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Abstract. Denmark Strait Overflow Water supplies the densest contri-

bution to North Atlantic Deep Water and is monitored at several locations

in the Deep Western Boundary Current in the subpolar North Atlantic. Hy-5

drographic (temperature and salinity) and velocity time series from moor-

ing arrays at the Denmark Strait sill, at approx. 180 km downstream (south

of Dohrn Bank) and a further 320 km downstream on the east Greenland

continental slope near Tasiilaq (formerly Angmagssalik) were analyzed to quan-

tify the variability and trace anomalies in Denmark Strait Overflow Water10

in the period 2007-2012. No significant long term trends were detected in the

hydrographic time series, while variability on time scales from interannual

to weekly was present at the moorings. These time series within the moor-

ing arrays show coherent signals, while the velocity fluctuations are only weakly

correlated. Lagged correlations of anomalies between the three arrays revealed15

a propagation from the sill of Denmark Strait to the Angmagssalik array in

potential temperature, while the correlations in salinity were low or not sig-

nificant. Entrainment of warm and saline Atlantic water and fresher water

from the East Greenland Current (via the East Greenland spill jet) can ex-

plain the whole range of temperature and salinity changes in the Denmark20

Strait Overflow Water measured downstream of the sill. Changes in the en-

trained water masses, as well as in the mixing ratio, can thus strongly in-

fluence the salinity variability of Denmark Strait Overflow Water, which re-

duces the likelihood of detecting anomalies of Arctic origin in downstream
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measurements of Denmark Strait Overflow Water within the Deep Western25

Boundary Current.
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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. The dense water, known as Denmark Strait Overflow Water (DSOW),

provides about half of the total dense water overflow, thus contributing significantly to30

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). Along its way mixing with ambient waters modifies the temperature, salinity

and other characteristics of the overflow plume and its volume transport is almost doubled.35

The DSOW then spreads into the abyssal Subpolar North Atlantic, where it is monitored

with moored instruments at several locations [Fischer et al., 2014]. Overflow variability

in the Deep Western Boundary Current (DWBC) is present on various time scales, from

multi-decadal to weekly, but the strongest changes occur at the longest time scales in the

southwestern Irminger Sea [van Aken and de Jong , 2012].40

Denmark Strait Overflow Water in the northern Irminger Basin is commonly defined

as a water mass with a potential density anomaly of more than 27.8 kgm−3 and colder

than 2◦C (e.g. Tanhua et al., 2005). DSOW measurements have been focussed on the

deep channel of Denmark Strait where the velocity is strong, although it has long been

known that a distinct layer of dense water in the DSOW density range also is present45

on the Greenland shelf (Figure 1). The relevance of this layer was assumed to be small,

as the current velocities obtained during ship cruises were small (Macrander et al., 2007,
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Jochumsen et al., 2012). Downstream of Denmark Strait, entrainment warms the overflow

and hence decreases its density, but DSOW remains the densest water mass in the Irminger

Sea with temperatures below 2◦C and descends to more than 2000 m depth. Here, DSOW50

forms the bottom layer of the DWBC and is overlain by Iceland Scotland Overflow Water

(ISOW), which also influences the less dense portion of the plume by isopycnal mixing.

The average dense water transport at the sill of Denmark Strait 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].55

Close to the sill of Denmark Strait, the DSOW layer thickness varies between 50 and

300 m [Macrander et al., 2007], but decreases downstream [Käse and Sanford , 2003]. The

downstream overflow layer is often covered by a low 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 almost homogeneous and cold. At the Angmagssalik array, approximately60

500 km downstream of the sill, DSOW is found at depths larger than 1400 m with an

average layer thickness of 300 m to 600 m, depending on the location of the measurement

on the Greenlandic slope [Dickson et al., 2008]. Here, overflow thickness may vary with

amplitudes of ±150 m as well [Dickson et al., 1999].

Denmark Strait is wider than the baroclinic Rossby radius, which is 14 km at these65

latitudes [Whitehead , 1998]. Mesoscale eddies with a period of 2-10 days are present in

the Denmark Strait Overflow plume. In Eulerian measurements these eddies are seen

as DSOW plume pulses in the velocity time series at the respective frequencies and are

often correlated with the lowest temperatures. Mesoscale eddies are generated by vortex

stretching all along the descending pathway of the overflow. The frequencies associated70
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with them are shifted to longer time scales downstream of the sill [Voet and Quadfasel ,

2010], with dominating periods close to ten days near Angmagssalik [Fischer et al., 2014].

Results from mooring arrays downstream of Denmark Strait revealed the dominance of

horizontal stirring by these mesoscale eddies for the entrainment of ambient water into the

overflow plume [Voet and Quadfasel , 2010], while vertical mixing through shear instabili-75

ties was found to dominate the entrainment only within 100 km distance from Denmark

Strait sill. This hypothesis was indirectly 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 approx. 200 km from the sill.

In this work we use hydrographic and velocity measurements from three mooring arrays80

along the DSOW pathway to deduce the relative role of advection and mixing for the

changing plume characteristics in the Irminger Sea. The northernmost array is located at

the sill of Denmark Strait, the second array approx. 180 km downstream of the sill and the

third/southern array south of the community Tasiilaq (formerly known as Angmagssalik)

at the eastern coast of Greenland approx. 500 km south of Denmark Strait (Figure 2).85

We focus our study on the nearly homogeneous bottom part of the DSOW plume, as most

data were collected in 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.90

Thereby we obtain advection time scales of anomalies and improve our understanding of

the influence of entrainment and the variability of the mixing rate on the DSOW plume,
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which is essential for interpreting downstream DSOW anomalies in the subpolar North

Atlantic.

2. Instruments, data quality control, processing and dependencies

2.1. Set-up of mooring arrays

The analysis presented here is based on near-bottom records of moored instruments95

from three different mooring arrays, obtained in the period 2007-2012. 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 (approx. 630 m maximum depth)

to the bottom of the Irminger Basin (approx. 3000 m depth near Cape Farewell). The

northernmost array was placed directly at the sill of Denmark Strait (DS 1 and DS 2,100

distance between moorings: 10 km; 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, distance between

moorings: 4.5 km), which in the following are referred to as the entrainment array; and

four moorings were located south of Tasiilaq1 (F2New, UK 1, G 1 and UK 2, distance

between moorings: 10-25 km; referred to as the Angmagssalik array). The two moorings105

DS 1 and DS 2 were at 630 m and 570 m depth; the moorings at the entrainment array

were placed at 1460 m, 1360 m and 1270 m depth; and 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. 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 minutes.110

The entrainment array was only deployed once and the data cover approx. one year.

The moorings were equipped with either Aanderaa current meters (RCM 8, RCM 11 or
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Seaguard) or with Workhorse ADCPs (75 kHz or 150 kHz), as well as SeaBird SBE37SM

MicroCATs (MCs).

The mooring program at the sill of Denmark Strait was originally a cooperation between115

the Nordic countries with the funding of the Nordic Council of ministers. It was initiated

in 1994-95, but the observation started in 1996. A German group (IFM Kiel) joint the

measuring effort in 1999 under the SFB460 program. First results of a 4-year period were

published in Macrander et al. [2005] and Macrander et al. [2007]. Since 2007 the mooring

work is a joint effort of the University of Hamburg (Germany) and the Marine Research120

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, 2012 ongoing) projects. The most recent results from the mea-

sured ADCP velocity time series are presented in Jochumsen et al. [2012] and Fischer

et al. [2014].125

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 continen-

tal slope at about 63◦N. From 1995 it was maintained by collaboration by UK (Cefas),

German (UHH) and Finnish (FIMR) teams as part of multiple national programmes

and the EU-funded projects VEINS (Variability of Exchanges in the Northern Seas, 1997-130

2000), ASOF (Arctic Sub-Arctic Ocean Flux, 2003-2005) and THOR. Recent deployments

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 into mixing, transport and water mass variability using the

Angmagssalik array data have been published over the last 20 years in e.g. Dickson and135
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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 between 10 m to 30 m above the sea floor.

2.2. Measurement accuracy

The accuracy of the current speed measurement is ±1cms−1 for the RCM 8 instruments

and ±0.15cms−1 for RCM 11 acoustic current meters, with ±5◦ for the direction. Hourly140

ADCP ensembles were obtained with a velocity standard deviation of ±0.8cms−1, but

averaged in the post-processing to further reduce errors (cf. Jochumsen et al., 2012).

To compare data from the different arrays, we focus on velocity time series obtained at

discrete depth levels: we use the mean height of the maximum velocity of the Denmark

Strait sill ADCP measurements (found 120 m above the bottom at DS 1 and 80 m above145

the bottom at DS 2) to avoid effects of bottom friction and the deepest current meter

record on each mooring at Angmagssalik (depth above bottom 20 m). Unfortunately,

ADCP velocities from the entrainment array could not be used due to large tilts of the

instruments from mooring pull-downs during most of the deployment period. All veloc-

ity vectors were rotated in the direction of the average flow and only the downstream150

component is considered here.

The accuracy of the factory calibrated MicroCAT measurements is ±0.002◦C for tem-

perature and ±0.0015 for salinity. The MC measurements were generally tested against

CTD measurements with a calibration cast before or after deployment. The difference

between the two instruments (MC and CTD) at the calibration casts were < 0.005◦C for155

temperature and < 0.005 for salinity for well working devices. Nevertheless, some salinity

time series obtained by the MCs showed sudden shifts within a record or nonlinear drift,
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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, quality controlled hydrographic data are presented in160

Figure 3.

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 a165

density threshold for overflow water. Only anomalies of Denmark Strait overflow water

were considered in this study, hence all potential density anomalies <27.80 kgm−3 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.170

Eddy activity has been previously noted at the sill of Denmark Strait on timescales of a

few days [Girton et al., 2001], as well as eddy generation at approx. 100 km downstream of

Denmark Strait sill [Käse and Sanford , 2003]. All our hydrographic near-bottom measure-

ments confirmed the persistence of DSOW along the Greenland slope; whether a passing

eddy, carrying the ”DSOW lenses” described in von Appen et al. [2014a], is present or175

not. Thus, these lenses are advected in the background current of DSOW and are no

separate features. When comparing the observations at the sill to those at Angmagssalik

it is seen that the overall high frequency variance of the overflow plume is much reduced

downstream and shifted to longer time scales (Voet and Quadfasel , 2010; Fischer et al.,
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2014). Thus, the frequency of the eddy activity is modified between the mooring arrays.180

The time series of the three moorings arrays are uncorrelated when considering the orig-

inal high temporal resolution; hence single eddies are not traceable and probably merge

with each other or fade along the descending pathway. In order to compare the time series

with each other the high frequency variations therefore must be removed; and filtered time

series representing a mean state over several eddies were used for the analysis. A 20 day185

low pass filter was applied (using a Hamming window) for 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).

While the application of a low pass filter is common practice in handling velocity time

series for reducing the small scale variability and removing tides, filtering hydrographic190

data may feign 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 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 significantly. For195

the entrainment array the filter constrained the data to a T/S space in the center of the

original data points; no artificial water masses were produced, but the water was artificially

mixed. 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. The effect of the filter is discussed again in the discussion.200
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2.4. Correlation coefficients

Correlations were computed for all time series within one mooring array to analyze the

uniformity of the flow and the dependencies between the time series. Discussed are only

coefficients with p-values within the 90% significance level (90% and 95% are indicated

separately in Tables 2, 3, 4 and 5). Effective degrees of freedom (EDF) were taken into

account for the p-value calculations, since filtering reduces the number of independent205

measurements and thus the sample size. EDFs were obtained from the autocorrelations

of the time series and varied between 5 for the one-year records at the entrainment array

and 12 for the multi-year time series from Angmagssalik.

Additionally, all physical parameters were correlated between the mooring arrays to

obtain the advection time scales. The time lag was varied from zero to 50 days; the210

best 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 ±2 days. The longest

overlapping period of measurements was always considered, thus one year periods were

often disregarded. For example, the records of DS 1 and G 1 were correlated for the period215

2009 to 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,DS 7 are based on the one 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 higher220
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temperatures and less dense water (Table 1). Within the Denmark Strait sill array,

the average temperature at DS 2 is 0.23◦C higher than at DS 1. Similar results are

obtained for the two southern mooring arrays: a near bottom 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).225

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 ±0.01) and often close to the accuracy of the measurements (see

Figure 5). The average downstream velocity is high at the sill of Denmark Strait and230

decreased at Angmagssalik, where the plume is spread over a larger area and less confined

by topography.

The variability within the mooring arrays is mostly coherent for the hydrographic time

series, which is seen in the good correlations obtained for the records within one array

(Tables 2 and 3). Best correlations in temperature are found at the entrainment array,235

between DS 5 and DS 6 (r = 0.98), and at Angmagssalik for salinity (r = 0.96 for the

neighboring moorings F2New and UK 1, UK 1 and G 1, G 1 and UK 2). Correlations

decrease with distance between the moorings, which is most obviously seen in the temper-

ature correlations of F2New with the other moorings at Angmagssalik (Table 3). The only

correlation below r = 0.8 in salinity is apparent at Denmark Strait sill, where the shal-240

lower DS 2 records show a higher variability with pronounced low salinity events, which

are absent at DS 1. The overall variance found in salinity is increasing downstream (see
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Figure 5), which is reflected in the elevated standard deviations of the records obtained

at Angmagssalik (Table 1).

Seasonal variability is in the order of ±0.1◦C for temperature at the Denmark Strait245

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 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 to250

the seasons at Angmagssalik. These contributions to the variance were obtained from the

filtered time series; the seasonal effect is less for the unfiltered time series (c.f. Jochumsen

et al., 2012).

In contrast to the hydrographic variability, downstream velocity fluctuations (time series

not shown) are only weakly correlated with r < 0.4 at all locations (Tables 2 and 3); often255

no significant correlation was found at all. These low correlations are likely caused by

fluctuations in the plume position, which is thought able to propagate at different depth

levels along the Greenland shelf and slope [Dickson et al., 1999]. An indicator for the

varying position is the correlation in antiphase between UK 1 and UK 2: the current

is either strong at UK 1 or at UK 2, not at both positions simultaneously. Seasonal260

variations of the downstream velocities at Angmagssalik are in the order of 1cm/s and

3 − 5cm/s at the Denmark Strait sill and mostly not significant, as found in earlier work

Dickson and Brown, 1994.

Correlations between the different parameters (temperature, salinity, velocity) are weak

(r < 0.4). Only at the entrainment array, where the moorings are in close proximity,265
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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 (−0.1 < r < −0.3).

Signal propagation along the Greenland continental slope

Lagged correlations are used to relate anomalies registered at Denmark Strait sill with

downstream signals and to obtain propagation times. The highest correlation coefficients270

found for all potential temperature time series are given in Table 4 as well as the time

lag used to obtain that correlation. Significant correlations are present between the Den-

mark Strait sill array and the deep downstream moorings: for DS 1 and DS 5/DS 6 and

G 1/UK 2. 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. Unfortunately, while high,275

some correlations are only within the 90% significance level (grey numbers in Table 4),

because of the limited time span of overlapping data. Nevertheless, up to 60% of the

downstream temperature variance originate from anomalies seen at the sill of Denmark

Strait. Longer time series are necessary to increase the reliability of this result.

The lagged correlations additionally indicate the propagation time scale of DSOW tem-280

perature 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 100cms−1 and 35cms−1, respectively. The direct

correlation from the Denmark Strait sill to Angmagssalik gives similar time scales of 8-16285

days and mean current speeds of O(45cms−1). Within the uncertainty of the time lags

(see above) these results are in reasonable agreement and also conform with other studies
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(e.g. Eulerian estimates from moorings von Appen et al., 2014a or Lagrangian estimates

from a model Koszalka et al., 2013).

The results from lagged correlations of the salinity time series differ dramatically from290

the temperature time series presented above. No significant correlation was found between

the Denmark Strait sill array and any downstream salinity record (Table 5). The different

behavior of the salinity variance at the Denmark Strait sill moorings is even obvious

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 agreement295

is achieved between DS 6 and UK 2 (r = 0.91). In contrast to the temperature records

the correlations of salinity anomalies are even for the one-year records mostly within the

95% significance level. The salinity variance at Angmagssalik can be explained to 50-80%

by the anomalies found at the entrainment array.

Water mass modification by entrainment of ambient water

The change of hydrographic properties in DSOW descending into the North Atlantic is300

most obviously depicted in the pot. temperature/salinity diagram of Figure 7. While the

DSOW at the sill of Denmark Strait is limited to the salinity range 34.89 to 34.905 and

between +0.5◦C and -0.5◦C, the downstream measurements allocate a much wider salinity

space (34.865 to 34.905) and higher temperatures. Similarity is seen between the records

from the entrainment array and the records obtained at Angmagssalik. The DSOW305

modification is strongest between the Denmark Strait sill array and the entrainment array,

where much salinity variance is induced through the mixing in of fresher water. Further

downstream only gradual warming especially at the shallower moorings at Angmagssalik

is noticed from the diagram.
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The low salinity lid of the DSOW plume is added downstream of the sill to the overflow310

layer, and then gradually mixed into the plume along its pathway [Rudels et al., 1999].

The lid water origins from the East Greenland Current Water (the only source of fresh

water in the region), which also transports a dense water layer (Figure 1; V̊age et al.,

2011 and von Appen et al., 2014b). As seen in the section of temperature and salinity,

the shelf waters indeed are within the DSOW density range, but are warmer and fresher315

(between km -240 and -80 in Figure 1) than the waters in the deep channel (around 0

km in the Figure). These waters presumably leave the shelf and join the original DSOW

plume from the deep channel within the first 180 km downstream from the sill [Rudels

et al., 2002], thus present an important source for the entrainment. Whether this descend

of shelf waters is obtained by topographic gaps in the East Greenland shelf or by cascades320

of dense water spilling from the shelf is unknown so far. 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 supposedly able to introduce considerable

low salinity anomalies into the DWBC (Brearley et al., 2012 and Falina et al., 2012).

Warm and saline Atlantic water from the Irminger Current is a possible source of325

warming for the DSOW layer. AW can be identified as a neighbouring water mass to

DSOW from CTD sections conducted south of Denmark Strait sill. In Figure 8 a section

of potential temperature and salinity measurements is presented, covering the pathway

of DSOW along the Greenland shelf break. The plume is seen as a relatively cold and

fresh bottom layer. In vicinity of the 27.8 kgm−3 isopycnal AW is found from 30 km330

downstream of Denmark Strait onwards. The properties of this water in the region of
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intense entrainment are between 3◦C and 6◦C in potential temperature and between 34.95

and 35.05 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 each335

constituent can be obtained by the ”mixing triangle” (e.g. Mamayev , 1975 and Tomczak ,

1981), which is 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 downstream340

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

neighbouring water in the CTD sections of Figure 8 (4.5◦C and 35.0). When combining

these sources, the resulting water mass has the properties as measured at the Angmagssalik

moorings.345

The average volume content of original DSOW increases along the near bottom instru-

ments on the Angmagssalik moorings with increasing depth (Table 6); while the standard

deviation has a similar magnitude for all depths and source waters. Original DSOW from

the sill provides the largest volume content at G 1 and UK 2. At the shallow F2New

mooring EGC waters are the main contribution, AW and original DSOW are equally350

important. Entrainment of EGC waters accounts for more volume than AW at all moor-

ings. Seasonal variability in the source water content 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 = 0.6). No seasonality
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is found in the original DSOW content, which is in agreement with the lack of a seasonal355

cycle in DSOW transports at the sill of Denmark Strait [Jochumsen et al., 2012]. The sea-

sonal 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 9. The EGC water content is anticorrelated with the original DSOW content

(r = -0.74) and with the AW content (r = -0.60). The content of original DSOW at the360

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; thus indicating less mixing when strong transport

pulses occur.

4. Summary and Discussion

Time series of near-bottom hydrographic and current measurements of DSOW from365

moored instrumentation have been compared for three different locations in the period

2007-2012. The average values of potential temperature reflect a rapid warming of ap-

prox. 1◦C between the sill of Denmark Strait and the entrainment mooring array 180 km

downstream (Table 1). During the second stretch of the descend of the plume (from the

entrainment array to Angmagssalik, 370 km distance) the warming is between 0.8◦C and370

0.2◦C, depending on the depth of the measurement with stronger warming at lower depth

levels. 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 7). The velocity is highest and most variable at the sill375

of Denmark Strait and has decreased and lower variance at Angmagssalik. Temperature
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and salinity anomalies are found to be coherent between the moorings of anyone 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 days and380

16 days, respectively. From these propagation times an average propagations speed of

45cms−1 is obtained, which is in agreement with previous estimates (e.g. Quadfasel and

Käse, 2007; Koszalka et al., 2013). In contrast, salinity anomalies (as well as velocity

anomalies) could not be traced from the Denmark Strait sill array to the downstream

mooring locations. Only between the entrainment array and Angmagssalik are significant385

lagged correlations apparent (Table 5). Fresh anomalies present in the Angmagssalik time

series are thus not originating from the dense DSOW originating in the deep channel in

Denmark Strait and are not advected within this bottom plume to Angmagssalik, but

introduced within the first 180 km downstream of the sill by the entrainment of fresher

water. The results of the lagged correlations indicate that the artificial mixing at the390

entrainment array from filtering the hydrographic data (see above) is not contrary to the

real processes, as the correlations with the Angmagssalik data are good. The filtering

thus dissolves the small scale eddies and merges the waters, which likely happens on the

pathway of the DSOW plume.

As most likely candidates for the entrainment into the descending DSOW plume Atlantic395

Water (responsible for the warming) and dense East Greenland Current Water (adding

fresh anomalies) have been identified. However, 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 thus is not only Irminger Sea water; but the northern
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sources are only mixed into the dense plume south of the sill. Hence, the amount of EGC400

water entrainment rather is responsible for fresh anomalies at Angmagssalik; changes in

the properties of these waters in the Nordic Seas or in the Arctic are a second order

effect. This result appears contrary to the hypotheses of Holfort and Albrecht [2007] and

Hall et al. [2011], who attributed large freshening events in the DSOW plume to wind

forcing north of the Denmark Strait sill. In particular Hall et al. [2011] suggested that the405

presence of fresh anomalies at the sill of Denmark Strait in their model (which correlated

with those at the Angmagssalik array) precluded changes in entrainment south of the

sill as the main cause for fresh anomalies observed at the Angmagssalik array. Their

results are based on a global model [Hall et al., 2011] in which entrainment processes

are underestimated (although they are eddy-resolving) and downstream overflow water is410

often represented at wrong depth levels (e.g. Xu et al., 2010). Additionally, reanalysis

products (as used in Holfort and Albrecht , 2007 and which provide ocean model forcing)

for the Nordic Seas are known to differ significantly from each other and are subject to

large uncertainties. Hall et al. [2011] acknowledged that their rejection of entrainment was

arguable; although their finding that northerly wind anomalies north of Denmark Strait415

generated higher volume fluxes of EGC water to the sill, which led to fresh events at

Angmagssalik, was more strongly supported by the observations rather than model data.

Our findings here are compatible with the proposed mechanism, but are in disagreement

with the rejection of entrainment as an important source for fresh anomalies.

A water mass analysis has been performed, using EGC water and AW for entrainment,420

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
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shallow F2New mooring is composed equally of the three sources, the original DSOW

content increases with depth (from F2New to UK 2) while the AW and EGC water

decreases. AW content decreases stronger than EGC water content. The AW is the425

neighbouring water mass of the DSOW plume at 400 m to 1000 m depth from approx.

20 km downstream of the sill (Figure 8), and thus available for turbulent vertical mixing

and lateral entrainment. EGC water is located on the East Greenland shelf and 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 Greenland430

Spill Jet, to modify the DSOW layer within the DWBC substantially and persistently

(as hypothesised before in Falina et al., 2012 and Magaldi et al., 2011). The spilling

relevant for DSOW appears to occur 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 could then only contribute to shallower layers, e.g. to Iceland Scotland435

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 9). Increased EGC contributions in summer rather

support the hypothesis presented in Rudels et al. [1999] and Rudels et al. [2002]: the

density of the Atlantic Water determines the separation of the East Greenland Current440

waters to either overflow contributions or surface water contributions. In summer the

Atlantic water is less dense and therefore the East Greenland Current is divided at a

shallower density level, allowing more low salinity water to contribute to the overflow.

Nevertheless, other ambient water masses might be additional contributors to the mixing

into the DSOW plume; the choice of only three sources is caused by the limited amount445
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of measured properties and might 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 as measured in the central Irminger Sea (CIS mooring, pers. com. J. Karstensen)

is 2◦C - 3◦C warmer than the DSOW, but in the same salinity range, and was not found450

in close vicinity to the Denmark Strait sill. NEADW 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 might be considered realistic for the entrainment

just downstream of Denmark Strait.455

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 might be seen as the original460

source. Changes of ±0.5◦C in temperature or ±0.05 in salinity in the definition of the

source waters can cause deviations of up to 20% in volume content of each water mass

contribution. Applying more extreme source properties for EGC water and AW would

enlarge the mixing triangle in the T/S space and change the relative contributions of the

sources, but not the variability. Finally, variability certainly present in the source water465

masses was neglected due to the lack of time series from the EGC waters and AW.

Despite all uncertainties, the amount of EGC water present at the Angmagssalik moor-

ings derived from this study is remarkably close to other estimates. Koszalka et al. [2013]
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obtained from their model study a contribution of 26% EGC particles at Angmagssalik

(their SHELF and KANGER contributions); Falina et al. [2012] used synoptic ship sec-470

tions to attribute up to 25% of the DWBC transport near Cape Farewell to cascading

shelf waters. Our estimate of 28%-38% EGC water at Angmagssalik fits well into this

range (Table 6). Overall, about 75% of the DSOW 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 far475

away from Denmark Strait may not be directly interpreted as Arctic variability in the

water mass properties, but are rather a consequence of mixing processes. Thus, changes

in the mixing ratio or in the entrained water masses are as important to consider as

the direct sources of dense DSOW and EGC water in the Nordic Seas. Although the

Nordic Seas overflows were found to control the DWBC along the Greenland slope and480

thus the Atlantic Meridional Overturning Circulation (AMOC) in the Irminger Basin in

models [Redler and Böning , 1997], the idea of using downstream overflow measurement

in the DBWC as an indicator for a slowdown of the AMOC is not feasible. Entrainment

overlays the propagation of Arctic climate anomalies within the dense DSOW plume

and the theoretical direct link between the AMOC and the Arctic Ocean through the485

overflow is masked. Climate signals originating in the Arctic and transformed to deep

water layers can not be separated from changes in the entrainment; for this purpose

both measurements directly at the sill of Denmark Strait and of the overflow plume post

entrainment are crucial.
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Notes

1. The name of the settlement on the coast of Greenland was changed from Angmagssalik to Ammassalik (modern Danish

spelling) and later to Tasiilag (Greenlandic), we use the name Angmagssalik here for the mooring array to stay consistent

with older literature.
500
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pot. temperature salinity pot. density anomaly downstream velocity

DS 1 -0.08 ± 0.13 34.898 ± 0.003 28.03 ± 0.01 31.1 ± 6.9

DS 2 0.15 ± 0.17 34.899 ± 0.006 28.02 ± 0.01 50.9 ± 9.3

DS 5 1.10 ± 0.21 34.897 ± 0.008 27.96 ± 0.01 n.a.

DS 6 1.07 ± 0.21 34.888 ± 0.009 27.95 ± 0.01 n.a.

DS 7 1.18 ± 0.20 34.898 ± 0.008 27.95 ± 0.01 n.a.

F2New 2.00 ± 0.17 34.894 ± 0.011 27.89 ± 0.01 22.8 ± 2.5

UK 1 1.73 ± 0.16 34.890 ± 0.011 27.90 ± 0.01 23.8 ± 3.2

G 1 1.45 ± 0.15 34.895 ± 0.009 27.93 ± 0.01 24.2 ± 4.6

UK 2 1.27 ± 0.14 34.890 ± 0.010 27.94 ± 0.01 21.8 ± 5.1

Table 1. Mean near-bottom potential temperatures [◦C], salinities, potental density

anomalies [kgm−3] and downstream velocities [cms−1] with standard deviation (of the

filtered time series) at all moorings.
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correlation coefficient r

DS 1 - DS 2 DS 5 - DS 6 DS 6 - DS 7 DS 5 - DS 7

pot. temperature 0.84 0.98 0.97 0.92

salinity 0.57 0.86 0.91 0.82

downstream velocity 0.37 n.a. n.a. n.a.

Table 2. Internal correlations of moored near-bottom times series from the Denmark

Strait sill and entrainment arrays. All were calculated with no time lag, as anomalies are

expected to occur approx. 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 one 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.

correlation coefficient r

pot. temperature salinity velocity

UK 1 G 1 UK 2 UK 1 G 1 UK 2 UK 1 G 1 UK 2

F2New 0.88 0.55 0.46 0.96 0.91 0.87 0.29 n.s. n.s.

UK 1 – 0.73 0.61 – 0.96 0.92 – n.s. -0.30

G 1 – – 0.87 – – 0.96 – – n.s.

Table 3. Correlations of moored times series from the Angmagssalik array, similar to

Table 2. n.s.: not significant (p > 0.1). Grey and black colors denote correlations within

the 90% and 95% significance interval (p < 0.1 and p < 0.05), respectively.
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correlation coefficient r

pot. temperature

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

DS 1 0.78(2d) 0.77(1d) n.s. n.s. n.s. 0.57(13d) 0.53(16d)

DS 2 n.a. n.a. n.a. 0.76(8d) n.s. 0.75(15d) 0.61(16d)

DS 5 – – – n.s. n.s. 0.70(12d) 0.71(14d)

DS 6 – – – n.s. n.s. 0.78(11d) 0.77(14d)

DS 7 – – – n.s. 0.70(10d) 0.80(11d) 0.79(14d)

Table 4. Lagged correlations of potential temperature between the three mooring

arrays. (xxd): days of lag. n.a.: not available. n.s.: not significant (p > 0.1). Grey and

black colors denote correlations within the 90% and 95% significance interval (p < 0.1

and p < 0.05), respectively.
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correlation coefficient r

salinity

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

DS 1 n.s. n.s. n.s. n.s. n.s. n.s. n.s.

DS 2 n.a. n.a. n.a. n.s. n.s. n.s. n.s.

DS 5 – – – n.s. 0.64(11d) 0.73(12d) 0.74(14d)

DS 6 – – – 0.78(10d) 0.83(10d) 0.89(11d) 0.91(14d)

DS 7 – – – 0.73(10d) 0.79(10d) 0.82(11d) 0.85(14d)

Table 5. Lagged correlations of salinity between the three mooring arrays. (xxd):

days of lag. n.a.: not available. n.s.: not significant (p > 0.1). Grey and black colors

denote correlations within the 90% and 95% significance interval (p < 0.1 and p < 0.05),

respectively.

Average content ± standard dev. in %

original DSOW Atlantic Water EGC water

F2New 30 ± 5 32 ± 5 38 ± 7

UK 1 37 ± 6 26 ± 5 37 ± 7

G 1 49 ± 5 23 ± 4 28 ± 6

UK 2 53 ± 5 19 ± 4 28 ± 7

Table 6. Average source water content with standard deviations for the three source

water masses at the Angmagssalik moorings. See text for details.
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Figure 1. Snapshots of the potential temperature (A) and salinity (B) 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. Black lines illustrate selected isopycnals. The positions of

CTD stations are marked at the top of each figure. The location of the section is shown

in Figure 2.
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Figure 2. Map of mooring positions. The three arrays addressed in this work are

located (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, DS 7] and (3) 550 km

downstream off Tasiilaq, formerly Angmagssalik [Angmagssalik array: F2New, UK 1, G 1,

UK 2]. The location of the section shown in Figure 1 is shown as a yellow line.

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.
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Figure 4. 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.
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Figure 5. 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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Figure 6. Potential temperature and salinity diagram for all mooring records. 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.
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Figure 7. Potential temperature and salinity diagram for the Angmagssalik moorings

(as in Figure 6) and the source waters used for the water mass analysis (see text for

details). EGC: Water from the East Greenland Current; AW: Atlantic Water; sill DSOW:

Denmark Strait Overflow Water as measured directly at the sill.
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Figure 8. Section following the approx. pathway of descending DSOW in the Irminger

Basin, from CTD data obtained during summer 2010 (R/V Meteor cruise M82/1). Den-

mark Strait is at distance 0 km (left edge of the figures) and the entrainment mooring

array is at distance 170 km. The positions of CTD stations are marked as black squares at

the top of each subfigure. A: potential temperature; B: salinity. The isopycnal 27.8 kgm−3

is marked in black. The Atlantic water neighbouring the DSOW layer and available for

entrainment is highlighted by the white box and labeled ’AW’.
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Figure 9. 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.
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