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Abstract:

Recent decadal salinity changes in the Greenland-Scotland overflow-derived deep waters are
quantified using CTD data from repeated hydrographic sections in the Irminger Sea. The Denmark
Strait Overflow Water salinity record shows the absence of any net change over the 1980s—2000s;
changes in the Iceland—Scotland Overflow Water (ISOW) and in the deep water column (o, > 27.82),
enclosing both overflows, show a distinct freshening reversal in the early 2000s. The observed
freshening reversal is a lagged consequence of the persistent ISOW salinification that occurred
upstream, in the Iceland Basin, after 1996 in response to salinification of the northeast Atlantic waters
entrained into the overflow. The entrainment salinity increase is explained by the earlier documented
North Atlantic Oscillation (NAO)-induced contraction of the subpolar gyre and corresponding
northwestward advance of subtropical waters that followed the NAO decline in the mid-1990s and
continued through the mid-2000s. Remarkably, the ISOW freshening reversal is not associated with
changes in the overflow water salinity. This suggests that changes in the NAO-dependent relative
contributions of subpolar and subtropical waters to the entrainment south of the Iceland-Scotland
Ridge may dominate over changes in the Nordic Seas freshwater balance with respect to their effect
on the ISOW salinity.
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1. Introduction

Nordic Seas overflow-derived deep waters in the subpolar North Atlantic — the Denmark
Strait Overflow Water (DSOW) and | celand-Scotland Overflow Water (1ISOW) — freshened during
the last decades of the 20th century (Dickson et al., 2002, hereinafter referred to as D02). The
1965-2000 freshening rates, derived from the regression analysis of the salinity time series in the
Labrador and Irminger Seas and Iceland Basin, are 0.013-0.015 and 0.008-0.013 per decade for
DSOW and ISOW, respectively (D02).

Though both water masses rapidly freshened at similar rates, features of their salinity changes
were different: unlike ISOW, the DSOW salinity substantially varied from year to year. Particularly
strong interannual variability of DSOW salinity (up to ~0.03 per year) was observed in the 1990sin
the Irminger Sea (D02, their Figure 2), where DSOW is not yet strongly modified by along-path
mixing with ISOW. Given the strong interannual signal, the DSOW freshening in the Irminger Sea
between 1965 and 2000 may not be best described by a simple linear trend: several episodes of sign
changes in salinity (S) tendency (i.e., 0S/ot) are evident alongside the apparent strong freshening
between the late 1960s and early 1980s. Similarly, the ISOW freshening in the Iceland Basin, i.e.
nearby the source region for this water mass, has been ascribed to the same period (1965-2000),
despite adistinct ISOW salinification in the second half of the 1990s (D02, their Figure 2).

More recent analysis of the data from repeated hydrographic observations in the subpolar
North Atlantic has shown the nearly steady salinification of ISOW east of the Reykjanes Ridge
since 19961997 (Sarafanov et a., 2007, hereinafter referred to as SO7) and the arrival of the ISOW
salinification signal into the Irminger Sea (S07) and Labrador Sea (Y ashayaev and Dickson, 2008)
at the beginning of the 2000s. However, the reported 1ISOW freshening reversal has not been
explained; and the recent decadal trends in the DSOW properties have not been assessed.

In this paper, we use CTD data from repeated hydrographic sections in the southern Irminger
Sea (Figure 1, section 2), were both overflow-derived deep water masses are observed (e.g., S07,

their Figure 1), to quantify thermohaline changes in the DSOW and ISOW layersin 1991-2007. We
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reconstruct temperature and salinity records for the entire deep water column and assess the recent
decadal changes in the overflow-derived deep water properties (section 3). We also examine the
long-term signal in the DSOW salinity record, using the 1963—2001 time series (D02) updated with
recent observations (section 4). Finally, we propose an explanation for the observed salinity change
in the deep water stratum (section 5).

Importance of the issue is emphasized by the fact that researchers are currently far from
reaching a consensus in understanding the nature of the deep-water property anomalies in the
subpolar gyre on a decadal time scale.

The overflow water freshening has been commonly attributed to an increase in freshwater
input to the Nordic Seas due to increasing net precipitation at high latitudes, ice melting and
increasing river discharge to the Arctic (see Curry et a., 2003; Peterson et al., 2006). Alternatively,
according to the most recent results of the model study by Scheinert et al. (2008), decadal salinity
changes at the deep levels in the subpolar North Atlantic can be explained by the North Atlantic
Oscillation (NAO)-dependent variability of the freshwater exchange between the subpolar and
subtropical gyres, while changes in the surface fluxes and freshwater export from the Arctic are of a
minor importance.

Since one of the common ways to investigate the mechanisms behind the deep-water
temperature and salinity anomaliesis an analysis of model simulations, which have to reproduce the
observed tendency changes in the water mass properties, quantitative information on these changes,
derived from the observations, is important. Furthermore, as we show below, some of the basic
mechanisms responsible for the multiyear changes in the deep water properties can be deduced from
the observed property changes of the water masses contributing to the deep water formation.
Finally, observations of the overflow water properties in the high latitude North Atlantic have been
recently asserted to be crucia for predictability of long-term changes in the Atlantic meridiona

overturning circulation (Hawkins and Sutton, 2008).
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2. Data and method

To quantify changes in the deep water temperature and salinity since the early 1990s we used
the CTD data from the seven occupations of the WOCE A1E/ARTE line (1991-1997) (Bersch,
2002), five repeats of the 60°N transatlantic section (2002—2007) (Falina et al., 2007; S07; Sokov,
2007) and the section carried out by the Dutch RV Pelagia (2000) (van Aken, 2000). Section
locations are shown in Figure 1. The accuracy of the temperature and salinity data is better than
0.003°C and 0.003, respectively.

For the nearly co-located western parts of the sections (west of the Reykjanes Ridge), the
mean values of salinity and potential temperature (8) were calculated for the deep water layer,
enclosing both overflows, and for the DSOW and ISOW layers separately. When computing the
mean values, the CTD S and 6 were weighted with the distances between the stations.

The water mass layers were defined with the following density limits earlier used by SO07:
60> 27.90 for DSOW, 27.82 <6< 27.86 for ISOW and oo > 27.82 for the whole deep water
column including DSOW, ISOW and their mixture in between (27.86 < 6 < 27.90). During the
2005 occupation of the 60°N section, two stations in the eastern part of the Irminger Sea, where the
deep salinity maximum associated with ISOW stands out, were missed due to storm conditions;
therefore, the 2005 data were used for calculation of the DSOW layer properties only. The layer-
averaged 6 and S values are shown in the form of anomalies relative to the 1991-2007 means in
Figure 2.

Though the features of thermohaline changes in the DSOW and ISOW layers are different (as
we show below), quantification of changes in the deep water column (oo > 27.82) as a whole is
important from a large-scale perspective. Indeed, DSOW and ISOW (together with the Labrador
Sea Water (LSW) whose recent 6—S changes have been thoroughly discussed elsewhere (Falina et
a., 2007; S07; Yashayaev et a., 2007; 2008)) contribute to the formation of the North Atlantic
Deep Water constituting the lower limb of the global overturning circulation and thus contributing

to the Earth’ s heat and freshwater cycle.
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3. Overflow-derived water property changes, 1991-2007

The time series of the DSOW salinity and potential temperature anomalies (Figure 2a and 2b)
show a strong interannual variability (S standard deviation is 0.014), but no significant trend can be
detected between 1991 and 2007. Thus, including the mid-2000s in the analysis discards any
significant net change in the DSOW properties over the last 16 years.

The ISOW property time series (Figures 2c and 2d) are less affected by interannual variability
and clearly show cooling and freshening in the 1990s and reversal of this trend in 2002. Over the
five years after 2002, the ISOW 6 and Sincreased by 0.16°C and 0.020, respectively.

The difference between the ISOW salinity interannual variability and that of DSOW (relative
to along-term signal) can be quantified via inspection of mean regression residuals. For ISOW, the
3rd-order polynomia accounts for most of variance (~93%, R*~ 0.93, see Figure 2 caption for the
R? definition) in the ISOW salinity record (Figure 2c), and the mean absolute difference between
the actual and regression salinities is 0.0028. For DSOW, the mean deviations of the observed
salinities from the 1st-, 2nd- and 3rd-order regressions (0.011-0.014, depending on regression
degree) do not considerably differ from the standard deviation of the time series (0.014) being 4-5
times larger than for ISOW (0.0028). Thus, interannual variability of salinity in the DSOW layer at
60°N in 1991-2007 was 4-5 times stronger than in the ISOW layer.

The 6-S changes in the entire deegp water column (oo >27.82, Figures 2e and 2f) are
determined mostly by the changes in the ISOW layer as the latter is substantially thicker than the
DSOW one, see e.g. (SO7, their Figure 1). On average for the 19912007 period, the volumes of the
ISOW and DSOW layers, as they are defined in the study, equal, respectively, ~60% and ~10% of
the volume of the whole deep water column in the sections (the remaining ~30% are accounted for
by the ISOW-DSOW mixture), and this ratio is nearly constant on a decadal time scale. Figure 3
shows that the mean salinity in the deep water column highly correlates with the ISOW salinity
(R*=0.96, p < 0.001), while its correlation with the DSOW salinity is much weaker (R*=0.30,

p =~ 0.34); same appliesto 6 (no figure shown).
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The mean 6 and S in the deep water layer decreased through the early 2000s and have been
increasing since then owing mostly to the warming and salinification of ISOW. From 2002 to 2007,
the deep water column became 0.20°C warmer and 0.025 saltier. Although the 6 and S of the deep
water stratum in the Irminger Sea have not yet reached values typical of 1991-1992, the recent
warming and salinification were strong enough to compensate for the most part of the cooling and
freshening in the 1990s, resulting in nearly zero trends over the last one and a half decade (1992—
2007).

In addition to the time series of the layer-averaged temperature and salinity values, in
Figure 4 we show the vertical structure of the 1991-2007 salinity changes on isopycnal surfaces in
the deep water column in the Irminger Sea interior (36—39°W), where the deep salinity maximum
associated with ISOW is most pronounced and thus the signal of the ISOW salinity changes is most
clear.

Besides the distinct freshening reversal in the early 2000s, the most interesting feature in
Figure 4b is a non-uniform timing of salinity changes within the ISOW layer. Thus, at the upper
|SOW density levels (27.82-27.83), the lowest salinity values were observed in 2000; at the ISOW
core density level (27.84) salinity reached a minimum in 2000—2002 (salinity values in 2000 does
not differ significantly from those in 2002), while in the lower part of the ISOW layer (27.85—
27.86) the minimum salinity was observed in 2002. In other words, in the upper part of the ISOW
layer the long-term freshening reversed ~1-2 years earlier than in its lower part.

The only apparent cause of this shift is the influence of salinity change in the overlying LSW
layer. The cold and fresh deep LSW (27.76 < 6o < 27.81) formed by very deep convection in the
Labrador Sea (Lazier et al., 2002) and likely in the Irminger Sea (Pickart et al., 2003; Falina et al.,
2007) in anomalously severe winters in the first half of the 1990s has not been renewed since then
(at least prior to the winter of 2007—2008 (Y ashayaev and Loder, 2009; Vége et al., 2009)) and has
been gradualy warming and salinifying in the subpolar North Atlantic in the past decade

(Yashayaev et al., 2007; 2008). Figure 4b shows that in the lower part of the LSW layer (27.79—
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27.80) salinity reached its minimum in 1995-1996 and has been monotonically increasing since
then. A transfer of the LSW salinification signal to deeper levels via mixing, see (Y ashayaev et d.,
2008), explains the detected ~1-2-year shift in the beginning of salinification between the upper
and lower parts of the ISOW layer. Note that an along-path mixing of 1SOW with salinifying LSW
Is not the main cause of the recent ISOW salinification (as we discuss in section 5) but this mixing
appears to be the factor amplifying the salinity increase at least in the upper part of the ISOW layer
along the ISOW pathway.

A transfer of salinity signals carried by LSW from its source region throughout the subpolar
gyre to deeper levels has been previoudly inferred by Y ashayaev et al. (2007; 2008) and Y ashayaev
and Dickson (2008) from volumetric analysis of the AR7W line dataset and from comparison of
timing of the ISOW and LSW salinity changes in different subpolar basins. The shift in timing of
the recent freshening reversal in the upper and lower parts of the ISOW layer, seen in Figure 4b, is
another evidence for the diapycnal transfer of the LSW salinity signal to ISOW.

Figure 4 aso shows a more complicated distribution of salinity anomalies below the ISOW
layer (oo > 27.86). This structure is clearly associated with the DSOW variability that thus strongly
affects the pattern of salinity changes at the density levels of the ISOW-DSOW mixture (27.86—
27.90).

Although the main features of the DSOW variability are reflected in Figure 4, the figure is
not entirely representative for the DSOW layer as a whole due to a substantial zonal heterogeneity
of the latter in some years. For instance, the DSOW layer on average was freshest in 2004
(Figure 2a), while the minimum near-bottom salinities in the Irminger Sea interior were observed in
2002 (Figure 4). This is due to the fact that an extremely fresh fraction of the DSOW flow in 2004
was found at the Greenland slope east of 39°W (at depths of 22002500 m), see (Falina et al. 2007,
their Figure 4), and thus the lowest DSOW salinities in 2004 were outside of the longitude range

(836—39°W) chosen to capture the clearest ISOW salinity signal.
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4. On the long-term changes in the DSOW salinity, 1963-2007

The main difficulty in detecting a decadal signal in the DSOW properties arises from their
strong short-term variability. The 1991-2007 time series show that in the Irminger Sea variability of
the DSOW sdlinity is 4-5 times stronger than that of ISOW. For 1ISOW, the long-term signal is
distinct and allows us to claim a freshening reversal at the beginning of the 21st century, while al
we can determine from the 19912007 time series for DSOW is the absence of net property change
over the considered time period.

To consider the DSOW salinity changes from a longer-term perspective, we have
incorporated the newly obtained salinity values into the historical record. Figure 5a shows the 44-
year-long time series of the DSOW salinity anomalies derived from a compilation of the salinity
values reported by D02 for the western Irminger Sea domain (1963-2001, ‘WIS DSOW in their
Figure2) and the DSOW sdlinities from the present study (2002—2007). We have examined
compatibility of the two time series via a comparison of the salinity values for their overlapping
parts (1991-2000). Figure 5b shows that the salinity values from D02 and those derived in this
study are very close to each other. The mean absolute difference between the two time series is
0.002 that does not exceed atypical accuracy of salinity measurements (+0.002), being an order of
magnitude less than the standard deviation (0.023) for the 1963-2007 time period. In other words,
this difference is very small relative to the scale of the DSOW sdlinity changes and thus is not
critical at least for assessment of decadal trends in the record.

The DSOW freshening is evident from Figure 5a for the 1969-1983 time period. The post-
1983 part of the salinity record shows strong variability, and the 1983-2007 salinity changes
compensate each other resulting in the nearly zero trend (+0.002/decade, indistinguishable from
zero at the 90% confidence level). Thus, the updated DSOW salinity anomaly record for the
Irminger Sea does not reveal any net change in the DSOW salinity over the past two and a half

decades.
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5. Attribution of the observed reversal of deep water freshening

The strong short-term variability of the DSOW salinity was recently attributed to changesin
the local wind forcing over the Denmark Strait (Holfort and Albrecht, 2007). Wind strength
variations affect the contribution of fresher/saltier water masses of northern/southern origin to the
DSOW formation and thus result in substantial DSOW salinity variations on time scales from
months to several years. The researchers note, however, that this mechanism does not explain
decadal changes, in particular, the freshening of DSOW. Currently, we cannot provide an
explanation for the complicated pattern of decadal changes in the DSOW properties shown herein,
to some extent because the decadal signal-to-noise ratio is too low. The DSOW sdlinity drop (—
0.06) in the 1970s—early 1980s represents the only distinct persistent decadal trend in the record
(Figure 5a) and could be very well described even by a linear fit (R*=0.92). For the following
decades, no distinct decadal signal can be detected with certainty: all the applied polynomial models
account for less than a half of DSOW salinity variance for the post-1983 part of the record (e.g.,
Figure 2a).

However, as shown in section 3, the 1991-2007 changes in the average properties of the
entire deep water column (oo > 27.82) in the Irminger Sea are determined mostly by changes in the
ISOW layer. The contribution of DSOW variability is barely significant, and no significant trend in
the recent DSOW salinity changes is detected. So, despite the strong DSOW variability that is
different from that of ISOW, the long-term changes in the deep water column properties during the
last two and a half decades, including the recent freshening reversal, can be attributed primarily to

the multiyear changesin the ISOW layer.

5.1. Why did the ISOW salinity trend change its sign?

The ISOW salinity increase observed in the Irminger Sea since the early 2000s is a lagged
consequence of the upstream freshening reversal detected in the ISOW layer in the Iceland Basin,
where this water persistently freshened since the mid-1960s, reached the freshest state in 1995—

10
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1996 and salinified over the following decade, see (S07). From 1997 to 2006, salinity in the ISOW
core in the Iceland Basin persistently increased by 0.022 (S07); on average for the ISOW layer
(o0 > 27.86) in 19972007, salinity increased by 0.016 (Figure 6).

The 1ISOW properties in the Iceland Basin result from mixing of intermediate and deep
waters, convectively formed in the Nordic Seas and entering the North Atlantic over the Iceland-
Scotland Ridge, with the overlying warm saline Atlantic waters (hereinafter the ‘entrainment’) and
the Labrador Sea Water (LSW) (Aken and de Boer, 1995; D02; Fogelqvist et a., 2003; Eldevik et
a., 2009). According to D02, approximate relative contributions of these three components to
ISOW at the eastern slope of the Reykjanes Ridge are 43% for the Faroe-Shetland overflow water,
31% for the entrainment (defined in that study as the 500-1000 m layer in the northern Iceland
Basin) and 26% for LSW.

All three components non-steadily freshened since the mid-1960s — early 1970s resulting in a
persistent long-term freshening of their mixture, the ISOW (see D02, their Figure 3). The abrupt
reversal of the ISOW freshening in 1996-1997 implies the concurrent salinification of at least one
of the ISOW source components in suggestion that their relative contributions to ISOW did not
change considerably in the mid-1990s.

In Figure 7, we examine the time series of salinity anomalies for (i) the ISOW source
components as measured in the Iceland Basin (overflow, entrainment and LSW) normalized with
respect to their relative contribution to 1SOW according to D02 (Figures 7a-7c), (ii) their ‘mixture
calculated by summing algebraically the normalized salinity anomalies for the three individual
components following the recipe of D02 (Figure 7d) and (iii) ISOW observed at the eastern flank of
the Reykjanes Ridge (Figure 7€). Anomalies are given for the 1981-2001 time period, for which the
data on salinity changes of all three components are available, and which includes the long-term
freshening of these waters, the ISOW freshening reversal in 1996-1997 and the beginning of the

| SOW sdlinification in subsequent years.

11
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In order to examine the contribution of salinity changes in the ISOW components to the
ISOW freshening reversal in the 1990s we plotted, in the right panels of Figure 7, the salinity
anomalies for each component and their combinations versus the ISOW salinity anomalies for the
19902000 decade and assessed their correlation. Since there is no significant trend in the ISOW
salinity (< +0.0001 / decade) in the Iceland Basin for the decade considered, the correlations shown
in Figures 7f—7j are not biased by any long-term trends, being thus representative for the ‘I SOW —

ISOW component’ relations in salinity on an inter-annual time scale.

Figure 7a shows no freshening reversal for the Faroe-Shetland overflow at least prior to 1999,
and therefore this origin for the ISOW freshening reversal in 1996-1997 can be instantly excluded.
Furthermore, the magnitudes of the overflow salinity changes in the 1990s (Figure 7a) are less than
those required to explain the ISOW salinity changes (Figure 7€), and the correlation between the
overflow and 1ISOW salinity anomalies is very weak (R = 0.14) being significant only at the 0.28
confidence level (Figure 7f).

Freshening of LSW reversed in its main source region, the Labrador Sea, in the mid-1990s
(1994-1995) due to weakening of deep convection (Lazier et al., 2002); a sustained salinification in
the LSW stratum followed (e.g., Yashayaev et al., 2007). Salinification of LSW most likely
amplified the ISOW salinification (as discussed in section 3), but it could not be responsible for the
|SOW freshening reversal in the Iceland Basin in 19961997 as the spreading time for LSW from
the Labrador Seato the Iceland Basin is ~5 years (Y ashayaev et a., 2007). Indeed, Figure 7b shows
that LSW in the Iceland Basin reached its freshest state in 1999 and the signal of LSW salinification
arrived to the Basin in ~2000 that is 34 years after the ISOW freshening reversal. Furthermore,
similarly to the overflow water case, magnitudes of the LSW salinity changes themselves cannot
explain those of ISOW in the 1990s, and the LSW — ISOW salinity anomaly correlation for the
decade isweak (R = 0.38) being significant only at the 0.69 level.

Not surprisingly, time series of the sum of the overflow and LSW salinity anomalies shows

no salinity increase prior to 1999-2000 (no figure shown), and the correlation between the

12
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‘overflow + LSW mixture’ and the ISOW salinity anomalies is weak (R =0.32) and insignificant
(p=0.44), see Figure 7j.

Hence, only the Atlantic waters entrained into the | celand-Scotland overflow can possibly be
responsible for the ISOW freshening reversal. The time series of salinity anomalies for the
entrainment (Figure 7¢) supports this idea: the long-term freshening of the entrainment reversed in
1994-1996. From 1996 to 1999-2000, its salinity increased by ~0.05 that is ~3.5 times more than
the 19962000 |SOW salinity increase (0.014, Figure 7€). Given the ~30% entrainment fraction in
ISOW, the net ISOW sdlinification in the Iceland Basin in 19962000 can be explained by
salinification of the entrainment. The correlation between the entrainment and 1SOW salinity
anomalies for the 1990s (R =0.72, significant at the 0.98 level) is substantially higher than the
overflow — ISOW and LSW —1SOW salinity anomaly correlations (Figure 7h).

Thus, we conclude that the major cause of the ISOW freshening reversal in the Iceland Basin
in the 1990s was the increase in the entrained water salinity.

Although the overflow and LSW salinity variations are not responsible for the change of the
ISOW sdlinity trend sign, these variations contributed to the ISOW salinity changes in the 1990s to
some extent. Indeed, the ‘overflow + LSW + entrainment mixture’ — ISOW salinity anomaly
correlation (R = 0.79, significant at the 0.98 level, Figure 7i) is dlightly higher than the correlation
between the entrainment and ISOW salinity anomalies (R=0.72). In other words, salinity
anomalies for the three water types, contributing to the ISOW formation, correlate with the
observed ISOW salinity anomalies more closely when summed than they do separately. The
‘mixture’ — ISOW salinity correlation for the 1990s is not perfect but high (R =0.79), suggesting
that representation of ISOW as a mixture of the three water types according to the recipe of D02 is
somewhat simplified but generally suitable.

Our conclusion on the primary role of the entrainment salinity change in the 1SOW
freshening reversal agrees with the suggestion by Yashayaev and Dickson (2008) that the deep

water salinity increase detected in the Labrador Sea in the first half of the 2000s resulted from a

13
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remote effect of salinification of the Subpolar Mode Water (SPMW), entrained into the ISOW layer

along the Reykjanes Ridge, rather than from the influence of salinification in the LSW layer.

5.2. On the cause of salinification of Atlantic waters entrained into ISOW

What remains to be explained to complete the attribution of the recent deep water freshening
reversal is the cause of reversa of the long-term freshening of the northeast Atlantic waters,
entrained into 1ISOW, in the mid-1990s.

As has been discussed in a number of studies (Bersch, 2002; Hatun et a., 2005; Bersch et al.,
2007; Holliday et al., 2008; Thierry et al., 2008; Sarafanov et a., 2008; Sarafanov, 2009; Hakkinen
and Rhines, 2009), substantial salinification of the upper-ocean and upper intermediate waters
throughout the eastern subpolar North Atlantic since the mid-1990s occurred due to the northward
advance of subtropical waters associated with the NAO-induced slowdown and contraction of the
subpolar gyre. The northwestward displacement of the subpolar front started within 1-2 years after
the NAO drop in the winter of 1995-1996 (see Bersch et al., 2007; H&in et a., 2005) and
continued through 2005 (Sarafanov et al., 2008). Redistribution of subpolar and subtropical waters
caused by the regional scale circulation change resulted in intense salinity and temperature increase
in the northeast Atlantic reaching depths of up to ~1200 m (e.g., Bersch 2002; Sarafanov et al.,
2008) and thus affecting the bulk of waters potentially entrained into | SOW.

In particular, Thierry et a. (2008) reported an intense salinification of SPMW above the
eastern flank of the Reykjanes Ridge during nearly a decade after 1995 (by ~0.07 between 1995 and
2006, see their Figure 7) and attributed the SPMW salinification to the NAO-driven redistribution
of the subpolar and subtropical waters in the Iceland basin.

Similarly, Sarafanov et al. (2008) reported an intense persistent salinification (by ~0.06, see
their Figure 3) of the upper intermediate waters (27.45 < oo < 27.65, depths of ~500-1200 m),
designated ‘IW’ (‘Intermediate Water’) after van Aken and de Boer (1995), in the eastern part of the

60°N transatlantic section between 25°W and the European slope during the 1997-2005 time
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period. They attributed up to two thirds of the derived positive salinity trend to the NAO-induced
increase in the subtropical water fraction at that latitude. Waters propagating northward at the IW
levels contribute very likely to the entrainment into 1ISOW, since both the overlying mode waters
(o0 < 27.4) and underlying LSW (oo > 27.7) (see Sarafanov et a. 2008, their Figure 2) mix into the
ISOW layer.

If we tentatively apply the 0.3 factor (corresponding to the approximate entrainment share in
| SOW, see above) to the characteristic magnitude (+0.06 — +0.07) of the salinity increase at the IW—
SPMW levels between the mid-1990s and mid-2000s (Thierry et al. 2008; Sarafanov et a. 2008),
then the normalized salinity changes in the IW-SPMW stratum (+0.018 — +0.021) appear to be
close in magnitude to the post-1997 salinity change in the ISOW layer in the Iceland Basin (+0.016,
Figure 6).

These estimates suggest that salinification at the SPMW and upper intermediate levels
(oo < 27.65) in the northeast Atlantic was strong enough to maintain the ISOW salinity increase in
the mid-1990s—mid-2000s, and this, in turn, implies a strong effect of the NAO-induced
redistribution of saline (subtropical) and fresh (subpolar) waters in the region on the formation of

deep water salinity anomalies.

5.3. On a link between the deep water freshening reversal and the NAO

To examine the contribution of the NAO-related surface forcing to the reversal of the
entrainment and ISOW freshening in the mid-1990s, we have checked the link between the
observed salinity anomalies and the winter NAO index. Figure 8 shows that correlations between
the NAO index and the entrainment and ISOW salinity anomalies are strong for the considered
decade. The best correlation (R = —0.84, for the entrainment salinity anomalies; R = —0.81 for those
of ISOW, both are significant at the 0.99 level) is achieved with the NAO index averaged for the 6
(for the entrainment) and 8 (for ISOW) winters preceding the salinity measurements. Thisimplies a

lagged response of water mass properties to the low-frequency changes in the NAO-related
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atmospheric forcing rather than an instant response to the year-to-year atmospheric variability in
agreement with the lagged baroclinic response of the subpolar gyre circulation to the NAO-related

changes in the surface heat (density) fluxes inferred from model experiments (Gulev et a., 2003).

6. Summary and discussion

The analysis of the CTD data from hydrographic sections, repeatedly occupied in the
southern Irminger Sea in 1991-2007, shows that the long-term freshening of the Greenland—
Scotland overflow-derived deep waters ceased and partially reversed in the past decade. Substantial
fluctuations of temperature and salinity of DSOW did not result in any significant net changes over
the considered time period. Historical record being updated with the post-2001 salinity values
shows the absence of any net trend in the DSOW salinity changes in the Irminger Sea over the past
two and a half decades.

More sustained salinity (and temperature) changes in the ISOW layer and in the entire deep
water column, enclosing both overflows, show reversal of freshening (and cooling) trends in the
early 2000s. From 2002 to 2007, the whole deep water column in the Irminger Sea persistently
warmed by 0.20°C and salinified by 0.025. The 1991-2007 6—S changes in the deep water column
occurred primarily due to relatively sustained changes in the ISOW layer, while the contribution of
the DSOW variability was far less.

The ISOW sdlinification in the Irminger Sea resulted from the reversa of the ISOW long-
term freshening upstream in the Iceland Basin that occurred in 1996-1997 in response to the NAO-
induced contraction of the subpolar gyre and corresponding northwestward advance of saline
subtropical waters contributing to the warm entrainment into the overflow layer. Consequently, the
gyre circulation changes induced by NAO-related atmospheric forcing appears to be one of the
major factors controlling the deep water 6—S anomaly formation, and the northeast North Atlantic is
thus one of the regions in the world ocean where the fast transfer of the upper-ocean changes to the

deep ocean takes place.
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Note that given the large amplitude of short-term variability of the DSOW salinity (Holfort
and Albrecht, 2007), the rapid salinification of this water in the recent years (2004-2007, Figure 2a,
4 and 7) cannot be unequivocally attributed to the NAO-induced northward advance of subtropical
waters, even though, similarly to ISOW, DSOW entrains a lot of Atlantic waters prior to reach the
southern Irminger Sea (e.g., Yashayaev and Dickson, 2008). Future long-term measurements will
show whether the recent DSOW salinity increase was solely due to the short-term variability or this
salinification reflects a longer-term change. In 2008, according to the just processed 60°N data,
DSOW was the most saline (+0.011 relative to the 1963—2007 mean) for the last 30 years (1978—
2008).

The revealed dominant effect of the entrainment salinity change on that of 1ISOW in the 1990s
represents a factor internal to the North Atlantic, while the 1960s-1990s freshening of deep waters
has been attributed mostly to a combination of external factors, namely, increasing ice melt, net
precipitation at high latitudes and river discharge to the Arctic Ocean (e.g., Peterson et al., 2006).
The observations of the deep water properties in the Irminger Sea and Iceland Basin show,
however, that despite a persistent increase in freshwater input to the Arctic Ocean and Nordic Seas
during the 1970s-1990s, (i) no overall freshening of DSOW is found for the 1.5-2.5 last decades
and, what is more remarkable, (ii) ISOW freshening had rapidly reversed in 1996-1997 following a
weakening of the NAO-related surface forcing that resulted in a well-documented redistribution of
subpolar and subtropical waters in the eastern subpolar North Atlantic. This means that ‘internal’
factors of the deep-water property changes in the northern North Atlantic may dominate over the
‘external’ ones, as shown herein for the 1990s.

From a large-scale perspective, sainity of the overflow-derived deep waters is set by
interplay of fresh water advection from the Arctic and saline water advection from the subtropics to
the subpolar basins and Nordic Seas. Given a drastic property contrast between these two water
types, changes in their relative contribution to the northeast Atlantic and Nordic Seas freshwater

balance (see H&tUn et a., 2005) seem to be a more important mechanism behind the formation of
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deep-water salinity anomalies than individual changes in these two water type properties. Results of
the present study imply that the NAO-induced changes in the zonal extension of the subpolar gyre
control relative inputs of waters of northern and southern origin to the deep water via changes in
their contribution to the northeast Atlantic waters entrained into the deep water flow.

Another NAO-dependent factor redistributing fresh and saline waters in the subpolar North
Atlantic is the deep convection in the Labrador Sea (e.g., Yashayaev et al., 2008) and likely in the
Irminger Sea (Pickart et al., 2003; Falina et a., 2007). During high-NAO winters, intense deep
convection overturns large volumes of relatively fresh surface waters thus decreasing salinity in the
subpolar basins at the intermediate depths. Weakening of deep convection, as occurred during the
neutral-to-low NAO period in the mid-1990s — mid-2000s, results in salinity increase at the LSW
levels throughout the subpolar gyre owing to isopycnal mixing of LSW with more saline
intermediate waters originating in the northeast Atlantic (see Yashayaev et al., 2007). Diapycnal
mixing of LSW with ISOW along the deep water pathway through the subpolar basins modulates
salinity signals carried by 1ISOW from its origin in the northern Iceland basin thus transferring
NAO-induced salinity changes from the intermediate depths into the deep ocean.

The observation-based results of the present study add to the growing body of evidence (e.g.,
Lozier and Stewart 2008; Lozier et a., 2008; Scheinert et al., 2008; Sarafanov, 2009) that the NAO-
related factors including the two factors specified above — the subpolar gyre zonal extension and
deep convection intensity — are likely to account for the most part of the thermohaline variability in
the water column in the northern North Atlantic on a decadal time scale (1950s-2000s). Thus,
according to the recent model study (Scheinert et a., 2008) of decadal changes in freshwater and
heat content in the region, including a prominent freshening between the 1960s and 1990s, “the
largest contribution to the integral changes in the subpolar North Atlantic has been due to the
freshwater and heat exchanges with the subtropical gyre; in contrast to previous suggestions, it
indicates <...> a secondary contribution to the subpolar North Atlantic freshwater changes by

freshwater export from the Arctic’. The authors note that “variability in the subtropical—subpolar
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fluxes can be understood in terms of the response of the gyre circulation to atmospheric forcing
variability associated with the NAO”.

Although some aspects of the recent change in the deep-water freshening trend are considered
herein, many interrelated issues regarding the deep-water property anomalies remain to be
investigated. What causes the complicated pattern of decadal changes in the DSOW layer; to what
extent and at what time lags are the entrainment property changes and the resulting deep-water 6—-S
anomalies linked to the actual NAO-related surface forcing (heat flux and wind stress curl)
variations in the subpolar and mid-latitude North Atlantic; what anomalies of the meridiona heat
and freshwater transport are associated with the observed decadal changes in the deep water
properties? We suggest that ongoing monitoring of the overflow-derived deep waters and the upper-
ocean and intermediate waters contributing to the deep water formation is an indispensable source

of datato address these issues.
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Figure captions

Figure 1. Locations of the World Ocean Circulation Experiment (WOCE) A1E/ARTE line (1991
1997, ‘A1E’), the 59.5-60°N repeated section (2002—2007, ‘60°N’) and the section occupied on
board the RV Pelagia (2000, ‘P-2000"). General pathways of the Nordic Seas overflow-derived deep
waters — DSOW and I1SOW — are schematically indicated. The deep water 6—S changes discussed in

the text are quantified in the Irminger Sea, where the sections are practically co-located.

Figure 2. Time series of (left) S and (right) 6 (°C) anomalies for the DSOW (&, b) and ISOW (c, d)
layers and for the entire deep water column (g, f) in the Irminger Sea. The linear regressions (1991—
2007 for DSOW, 1992-2007 for ISOW and the entire deep water column) and cubic polynomial fits
are shown with dashed and solid grey lines, respectively. R? is the coefficient of determination (the
squared correlation coefficient) indicating the proportion of variance in the time series accounted

for by the polynomial model (Draper and Smith, 1998).

Figure 3. The 1991-2007 S anomalies for (2) DSOW and (b) ISOW plotted versus S anomalies for
the entire deep water column. Axis scale is the same as in Figure 2. R? is the squared Pearson’s

correlation coefficient; p is the probability that the correlation is due to chance.

Figure 4. (a) Salinity evolution in the interior Irminger Sea (~36-39°W, depths > 3000 m) in 1991—
2007 as a function of potentia density (og). (b) Asin (a) but in anomalies normalized by their
standard deviations at each level. Water mass density limits (see section 2) are indicated with dotted
lines; ‘LSW + ISOW’ and ‘ISOW + DSOW’ denote the density classes of the water mass mixtures.
Section occupations are marked with ticks on the top axis. Dashed curve in (b) represents the
smoothly interpolated timing of the lowest S anomalies (‘S minimum’) associated with transit of

freshest (for the considered time period, 1991-2007) waters through the Irminger Seainterior.
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Figure5. (a) Time series of the DSOW S anomalies in the Irminger Sea in 1963-2007 relative to
the long-term mean. Vertical axis scale is the same as in Figure 2. The linear regression for the
1983-2007 period and the 6th-order polynomial fit for the entire time period are shown with dashed
and solid grey lines, respectively. The time seriesis constructed from the 1963-2001 ‘WIS’ (western
Irminger Sea) DSOW S values from D02 and the 2002-2007 DSOW S values derived from the
60°N section data. (b) The DSOW S from this study plotted versus the ‘WIS DSOW S from D02
for the overlapping parts (1991-2000) of the time series. The line of equal values and the £0.002
envelope, corresponding to the typical accuracy of the salinity data are shown. Coefficient of

correlation of the two time seriesis 0.98 and the mean absolute difference is 0.002.

Figure 6. Time series of S anomalies for the ISOW layer (oo > 27.86) in the Iceland Basin at ~60°N

in 1997-2007, updated from S07. Vertical axis scale isthe same asin previous figures.

Figure 7. (left): The 1981-2001 time series of S anomalies for (a) the Faroe-Shetland overflow
water, (b) LSW in the Iceland Basin, (c) entrainment — the 500-1000 m layer at the head of the
Iceland Basin, (d) their ‘mixture’ (the sum of normalized S anomalies for each component:
overflow + LSW + entrainment) and (e) ISOW observed east of the Reykjanes Ridge. The time
series are based on the salinity values reported by D02 for the overflow, entrainment and 1ISOW and
by Yashayaev et al. (2008) for LSW. The overflow, LSW and entrainment salinity anomalies are
normalized with respect to the relative contribution of these waters to ISOW according to estimates
by D02: 43% for the overflow, 26% for LSW and 31% for the entrainment. (right): ISOW S
anomalies in 1990-2000 plotted versus normalized S anomalies for the ISOW components: (f)
Faroe-Shetland overflow water, (g) LSW, (h) entrainment, (i) ‘overflow + LSW + entrainment
mixture’ and (j) ‘overflow + LSW mixture’. The ‘overflow + LSW mixture’ S anomalies are
calculated as the sum of normalized S anomalies for these two components. S anomaly axis scale is
the same as in previous figures. R is the Pearson’s correlation coefficient; p is the probability that

the corrélation is due to chance.
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588 Figure8. The 1990-2000 S anomalies for (a) the ‘entrainment’ (normalized anomalies, see
589 Figure7) and (b) ISOW in the Iceland Basin plotted versus the winter (December—March) NAO
590 index averaged for the 6 (a) and 8 (b) winters preceding the salinity measurements. S anomaly axis

591 scaleisthe sameasin previous figures.
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Figure 1. Locations of the World Ocean Circulation Experiment (WOCE) A1E/AR7E line (1991
1997, ‘A1E’), the 59.5-60°N repeated section (2002-2007, ‘60°N’) and the section occupied on
board the RV Pelagia (2000, ‘P-2000’). General pathways of the Nordic overflow-derived deep
waters — DSOW and ISOW - are schematically indicated. The deep water 6—S changes discussed in
the text are quantified in the Irminger Sea, where the sections are practically co-located.
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Figure 2. Time series of (left) S and (right) 6 (°C) anomalies for the DSOW (a, b) and ISOW (c, d)
layers and for the entire deep water column (e, f) in the Irminger Sea. The linear regressions (1991—
2007 for DSOW, 1992-2007 for ISOW and the entire deep water column) and cubic polynomial fits
are shown with dashed and solid grey lines, respectively. R” is the coefficient of determination (the
squared correlation coefficient) indicating the proportion of variance in the time series accounted
for by the polynomial model (Draper and Smith, 1998).
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Figure 3. The 1991-2007 S anomalies for (a) DSOW and (b) ISOW plotted versus S anomalies for
the entire deep water column. Axis scale is the same as in Figure 2. R’ is the squared Pearson’s
correlation coefficient; p is the probability that the correlation is due to chance.
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Figure 4. (a) Salinity evolution in the interior Irminger Sea (~36-39°W, depths > 3000 m) in 1991—
2007 as a function of potential density (o). (b) As in (a) but in anomalies normalized by their
standard deviations at each level. Water mass density limits (see section 2) are indicated with dotted
lines; ‘LSW + ISOW’ and ISOW + DSOW’ denote the density classes of the water mass mixtures.
Section occupations are marked with ticks on the top axis. Dashed curve in (b) represents the
smoothly interpolated timing of the lowest S anomalies (‘S minimum’) associated with transit of
freshest (for the considered time period, 1991-2007) waters through the Irminger Sea interior.
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Figure 5. (a) Time series of the DSOW S anomalies in the Irminger Sea in 1963-2007 relative to
the long-term mean. Vertical axis scale is the same as in Figure 2. The linear regression for the
1983-2007 period and the 6th-order polynomial fit for the entire time period are shown with dashed
and solid grey lines, respectively. The time series is constructed from the 1963-2001 ‘WIS’ (western
Irminger Sea) DSOW S values from D02 and the 2002-2007 DSOW S values derived from the
60°N section data. (b) The DSOW S from this study plotted versus the ‘WIS’ DSOW S from D02
for the overlapping parts (1991-2000) of the time series. The line of equal values and the +0.002
envelope, corresponding to the typical accuracy of the salinity data are shown. Coefficient of
correlation of the two time series is 0.98 and the mean absolute difference is 0.002.
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Figure 6. Time series of S anomalies for the ISOW layer (6o > 27.86) in the Iceland Basin at ~60°N
in 1997-2007, updated from SO7. Vertical axis scale is the same as in previous figures.
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Figure 7. (left): The 1981-2001 time series of S anomalies for (a) the Faroe-Shetland overflow
water, (b) LSW in the Iceland Basin, (c) entrainment — the 500-1000 m layer at the head of the
Iceland Basin, (d) their ‘mixture’ (the sum of normalized S anomalies for each component:
overflow + LSW + entrainment) and (e) ISOW observed east of the Reykjanes Ridge. The time
series are based on the salinity values reported by D02 for the overflow, entrainment and ISOW and
by Yashayaev et al. (2008) for LSW. The overflow, LSW and entrainment salinity anomalies are
normalized with respect to the relative contribution of these waters to ISOW according to estimates
by D02: 43% for the overflow, 26% for LSW and 31% for the entrainment. (right): ISOW S
anomalies in 1990-2000 plotted versus normalized S anomalies for the ISOW components: (f)
Faroe-Shetland overflow water, (g) LSW, (h) entrainment, (i) ‘overflow + LSW + entrainment
mixture’ and (j) ‘overflow + LSW mixture’. The ‘overflow + LSW mixture’ S anomalies are
calculated as the sum of normalized S anomalies for these two components. S anomaly axis scale is
the same as in previous figures. R is the Pearson’s correlation coefficient; p is the probability that
the correlation is due to chance.
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Figure 8. The 1990-2000 S anomalies for (a) the ‘entrainment’ (normalized anomalies, see
Figure 7) and (b) ISOW in the Iceland Basin plotted versus the winter (December—March) NAO
index averaged for the 6 (a) and 8 (b) winters preceding the salinity measurements. S anomaly axis
scale is the same as in previous figures.
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