known that a distinct layer of dense water in the DSOW density
range also is present on the Greenland shelf (Figure 1). The relevance of this layer is assumed to be small, as
the synoptic current velocity sections obtained during ship cruises were small (<0.1 m s21 on average,
when considering also the recirculations; Figure 1c) [Macrander et al., 2007; Jochumsen et al., 2012]. At the
sill of Denmark Strait, the DSOW layer thickness varies between 50 and 300 m [Macrander et al., 2007].
Plume thickness variability is large along the descending pathway due to the presence of eddies containing
€se et al., 2003]. The downstream overﬂow layer is often covered by a lowvarious overﬂow thicknesses [Ka
salinity lid [e.g., Rudels et al., 1999] and its upper part is stratiﬁed in temperature [Dickson et al., 2008], but
the lower 100 m of the plume are cold and almost homogeneous. At the Angmagssalik mooring array,
approximately 500 km downstream of the sill, DSOW is found at depths greater than 1400 m. Here the average layer thickness (for rh > 27:8 kg m23 ) is 300–600 m with variations of 6150 m. The layer thickness
depends on the location of the measurement on the Greenlandic slope [Dickson et al., 2008, 1999], as the
layer thickness increases with depth and thus with distance from Greenland and also incorporates some of
the ISOW of similar density.
Denmark Strait is wider than the baroclinic Rossby radius, which is 14 km at these latitudes [Whitehead,
1998]. Thus, mesoscale eddies can be present in the DSOW plume at the sill and along the descending
pathway of the overﬂow, generated by vortex stretching [Spall and Price, 1998] and/or baroclinic instability
[Swaters, 1991]. In Eulerian measurements, these eddies are seen as DSOW plume pulses in the velocity
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time series at high frequencies
and are often correlated with
the lowest temperatures. The
periods associated with them
are 2–10 days at the sill of Denmark Strait, but a shift to longer time scales occurs
downstream [Voet and Quadfasel, 2010], with dominating
periods close to 10 days near
Angmagssalik [Fischer et al.,
2014]. Observations from
mooring arrays downstream of
Denmark Strait revealed the
Figure 2. Map of the mooring positions. The three arrays addressed in this work are located
dominance of horizontal stir(1) at the sill of Denmark Strait (Denmark Strait sill array: DS 1 and DS 2), (2) 180 km downstream at 30 W (entrainment array: DS 5, DS 6, and DS 7), and (3) 550 km downstream off
ring by these mesoscale eddies
Tasiilaq, formerly Angmagssalik (Angmagssalik array: F2New, UK 1, G 1, and UK 2). The locafor the entrainment of ambient
tion of the section shown in Figure 1 is marked by the yellow line.
water into the overﬂow plume
[Voet and Quadfasel, 2010], while vertical mixing through shear instabilities was found to dominate the
entrainment only within 100 km distance from Denmark Strait sill [Paka et al., 2010]. This hypothesis was
supported by microstructure measurements by Paka et al. [2013], who concluded that vertical turbulent
mixing is not the major process controlling entrainment in the DSOW plume at 200 km from the sill.
Detailed process studies on the entrainment in the region close to the sill of Denmark Strait are lacking; it is
therefore still unclear which process dominates the entrainment in this speciﬁc region. Further downstream,
the overﬂow, now the deepest layer of the DWBC, still exhibits variability on various time scales, e.g., from
multidecadal to weekly close to Cape Farewell [van Aken and de Jong, 2012], where the strongest changes
occur at the longest of these time scales.
In this work, we use hydrographic and velocity measurements from three mooring arrays along the DSOW
pathway to deduce the relative role of advection of varying source waters versus mixing for the changing
plume characteristics in the Irminger Sea. We focus our study on the nearly homogeneous bottom part of
the DSOW plume, as most data were collected by near-bottom instruments. Our aim is to understand the
changes of the physical properties of the DSOW plume on its descent into the deep Irminger Basin, as it
joins the DWBC. By correlating observations from the sill of Denmark Strait with downstream measurements, we will follow the propagation pathway of anomalies. Thereby we obtain advection time scales of
anomalies as well as the average entrainment rates of ambient water. The variability of the DSOW properties is discussed and related to variability in the mixing ratio. Our work highlights the inﬂuence of entrainment on downstream DSOW properties: the origins of anomalies in temperature and salinity have to be
considered when interpreting DSOW anomalies in the subpolar North Atlantic.

2. Instruments, Data Quality Control, Processing, and Dependencies
2.1. Setup of Mooring Arrays
The analysis presented here is based on near-bottom records of moored instruments from three different
mooring arrays, obtained in the period 2007–2012 (Figure 2). All arrays were designed to monitor the Denmark Strait Overﬂow Water as it enters the North Atlantic Ocean and descends from the sill of Denmark
Strait (630 m maximum depth) to the bottom of the Irminger Basin (3000 m depth near Cape Farewell).
The northernmost array was placed directly at the sill of Denmark Strait (DS 1 and DS 2; we refer to it as the
Denmark Strait sill array). Three moorings were operated downstream of the sill (DS 5, DS 6, and DS 7),
which in the following are referred to as the entrainment array; and four moorings were located south of
Tasiilaq (the name of the settlement on the coast of Greenland was changed from Angmagssalik to Ammassalik (modern Danish spelling) and later to Tasiilaq (Greenlandic), we use the name Angmagssalik here for
the mooring array to stay consistent with older literature) (F2New, UK 1, G 1, and UK 2; referred to as the
Angmagssalik array). The two moorings DS 1 and DS 2 were at 630 and 570 m depth and the distance
between the two moorings was 10 km. The moorings at the entrainment array were placed at 1460, 1360,

JOCHUMSEN ET AL.

C 2015. American Geophysical Union. All Rights Reserved.
V

1843

Journal of Geophysical Research: Oceans

10.1002/2014JC010397

and 1270 m depth and separated by a distance of 4.5 km. The Angmagssalik array covered the continental
slope with F2New at 1770 m, UK 1 at 1970 m, G 1 at 2150 m, and UK 2 at 2350 m depth (distance between
moorings: 10–25 km). The locations of the moorings are depicted in Figure 2. Single deployments lasted 1
or 2 years and the temporal resolution of all measurements is 10 or 20 min. The entrainment array was only
deployed once and the data cover 1 year. The moorings were equipped with either Aanderaa current
meters (RCM 8, RCM 11, or Seaguard) or with Workhorse ADCPs (75 or 150 kHz; range 600 and 350 m; bin
size 16 or 8 m), as well as SeaBird SBE37SM MicroCATs (MCs).
Since 2007, the mooring work at the sill of Denmark Strait (the mooring program at the sill of Denmark
Strait was originally a cooperation between the Nordic countries with the funding of the Nordic Council of
ministers. It was initiated in 1994–1995, but the observation started in 1996. A German group (IFM Kiel)
joined the measuring effort in 1999 under the SFB460 program. First results of a 4 year period were published in Macrander et al. [2005, 2007].) is a joint effort of the University of Hamburg (Germany) and the
Marine Research Institute (Reykjavik, Iceland) in the framework of the European THOR (Thermohaline Overturning at Risk?, 2008–2012, which also funded the entrainment array) and NACLIM (North Atlantic Climate,
ongoing since 2012) projects and national German funding. The most recent results from the measured
ADCP velocity time series are presented in Jochumsen et al. [2012] and Fischer et al. [2014].
Recent mooring deployments at the cooperative Angmagssalik array (the Angmagssalik array was set up in
1986 by the UK’s Ministry of Agriculture Food and Fisheries (Lowestoft Laboratory—now named Cefas) on
the east Greenland continental slope at about 63 N. From 1995, it was maintained by collaboration by UK
(Cefas), German (University of Hamburg), and Finnish teams as part of multiple national programs and the
EU-funded projects VEINS (Variability of Exchanges in the Northern Seas, 1997–2000), ASOF (Arctic SubArctic Ocean Flux, 2003–2005), and THOR) were carried out primarily by Cefas and consisted of four current
meter moorings also equipped with MCs. The moorings were deployed at the continental slope to cover
the dense overﬂow water from the Denmark Strait. A number of studies on mixing, transport, and water
mass variability using the Angmagssalik array data have been published over the last 20 years in, e.g., Dickson and Brown [1994], Dickson et al. [2008], Voet and Quadfasel [2010], and Hall et al. [2011].
Instruments in all arrays were deployed close to the bottom; the records used in this work were obtained
from measurements at least 15 m above the seaﬂoor.
2.2. Measurement Accuracies
The accuracy of the current speed measurement is 61 cm s21 for the RCM 8 instruments and 60:15
cm s21 for RCM 11 acoustic current meters, with 65 for the direction. Hourly ADCP ensembles were
obtained with a velocity standard deviation of 60:8 cm s21 , but averaged in the postprocessing to further
reduce errors [cf. Jochumsen et al., 2012]. To compare data from the different arrays and instruments, we
focus on velocity time series obtained at discrete depth levels. For the Denmark Strait sill array, we use the
velocity from the bin of maximum downstream ﬂow as measured by the ADCPs (found 120 m above the
bottom at DS 1 and 80 m above the bottom at DS 2) to avoid effects of bottom friction and ringing (which
is a known instrument error for the deepest bins). At Angmagssalik, the deepest current meter record from
each mooring is analyzed (depth above bottom 15–20 m). Current velocities at Angmagssalik are lower
than at Denmark Strait and consequently also the frictional boundary layer is thinner. Unfortunately, ADCP
velocities from the entrainment array could not be used due to large tilts of the instruments from mooring
knock-down during most of the deployment period. All velocity vectors were rotated in the direction of the
average ﬂow and only the downstream component is considered here. The overall error of the velocity time
series used in this study is below 5%.
The accuracy of the factory calibrated MicroCAT measurements is 60:002 C for temperature and 60.0015
for salinity. The MC measurements were generally tested against CTD measurements with a calibration cast
before or after deployment. The differences between the two instruments (MC and CTD) at the calibration
casts were <0:005 C for temperature and <0.005 for salinity for working devices. Nevertheless, some salinity time series obtained by the MCs showed sudden shifts within a record or unrealistic drift, which could
not be corrected. These data were removed and excluded from the analysis presented here (salinity at DS
1 in 2007–2008, at G 1 in 2009–2010, and at UK 1 in 2007–2009). The periods of remaining, qualitycontrolled data are presented in Figure 3.
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Figure 3. Quality-controlled data availability from 2007 to 2012. Blue: temperature data, red: salinity data, green: velocity data. Moorings
were serviced in summer, which refers to the months June, July, and August.

2.3. Processing and Filtering
Further processing was applied to the MC time series: (1) removal of outliers by comparing single data
points with the neighboring data points. When differences between a data point and its neighbors
exceeded twice the standard deviation of the whole time series, the point was removed. Outliers were only
found in salinity data. (2) Applying a density threshold for overﬂow water. Only anomalies of DSOW were
considered in this study; hence, all potential density anomalies <27.80 kg m23 were removed. These postprocessing steps affected less than 0.2% of the data. Finally, all time series were averaged to 1 day means
to remove high-frequency signals. Tidal signals were not present in the temperature and salinity time series
and were removed from the velocity data by low-pass ﬁltering (20 day Hamming window, see below).
Eddy activity has been noted previously at the sill of Denmark Strait on time scales of a few days [Girton
€se et al., 2003]. All our hydroet al., 2001], as well as eddy generation downstream of Denmark Strait sill [Ka
graphic near-bottom measurements conﬁrmed the persistence of DSOW along the Greenland slope;
whether a passing eddy, carrying the ‘‘DSOW lenses’’ described in von Appen et al. [2014a], was present or
not. When comparing the observations at the sill to those at Angmagssalik, it is seen that the overall highfrequency variance of the overﬂow plume is much reduced downstream and shifted to longer time scales
[Voet and Quadfasel, 2010; Fischer et al., 2014]. Thus, the time scale of the synoptic eddies changed between
the mooring arrays. The hydrographic time series between the three moorings arrays show only low correlations at the original daily resolution (r < 0.25, calculated with lags between 2 and 20 days). As these correlations explain only 6% and less of the variance, we conclude that single eddies are likely not traceable and
probably merge with each other or fade along the descending pathway. In order to compare the time series
with each other, synoptic-scale variations must be removed, and here ﬁltered time series representing a
mean state over several eddies were used for the analysis. A 20 day low-pass ﬁlter was applied (using a
Hamming window) to all time series. The window size was chosen in agreement with minima of energy
identiﬁed in a spectral analysis of the data for all three mooring arrays (not shown) [see Fischer et al., 2014].
While the application of a low-pass ﬁlter is a common practice in handling velocity time series for reducing
the small-scale variability and removing tides, ﬁltering hydrographic data may act as false mixing. The effect
of the ﬁlter on the temperature and salinity data was therefore checked carefully for each mooring array.
The ﬁltered properties were compared to the original data (including the synoptic-scale variability) using T/
S diagrams; the T/S space covered by the data was reduced due to the ﬁlter. Changes were small for the
Denmark Strait and Angmagssalik arrays. Only at the entrainment array did the ﬁlter reduce the range of
data notably. For the entrainment array, the ﬁlter constrained the data to a T/S space in the center of the
original data points. Although no artiﬁcial water masses were produced, the smoothing of the variability
due to the ﬁlter reduced the amplitude of T/S oscillations. The effect of the ﬁlter is therefore comparable to
artiﬁcial mixing at this location. Thus, passing DSOW eddies with pronounced fresh and cold signals were
averaged with the background T/S properties due to the ﬁlter, resulting in moderate temperature and salinity variations.
2.4. Correlation Coefficients
Correlations were computed for all time series within each separate mooring array to analyze the uniformity
of the ﬂow and the relation between their time series. Here we discuss only coefﬁcients above the 99% signiﬁcance level (p < 0.01). Filtering reduces the independence of sequential measurements and this change
in the effective degrees of freedom was taken into account for the calculations of p values. Critical
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Table 1. Mean Near-Bottom Potential Temperatures ( C), Salinities, Potential Density Anomalies (kg m23), and Downstream Velocities
(cm s21) With Standard Deviation (of the Filtered Time Series) at All Moorings; n.a.: not available.

DS 1
DS 2
DS 5
DS 6
DS 7
F2New
UK 1
G1
UK 2

Potential Temperature

Salinity

Potential Density Anomaly

Downstream Velocity

20.08 6 0.13
0.15 6 0.17
1.10 6 0.21
1.07 6 0.21
1.18 6 0.20
2.00 6 0.17
1.73 6 0.16
1.45 6 0.15
1.27 6 0.14

34.898 6 0.003
34.899 6 0.006
34.897 6 0.008
34.888 6 0.009
34.898 6 0.008
34.894 6 0.011
34.890 6 0.011
34.895 6 0.009
34.890 6 0.010

28.03 6 0.01
28.02 6 0.01
27.96 6 0.01
27.95 6 0.01
27.95 6 0.01
27.89 6 0.01
27.90 6 0.01
27.93 6 0.01
27.94 6 0.01

31.1 6 6.9
50.9 6 9.3
n.a.
n.a.
n.a.
22.8 6 2.5
23.8 6 3.2
24.2 6 4.6
21.8 6 5.1

correlation coefﬁcients for the ﬁltered time series are dependent on the length of the time series and
amount r50:56=r50:35=r50:27 for 1/3/5 year records. Signiﬁcant and nonsigniﬁcant correlations are indicated separately in Tables (2–5). The correlations were calculated from anomalies, calculated as deviations
from the mean of each individual time series.
Additionally, all physical parameters were correlated between the mooring arrays to identify similarities and
to obtain the advection time scales. The time lag was varied from zero to 50 days; the strongest signiﬁcant
correlation was then chosen as the advection time. The lags obtained from the analysis have an uncertainty
of a few days due to the ﬁltering process: the resulting correlation coefﬁcients are very similar for a time
span of 62 days. The longest overlapping period of measurements was always considered. For example,
the records of DS 1 and G 1 were correlated for the period 2009–2012, while the single-year data set of
2007–2008 was not taken into account (cf. Figure 3). Naturally, all correlations given for DS 5, DS 6, and DS 7
are based on the 1 year deployment in 2010–2011.

3. Results
3.1. Variability and Correlations Within the Mooring Arrays
The near-bottom measurements from the three mooring arrays were obtained at diverse locations and
depth levels. The shallowest mooring of an array generally exhibits higher temperatures and less dense
water (Table 1). Within the Denmark Strait sill array, the average temperature at the shallower mooring DS 2
is 0.23 C higher than at DS 1. Similar results are obtained for the two southern mooring arrays: a temperature difference of 0.08 C is apparent between DS 7 and DS 5. An exception is mooring DS 6, where colder
water was found when compared to the shallower DS 7 and deeper DS 5 (Figure 4). Nevertheless, there is
no signiﬁcant difference in density between these moorings due to the salinity distribution (Table 1). At
Angmagssalik, the average temperature at F2New is 0.73 C higher than at UK 2. Differences in the average
salinity within the mooring arrays are small (below 60.01) and often close to the accuracy of the measurements (see Figure 5). The average downstream velocity is high at the sill of Denmark Strait (30–50 cm s21)
and lower at Angmagssalik (below
25 cm s21), where the plume is
Table 2. Internal Correlations of Moored Near-Bottom Time Series (Low-Pass Fila
spread over a larger area.
tered) From the Denmark Strait Sill and Entrainment Arrays
Correlation Coefficient r

Potential
temperature
Salinity
Downstream
velocity

DS 1–DS 2

DS 5–DS 6

DS 6–DS 7

DS 5–DS 7

0.84

0.98

0.97

0.92

0.57
0.37

0.86
n.a.

0.91
n.a.

0.82
n.a.

a
All correlations were calculated with no time lag, as anomalies are expected
to occur approximately simultaneously at all moorings within an array (located
on a section perpendicular to the mean ﬂow). Current velocities were rotated to
the dominant ﬂow direction and only the downstream component was used. At
Denmark Strait sill three 1 year periods with overlapping data exist for the hydrographic data, while the entrainment array covered only one deployment period
(cf. Figure 3). n.a.: not available.
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Figure 4. Low-pass ﬁltered bottom potential temperature time series for all three mooring arrays. See Figure 1 for the locations of the
arrays. (a) Denmark Strait sill array. (b) entrainment array. (c) Angmagssalik array.

decrease with distance between the moorings, which is most obviously seen in the temperature correlations of F2New with the other moorings at Angmagssalik (Table 3). The only correlation below r 5 0.8 in
salinity is apparent at Denmark Strait sill, where the shallower DS 2 records show a higher variability with
pronounced low-salinity events, which are absent at DS 1. The overall variance found in salinity increases
downstream (see Figure 5), which is reﬂected in the elevated standard deviations of the records obtained at
Angmagssalik (Table 1). The downstream increase of variance in salinity suggests that the overﬂow sources
in the Nordic Seas are relatively stable in salinity. The downstream variance is elevated by the entrainment
of neighboring water masses. In contrast, temperature already exhibits considerable variability at the

Figure 5. Low-pass ﬁltered bottom salinity time series for all three mooring arrays. See Figure 1 for the locations of the arrays. (a) Denmark
Strait sill array. (b) entrainment array. (c) Angmagssalik array.
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Table 3. Correlations of Moored Time Series From the Angmagssalik Array (Low-Pass Filtered), Similar to Table 2a
Correlation Coefficient r

Potential Temperature
Salinity
Downstream velocity
a

F2New-UK 1

F2New-G 1

F2New-UK 2

UK 1-G 1

UK 1-UK 2

G 1-UK 2

0.88
0.96
0.29

0.55
0.91
20.00

0.46
0.87
0.11

0.73
0.96
0.20

0.61
0.92
20.30

0.87
0.96
0.25

Nonbolded numbers denote correlations below the 99% signiﬁcance limit. Bolded numbers correspond to signiﬁcant correlations.

northernmost moorings at the sill of Denmark Strait and the impact of entrainment on the variance of this
property is not as pronounced.
Seasonal variability is on the order of 60:1 C for temperature at the Denmark Strait sill and Angmagssalik
arrays (derived from a harmonic analysis), explaining about 10% of the variance. The records from the
entrainment array are too short to derive seasonal information. The seasonal amplitude in salinity is 0.002 at
the Denmark Strait sill (below measurement accuracy) and 0.008 at Angmagssalik. The variance induced by
the seasonal cycle is thus increasing downstream; only 5% is explained by seasonality at the sill, while 10%
can be attributed to the seasons at Angmagssalik. These contributions to the variance were obtained from
the low-pass ﬁltered time series; the seasonal effect is even less pronounced for the unﬁltered time series
[cf. Jochumsen et al., 2012].
In contrast to the hydrographic variability, velocity ﬂuctuations within the separate arrays (time series
shown in the supporting information, Figure S1) are only weakly correlated with r < 0.4 at all locations
(Tables 2 and 3); often no signiﬁcant correlation was found at all. These low correlations are likely caused by
ﬂuctuations in the plume position: the current core migrates between shallower and deeper positions along
the Greenland shelf and slope [Dickson et al., 1999]. An indicator for the varying position is the negative correlation between UK 1 and UK 2: at these time scales the current is either strong at UK 1 or at UK 2, not at
both positions simultaneously. In a synoptic sense, the current core is about 20–30 km in width at Angmagssalik [cf. Fischer et al., 2014, Figure 5a] and therefore never covers all moorings simultaneously, which
are 10–25 km apart from each other. Seasonal variations of the downstream velocities are 325 cm s21 at
the Denmark Strait sill with maximum velocities in winter. At Angmagssalik, the seasonal amplitude is in the
order of 1 cm s21 and not signiﬁcant, conﬁrming the results from Dickson and Brown [1994].
Correlations between the different parameters (temperature, salinity, and velocity) are weak (r < 0.4). Only
at the entrainment array, where the moorings are in close proximity, do salinity and temperature ﬂuctuations occur in phase (r > 0.6). In general, positive velocity anomalies coincide with negative temperature
anomalies, but this anticorrelation is again weak (20:1 > r > 20:3). Thus, the maximum velocities within
the overﬂow plume are not associated with extreme temperatures and salinities. Overﬂow eddies rather displace isopycnals above the plume and the effect cannot be noticed in our near-bottom measurements.

3.2. Signal Propagation Along the Greenland Continental Slope
Lagged correlations are used to relate anomalies registered at the Denmark Strait sill with downstream signals and to obtain propagation times. The correlation coefﬁcients found for all potential temperature time
series are given in Table 4 as well as the time lags used to obtain these correlations. Signiﬁcant correlations
Table 4. Lagged Correlations of Potential Temperature (Low-Pass Filtered) Between the Three Mooring Arraysa
Correlation Coefficient r
Potential Temperature

DS 1
DS 2
DS 5
DS 6
DS 7

DS 5

DS 6

DS 7

F2New

UK 1

G1

UK 2

0.78(2d)
n.a.
–
–
–

0.77(1d)
n.a.
–
–
–

0.67(2d)
n.a.
–
–
–

0.34(11d)
0.76(8d)
0.39(11d)
0.43(10d)
0.52(10d)

0.41(10d)
0.51(13d)
0.59(11d)
0.64(11d)
0.70(10d)

0.57(13d)
0.75(15d)
0.70(12d)
0.78(11d)
0.80(11d)

0.53(16d)
0.61(16d)
0.71(14d)
0.77(14d)
0.79(14d)

a
(xxd): days of lag. n.a.: not available. Nonbolded numbers denote correlations below the 99% signiﬁcance limit. Bolded numbers correspond to signiﬁcant correlations. Dashes are ﬁlled in for the autocorrelation case (not considered here).
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Table 5. Lagged Correlations of Salinity (Low-Pass Filtered) Between the Three Mooring Arraysa
Correlation Coefficient r
Salinity

DS 1
DS 2
DS 5
DS 6
DS 7

DS 5

DS 6

DS 7

F2New

UK 1

G1

UK 2

0.08(2d)
n.a.
–
–
–

0.19(1d)
n.a.
–
–
–

20.02(2d)
n.a.
–
–
–

20.15(11d)
0.24(8d)
0.57(8d)
0.78(10d)
0.73(10d)

20.26(10d)
0.26(13d)
0.64(11d)
0.83(10d)
0.79(10d)

0.04(13d)
20.26(15d)
0.73(12d)
0.89(11d)
0.82(11d)

20.18(16d)
0.30(16d)
0.74(14d)
0.91(14d)
0.85(14d)

a
(xxd): days of lag. n.a.: not available. Nonbolded numbers denote correlations below the 99% signiﬁcance limit. Bolded numbers correspond to signiﬁcant correlations. Dashes are ﬁlled in for the autocorrelation case (not considered here).

are present between the Denmark Strait sill array and the deep downstream. There is no overlapping period
of measurements for DS 2 and DS 5/DS 6/DS 7, but correlations at Angmagssalik are even better than for
DS 1. Up to 60% of the downstream temperature variance originates from anomalies seen at the sill of Denmark Strait.
The lagged correlations additionally indicate the propagation time scale of DSOW temperature anomalies
along the slope of the Greenland shelf: anomalies originally recorded at the sill of Denmark Strait will be
seen 2 days later at the entrainment array and further 10–14 days later at the Angmagssalik array. These
propagation times thus correspond to mean current speeds in the order of 100 and 35 cm s21 , respectively. The direct correlation from the Denmark Strait sill to Angmagssalik gives similar time scales of 8–16
days and mean current speeds of O(45 cm s21 ). These speeds probably underestimate the real mean ﬂow,
as lagged correlations reﬂect the combined effect of all advective-diffusive transports and not only the
advection [Jeffress and Haine, 2014]. Within the uncertainty of the time lags (which is about 2 days), these
results are in reasonable agreement and also conform with other studies (e.g., Eulerian estimates from
moorings as in von Appen et al. [2014a] or Lagrangian estimates from a model in Koszalka et al. [2013]). The
disagreement with the average
velocities of Table 1 can be
explained by the missing velocity
measurements in the region of the
ﬁrst 125 km downstream of the sill,
where the plume accelerates and
the highest mean velocity of
approximately 70 cm s21 is found
[Girton and Sanford, 2003].

Figure 6. Potential temperature and salinity diagram for all low-pass ﬁltered mooring
records shown in Figures 4 and 5. The squares depict the average values, the thick horizontal and vertical lines the standard deviation of the mean, and the thin lines the
maximum range of properties.

JOCHUMSEN ET AL.

C 2015. American Geophysical Union. All Rights Reserved.
V

The results from lagged correlations of the salinity time series differ dramatically from the
temperature time series presented
above. No signiﬁcant correlation
was found between the Denmark
Strait sill array and any of the
downstream salinity records (Table
5). This different behavior of the
salinity variance at the Denmark
Strait sill moorings is even apparent
from a visual inspection of Figure 5.
However, the propagation of salinity anomalies is clearly seen
between the entrainment array and
Angmagssalik, where the best
agreement is evident between DS
6 and UK 2 (r 5 0.91). In contrast to
the temperature records, the

1849

Journal of Geophysical Research: Oceans

10.1002/2014JC010397

correlations of salinity anomalies
are even signiﬁcant for mooring
F2New. Between 50% and 80% of
the salinity variance at Angmagssalik can be explained by the anomalies found at the entrainment array.
Salinity anomalies are thus mixed
into the DSOW plume in the region
between the Denmark Strait sill
array and the entrainment array.
3.3. Water Mass Modification by
Entrainment of Ambient Water
The change of hydrographic properties in DSOW descending into the
North Atlantic is depicted in the
potential temperature/salinity diagram in Figure 6. While the DSOW
at the sill of Denmark Strait is limited to the salinity range 34.89–
34.905 and between 10.5 C and
Figure 7. Potential temperature and salinity diagram for the Angmagssalik moorings
20.5 C, the downstream measure(as in Figure 6) and the source waters used for the water mass analysis (see text for
ments allocate a much wider salindetails). EGC: Water from the East Greenland Current; AW: Atlantic Water; sill DSOW:
ity space (34.865–34.905) and
Denmark Strait overﬂow water as measured directly at the sill.
higher temperatures. The records
from the entrainment array are much closer to records obtained at Angmagssalik than to the Denmark
Strait sill measurements. The DSOW modiﬁcation is strongest between the Denmark Strait sill array and the
entrainment array, where much of the salinity variance is induced by the entrainment of fresher water. Further downstream, only gradual warming occurs, especially at the deeper moorings at Angmagssalik.
A source of fresher water and enhanced salinity variability could be the low-salinity lid of the DSOW plume
that is added downstream of the sill to the overﬂow layer and gradually mixed into the plume along its
pathway [Rudels et al., 1999]. The lid water originates from the East Greenland Current Water, which combines several sources of low salinity (e.g., Polar Water and sea ice) and is the only source of fresher water in
the area. In addition, the EGC also transports a dense water layer (Figure 1) [Våge et al., 2011; von Appen
et al., 2014b]. As seen in the section of temperature and salinity at the sill, the shelf waters are indeed within
the DSOW density range, but are warmer and fresher (between km 2240 and 280 in Figure 1) than the
waters in the deep channel (around km 0 in the ﬁgure). Within the ﬁrst 180 km downstream from the sill,
the shelf waters descend from the shelf and join the DSOW plume from the deep channel [Rudels et al.,
2002]. The shelf waters are therefore an important source of the water masses available for entrainment.
The East Greenland Spill Jet described for shelf sections obtained further south [Pickart et al., 2005] is characterized as an intermittent and local phenomenon, but is able to introduce considerable low-salinity
anomalies into the DWBC [Brearley et al., 2012; Falina et al., 2012]. The shelf waters can either descend from
the shelf due to topographic gaps in the continental shelf, or as spilling events [Koszalka et al., 2013]. Which
of the two mechanisms is more important is unknown so far.

Table 6. Average Source Water Content With Standard Deviation for the Three
Source Water Masses at the Angmagssalik Mooringsa
Average Content 6 Standard Deviation in %
Original DSOW

Atlantic Water

EGC Water

37 6 4
41 6 6
52 6 5
55 6 5

30 6 5
24 6 5
21 6 3
17 6 4

32 6 7
35 6 7
27 6 6
28 6 7

F2New
UK 1
G1
UK 2
a
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Warm and saline Atlantic Water
(AW) from the Irminger Current is
the source for warming of the
DSOW layer. AW can be identiﬁed
as a neighboring water mass of
DSOW from CTD proﬁles measured
south of the Denmark Strait sill. A
collection of nearly 500 CTD proﬁles [Nilsen et al., 2007] was used to
obtain average properties of the
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Figure 8. Water mass content for the Angmagssalik mooring UK 1. The DSOW at this location can be obtained by varying contributions of
Atlantic Water (AW), East Greenland Current Water (EGCW), and original DSOW.

density layer rh 5 27.6–27.75 kg m23 south of Denmark Strait. The dominant temperature and salinity of
the layer above the DSOW was then derived from histograms of these data (Figure S2 in the supporting
information): the warm layer covering the overﬂow has a mean potential temperature of 5 C and 35 in
salinity.
The DSOW found at Angmagssalik can be explained by the mixing of original DSOW from the Denmark
Strait sill with EGC water and AW. The necessary fractions of each constituent can be estimated by the ‘‘mixing triangle’’ [e.g., Mamayev, 1975; Tomczak, 1981] as a linear combination of each of the three source water
masses. As source water masses we use the respective endpoints in the temperature/salinity space, where
the three components are located. These are: (1) the average properties of DS 2 (0.15 C and 34.9), which
are used because of the better results in the correlations with the downstream data; (2) the EGC water as
derived from the Falina et al. [2012] and Rudels et al. [2002] hydrographic measurements (2 C and 34.8);
(3) the AW as the average properties of the neighboring water (cf. Figure S2) obtained from CTD
measurements (5.0 C and 35.0). The analysis then calculates the relative contributions of these sources
required to produce water with properties set to be those measured at the Angmagssalik moorings (cf.
Figure 7).
The results from water mass analysis give estimated volume fractions for each of the three source waters
for the records from Angmagssalik. The average volume fraction of original DSOW increases at the nearbottom instruments with increasing depth (Table 6), while the standard deviation of the volume fraction
has a similar magnitude for all depths and source waters. Original DSOW from the sill provides the largest
volume fraction at all moorings. At the shallow F2New, the contributions are nearly equally distributed.
Entrainment of EGC waters has a larger contribution than AW at all moorings.
The seasonal cycle in the entrained contributions of the source waters is between 2% and 5%. Maximum contributions of AW (EGC water) occur in winter (summer); the AW and EGC water contributions
are thus in antiphase and signiﬁcantly correlated (r 5 0.6). No seasonality is found in the original
DSOW content, which is in agreement with the lack of a seasonal cycle in DSOW transports at the sill
of Denmark Strait [Jochumsen et al., 2012]. The seasonal behavior of the source water mass content is
similar at all Angmagssalik moorings. An example of the temporal evolution of the three source water
contributions is shown in Figure 8. The EGC water content is anticorrelated with the original DSOW
content (r 5 20.74) and with the AW content (r 5 20.60). The content of original DSOW at the UK 1
mooring at Angmagssalik is additionally positively correlated with the transport of DSOW in Denmark
Strait (volume transport time series from Jochumsen et al. [2012]) when a time lag of 16 days is
applied.

4. Summary and Discussion
Low-pass ﬁltered time series of near-bottom hydrographic and current measurements in the DSOW plume from
moored instrumentation are compared for three different locations in the period 2007–2012. The average values
of potential temperature reﬂect a rapid warming of about 1 C between the sill of Denmark Strait and the entrainment mooring array 180 km downstream (Table 1). During the second part of the plume’s descent (from the
entrainment array to Angmagssalik, 370 km distance), the warming is between 0.8 C and 0.2 C, depending on
the position of the measurement on the Greenland slope, with stronger warming at shallower bottom depths.
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The more vigorous change of DSOW properties within the ﬁrst 180 km from the sill is in agreement with previous
studies [e.g., Voet and Quadfasel, 2010]. While the average salinity is similar at all locations (maximum S difference
is 0.011), the salinity variance does increase downstream (Figure 6). The velocity is highest and most variable at
the sill of Denmark Strait. The current strength is reduced at Angmagssalik, as well as its variance. Temperature
and salinity anomalies are found to be coherent between the moorings in each array (Tables 2 and 3).
Lagged correlations indicate the advection of temperature anomalies from the sill of Denmark Strait to the
entrainment and Angmagssalik arrays (Table 4) within 2 and 13 days, respectively. From these propagation
times, an average propagation speed of 45 cm s21 is obtained, which is in agreement with previous esti€se, 2007; Koszalka et al., 2013]. In contrast, salinity anomalies (as well as velocity
mates [e.g., Quadfasel and Ka
anomalies) could not be traced from the Denmark Strait sill array to the downstream mooring locations.
Only between the entrainment array and Angmagssalik are signiﬁcant lagged correlations found (Table 5).
The fresh anomalies present in the Angmagssalik time series are thus apparently not advected there as part
of the dense bottom plume from Denmark Strait, but are injected within the ﬁrst 180 km downstream of
the sill by the entrainment of fresher water.
The most likely candidates for the entrainment into the descending DSOW plume are Atlantic Water and
East Greenland Current Water. The EGC water consists of several sources, which are of Arctic as well as of
Nordic Seas origin [e.g., Rudels et al., 2002; Sutherland and Pickart, 2008]. The entrained water is then not
only Irminger Sea water but also from northern sources carried in the EGC that are mixed into the dense
plume south of the sill. The amount of EGC water mixed into DSOW is thus responsible for the strength of
fresh anomalies at Angmagssalik, whereas variations in salinity of the source waters in the Nordic Seas or in
the Arctic as seen at the time series from Denmark Strait result only in salinity anomalies of half the
amplitude.
This result is partly consistent with the hypothesis put forward by Holfort and Albrecht [2007] who attributed large freshening events in the DSOW plume to changes in the various contributions of different
water masses to the formation of DSOW rather than changes in their properties, although their study connected to atmospheric forcing at the Denmark Strait sill. Hall et al. [2011] also connected fresh events at
Angmagssalik with upstream atmospheric forcing arguing that they are caused by northerly wind anomalies north of Denmark Strait generating higher volume ﬂux of EGC water to the sill rather than by changes
in the properties of this source water. This is directly compatible with our ﬁnding that it is the amount of
EGC water rather than its property anomalies that drives salinity variability in the DSOW plume. However,
the results of our analysis disagree with their rejection of entrainment as an important source for fresh
anomalies, which the authors themselves acknowledged was arguable. This conclusion of Hall et al.
[2011] was based on a global model in which entrainment processes are underestimated (although they
are eddy-resolving) and downstream overﬂow water is often represented at wrong depth levels [e.g., Xu
et al., 2010]. Additionally, our work places the processes responsible for the anomalies to locations south
of the Denmark Strait sill.
A water mass analysis has been performed, using EGC water and AW for entrainment, as well as the
original DSOW from the sill. The results showed a depth-dependent contribution of the source waters
at Angmagssalik (Table 6). The DSOW found at the shallow F2New mooring is composed nearly equally
of the three sources. The original DSOW content increases with mooring depth (from F2New to UK 2)
while the AW and EGC water contributions decrease. The AW content decreases greater than that of the
EGC water content. The AW becomes the neighboring water mass of the DSOW plume from approximately 30 km downstream of the sill at 400–1000 m depth and is thus available for turbulent vertical
mixing and lateral entrainment. EGC water is located on the East Greenland shelf and is thus not directly
in contact with the DSOW in the deep channel. From our analysis, we conﬁrm the possibility of the spilling events of dense shelf water, forming the East Greenland Spill Jet, to modify the DSOW layer within
the DWBC substantially and persistently (as hypothesized before in Falina et al. [2012] and Magaldi et al.
[2011]). The spilling relevant for DSOW occurs north of 65.3 N (the latitude of the entrainment array), as
salinity anomalies can be traced from there to Angmagssalik. Spilling events further downstream might
then only contribute to shallower layers, e.g., to Iceland Scotland overﬂow water. The water mass analysis does not agree with the possibility of increased spilling in winter (due to storms) [Magaldi et al.,
2011], as maximum EGC water contents are found in summer (cf. Figure 8). Increased EGC contributions
in summer rather support a hypothesis presented in Rudels et al. [1999, 2002] namely that the EGC
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waters are divided into two layers by intrusions of recirculating Atlantic Water; the denser layer is a
potential overﬂow contribution, and the other forms surface water. The level of separation is determined by the density of the AW in the Irminger Current. In summer, the AW is less dense and separates
the EGC at a shallower density level allowing more low-salinity water to contribute to the overﬂow. In
winter, the process is reversed. The EGC water mass characteristics are (except at the surface) set farther
north and are not affected by the seasonality.
Nevertheless, other ambient water masses may additionally contribute to the mixing into the DSOW plume;
the choice of only three sources, caused by the limited amount of measured properties, may be too simplistic. Additional candidates for mixing in the Irminger Sea are Labrador Sea Water (LSW), Northeast Atlantic
Deep Water (NEADW), or Lower Deep Water (LDW), which is modiﬁed Antarctic Bottom Water. LSW found
in the central Irminger Sea (J. Karstensen, personal communication, 2012) is 2 C–3 C warmer than the
DSOW, but in the same salinity range, and was not found in close vicinity to the Denmark Strait sill. NEADW,
formed of modiﬁed ISOW, is more saline than DSOW and also warmer [Dickson and Brown, 1994]. LDW is
not found in the relatively shallow area where the DSOW descends into the Irminger Basin. Therefore, the
choice of the three sources of original DSOW, EGC water, and AW can be considered realistic for the entrainment regime just downstream of Denmark Strait.
The results from the water mass analysis for the Angmagssalik hydrographic data using three sources obviously depends strongly on the choice of source waters. The relevant EGC water may be somewhat colder
and fresher than the gauged values used here. Additionally, the AW properties obtained from the CTD data
were extracted from density levels close to the DSOW, although warmer and saltier surface waters could be
the original source. Simultaneous changes of 60.5 C in temperature and 60.05 in salinity in the deﬁnition
of the source waters cause deviations of up to 20% in volume fraction of each water mass contribution.
Applying more extreme source properties for EGC water and AW enlarges the mixing triangle in T/S space
(Figure 7) and changes the relative contributions of the sources, but not the variability depicted in Figure 8.
Finally, variability present in the source water masses was neglected due to the lack of time series from the
EGC waters and AW.
Despite these uncertainties, the amount of EGC water present at the Angmagssalik moorings derived
from this study is remarkably close to other estimates. Koszalka et al. [2013] obtained from their
Lagrangian model study a contribution of 26% EGC particles at Angmagssalik (their SHELF and
KANGER contributions); Falina et al. [2012] used synoptic ship sections and attributed 25% of the
DWBC transport near Cape Farewell to cascading shelf waters. Our estimate of about 30% EGC water
at Angmagssalik ﬁts well within these numbers (Table 6). Overall, about 75% of the water forming
the DSOW layer at Angmagssalik originates from north of Denmark Strait and is transferred to deep
waters in the North Atlantic.
The ﬁnal conclusion of our study is that DSOW anomalies found in the DWBC far away from Denmark
Strait cannot be directly interpreted as Arctic variability. This holds especially for salinity anomalies,
which were found to be a consequence of mixing processes. DSOW anomalies can originate from
variability of the DSOW sources in the Nordic Seas, changes in the rate of entrainment, or variations
in the entrained water mass properties. All three of these processes together contribute to the variability found at Angmagssalik. In our work, we attributed salinity anomalies to be a result from
changes in the entrainment, while variability in the Nordic Seas was not contributing substantially (as
seen in the lagged correlations). Therefore, the probability of identifying fresh anomalies originating
in the Arctic on an advective path from the sill of Denmark Strait southward is low. Following temperature anomalies downstream is more promising, although the explained variance in temperature
at Angmagssalik is below 50% on average using the Denmark Strait sill moorings. With increasing
distance from Denmark Strait this value decreases and even the tracking of temperature anomalies
becomes challenging.
Although the Nordic Seas overﬂows were found to control the DWBC along the Greenland slope and thus
€ning,
the Atlantic Meridional Overturning Circulation (AMOC) in the Irminger Basin in models [Redler and Bo
1997], our results suggest that entrainment hides Arctic climate anomalies and adds additional variability of
larger amplitude. Establishing the link between Arctic variability and the deep limb of the AMOC through
observations is therefore difﬁcult. In order to fully understand the circulation and mixing at the East
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Greenland slope, not only time series measured directly at the sill of Denmark Strait and of the overﬂow
plume postentrainment are needed, but also of the entrained water masses: on the East Greenland Shelf
and in the Atlantic Water layer and of the entrainment process itself.
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