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[1] Recent intra-decadal changes in temperature and
salinity of the Labrador Sea Water and Nordic overflow
waters are quantified on the basis of the CTD data from the
repeats of the zonal transatlantic section along 60°N
carried out in 1997, 2002, 2004 and 2006. The revealed
changes, in general, point to a rapid transition to the warmer/
saltier conditions at the intermediate and deeper levels in the
Irminger Sea and Iceland Basin at the section latitude in
1997 – 2006. In particular, substantial steady warming and
salinification of the Iceland – Scotland Overflow Water is
revealed in both basins. The latter result means an abrupt
reversal or, at least, almost a decade-long interruption of the
long-term freshening of this water lasted since the mid1960s. Citation: Sarafanov, A., A. Sokov, A. Demidov, and
A. Falina (2007), Warming and salinification of intermediate and
deep waters in the Irminger Sea and Iceland Basin in 1997 – 2006,
Geophys. Res. Lett., 34, L23609, doi:10.1029/2007GL031074.

1. Introduction
[2] The Labrador Sea Water (LSW), Iceland – Scotland
Overflow Water (ISOW) and Denmark Strait Overflow
Water (DSOW) are the main intermediate and deep water
masses formed in the northern North Atlantic. They spread
within the North Atlantic subpolar gyre and further propagate southward in the Deep Western Boundary Current
forming the lower limb of the Meridional Overturning
Circulation. These water masses inherit and transfer climate
signals from the source regions to the deep ocean. Analysis
of intra- and inter-decadal variability of these waters in
vicinity to their source regions is thus essential for understanding and quantification of oceanic response to the
observed climate variations.
[3] Variability of the LSW characteristics in the Labrador
Sea has been well documented since the 1950s [e.g., Curry
et al., 1998; Dickson et al., 2002, hereinafter referred to as
D02; Yashayaev, 2007] and the non-steady freshening of
LSW since the 1960s interrupted by the rather short warming/salinification events has been reported (D02). Severe
winters of the late 1980s –early 1990s caused an extremely
deep convection in the Labrador Sea producing large
volumes of the coldest, freshest and densest LSW ever
observed [see Lazier et al., 2002; Rhein et al., 2007].
Shallower convection since the mid-1990s resulted in the
coexistence of the so-called deep LSW (dLSW) formed
before 1995 and shallow LSW (sLSW) produced after 1995
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[Lazier et al., 2002; Azetsu-Scott et al., 2003]. Since 1995,
the dLSW in the Labrador Sea has been isolated from the
convective renewal and has gradually become warmer and
saltier due to mixing with ambient waters [Lazier et al.,
2002; Avsic et al., 2006]. Salinity of the shallow LSW in the
Labrador Sea increased after its most intense renewal in
2000, and after 2003 salinification of sLSW has been
accompanied by its warming [see Yashayaev, 2007].
[4] Changes in the LSW properties since the late 1980s
have been detected in different locations of the North
Atlantic primarily by observations at the repeated hydrographic sections [e.g., Koltermann et al., 1999; Johnson et
al., 2005; Falina et al., 2007; Kieke et al., 2007; Yashayaev
et al., 2007]. In the work by Falina et al. [2007] we noted
the two-modal structure of LSW existing in the southern
Irminger Sea (IS) since 1996, and warming and salinification (by 0.3°C and 0.04 respectively) in the dLSW core in
the IS in 1997 –2004.
[5] The sustained long-term freshening of the Nordic
overflow-derived ISOW (in the western North Atlantic also
known as the Northeast Atlantic Deep Water, NEADW) and
DSOW was observed in the subpolar North Atlantic between the mid-1960s and the late 1990s. D02 reported
freshening of ISOW (NEADW) by 0.008 – 0.013 per decade
(depending on the location) in the Iceland Basin (IB), IS and
Labrador Sea. Similarly, DSOW salinity decreased by
0.013 – 0.015 per decade in the IS and Labrador Sea
(D02). The freshening of the deep waters along with the
non-steady freshening of LSW resulted in the total freshening of the water column in the subpolar North Atlantic by
approximately 0.03 on average over the last four decades of
the 20th century [Curry et al., 2003]. The salinity time
series for the deep waters (D02) end in 2000 for the IB and
in 2001 for the IS; no quantitative estimates of the deepwater changes in the two considered basins in the 2000s
have been performed yet.
[6] In this paper, we provide a quantification of the
changes in the LSW, ISOW and DSOW temperatures (q)
and salinities (S) in the IS and IB in 1997 – 2006 on the basis
of the four co-located sections along 60°N. Using precise
full-depth measurements we quantify the q and S changes in
the water mass cores and layers and the net shift of q and S
at the intermediate and deep levels in the two basins of the
subpolar North Atlantic during the last decade.

2. Data and Methods
[7] We used the CTD data from the 4 occupations of the
repeated zonal transatlantic section along 59.5– 60°N (from
the Scottish shelf to Cape Farewell) carried out by the
Russian RVs Professor Schtokman in October 1997 [Sokov,
1998; Sokov et al., 1998], Akademik Mstislav Keldysh in
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Figure 1. Potential density (s0) limits of the water mass layers used in this study (see Table 1), superimposed on the
salinity distributions along the 60°N section in the Irminger Sea (30 – 42°W) and Iceland Basin (16.5– 30°W) in 1997 and
2006. Station positions are marked with ticks on the top axis of each plot. See text for water mass abbreviations.
August 2002 [Morozov, 2002], Akademik Ioffe in June 2004
[Pisarev, 2004] and July 2006 [Sokov, 2006]. The interstation spacing in the interior of the IS and IB was 75 km in
1997, 55 km in 2002 and 2004, and 35 km in 2006. In 1997
and 2002, the use of the NBIS Mark-IIIC (in 1997) and
Mark-IIIB (in 2002) CTD profilers provided the accuracy of
0.003°C for temperature and 0.003 for salinity. In 2004 and
2006, a higher accuracy, 0.001°C for temperature and 0.002
for salinity, was attained by the use of the Sea-Bird 911
profiler. The temperature accuracy was determined via preand post-cruise laboratory calibrations of the temperature
sensors. The salinity calibrations followed the WOCErecommended procedures, using the bottle sampling data.
Salinity distributions along the section in the IS and IB
based on the 1997 and 2006 data are shown in Figure 1.
[8] We first identified the q– S changes in the water mass
cores (Figures 2a – 2c), which were defined as salinity
extrema. The LSW (sLSW and dLSW) cores correspond
to the intermediate S minima in both basins. Note that in the
IB, sLSW was first observed in 2006 (see Figure 3);
therefore, the sLSW q and S changes are quantified only
for the IS. The ISOW core is associated with the deep S
maxima in the interior IS and at the deep eastern flank of the
Reykjanes Ridge in the IB. The DSOW core was identified
with the near-bottom S (and q) minimum at the base of the
East Greenland Slope. D02 have also distinguished the
ISOW (NEADW) southward flow along the Greenland slope
in the IS, and constructed the salinity time series for this
water. Our data show neither distinct S maximum (Figure 1)
nor oxygen/silicate signatures (no figure shown) within the
ISOW density range in this area. Consequently, the ISOW
flow retroflects southwestward in the interior of the IS north
of the section latitude and joins the boundary current at its
entrance to the Labrador Sea, where the S maximum is
observed again [see, e.g., Lazier et al., 2002, Figure 3].
[9] In the next step we quantified the q and S changes in
the water mass layers (Figures 2d-2g) defined with the
constant density (s0) and salinity limits separately for the
IS and IB (see Table 1 and Figure 1). The limits of the water
mass layers were chosen at the q– S plots for the 1997 –
2006 data to be relevant for the entire time-period. The
salinity limits (Table 1) were used for ISOW (in the IS) and
LSW (in both basins) in order to separate the high-saline
ISOW and low-saline LSW from fresher/saltier waters
within the density intervals chosen for these water masses.

We calculated the average values of q and S for the water
mass layers as the distance-weighted means of the CTD
temperatures and salinities within the defined limits. Finally,
assuming that the revealed changes in the water mass q and
S reflect the transition from the colder/fresher to the
warmer/saltier conditions, we calculated isobaric and isopycnal differences of q and S between the 2006 and 1997
data (Figure 4) in order to quantify the net changes in the
entire water column.

3. Water Mass Temperature and
Salinity Changes
[10] In 1997 – 2004, the shallow LSW was observed only
in the IS, while in 2006 it was also detected in the IB
(Figure 3). Thus, we can tentatively estimate the period
between the beginning of the multiyear restratification in the
Labrador Sea in 1995 (resulted in sLSW production) and
the sLSW appearance in the central part of the IB to be
roughly 10– 11 years. This period is not necessarily the
sLSW spreading time, as we do not know exactly when the
sLSW observed in the IB in 2006 was formed. Perhaps it
was the vintage of 2000 – this water has been described by
Yashayaev et al. [2007] as the coldest and freshest water
formed in the Labrador Sea since the mid-1990s. According
to the latter study, the convection product of 2000 first
constituted the prominent lighter LSW class (usually named
the Upper LSW [Rhein et al., 2007; Kieke et al., 2007] or, as
herein, – shallow LSW [Azetsu-Scott et al., 2003; Falina et
al., 2007]). In this case, the time for sLSW to reach the
central IB was 5– 6 years.
[11] As seen from Figure 2a, in the IS the range of
salinity variations in the sLSW core was less than 0.01 in
1997– 2004. During the following two years, salinity in the
sLSW core increased by 0.018 and temperature increased
by 0.185°C. In the layer of sLSW, the 1997 –2006 changes
were steadier than in its core; the layer became warmer/
saltier by 0.2°C/0.022 (Figures 2d and 2e). dLSW in the IS
became warmer/saltier by 0.35°C/0.05 in the core and by
0.23°C/0.04 on average for the layer. In the IB, the dLSW
core salinity steadily increased by 0.019, the LSW layer
became warmer/saltier by 0.07°C/0.01 after 2002. In both
basins, salinification contributed stronger than warming to
the dLSW density change, and the dLSW core became
0.01 kg/m3 denser (Figure 2a).
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Figure 2. The 1997 – 2006 changes in the water mass temperatures and salinities. q– S properties of the (a) LSW (sLSW
and dLSW), (b) ISOW and (c) DSOW cores at 60°N based on the data from the 1997, 2002, 2004 and 2006 repeats of the
section; the s0 isopycnals are shown. Average values of (d, f) q (°C) and (e, g) S in the water mass layers in the Irminger
Sea (Figures 2d and 2e) and Iceland Basin (Figures 2f and 2g) at the section latitude in the years of the section repeats;
vertical bars indicate standard deviations of the CTD data within the layers; numbers in brackets denote the rates of q and S
changes (10 2 °C yr 1 and 10 3 psu yr 1, respectively) between the observations.
[12] Substantial warming and salinification of ISOW is
revealed both sides of the Reykjanes Ridge. According to
the salinity time series of D02 (their Figure 2), at the eastern
flank of the Ridge (in the IB), the long-term freshening of
ISOW continued until 1995 –1996. Starting from 1996 –
1997 to 2000 (the last year in the time series for this

location), the ISOW salinity increased. Our results (Figure 2g)
show that ISOW salinification in the IB continued until
2006. From 1997 to 2006, temperature and salinity of
ISOW steadily increased by 0.18°C and 0.022 respectively
in the ISOW core with a layer-average increase being
0.11°C and 0.014 (Figures 2b, 2f and 2g). Downstream,
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Figure 3. q– S diagram for the 2004 and 2006 data
obtained in the Iceland Basin at the LSW levels, illustrating
the appearance of sLSW in the basin at the section latitude
in 2006. The s0 isopycnals are shown. Properties of the
sLSW-2006 in the Iceland Basin were 3.55 < q < 3.75°C, S
 34.905, 27.74 < s0 < 27.76 kg/m3. This water is also
seen in Figure 1 from the low salinity domains (S < 34.91)
right under the 27.74 kg/m3 isopycnal.
in the IS, the ISOW freshening continued until 2001 (D02,
Figure 2). Figure 2b shows that in 2002 salinity and
temperature in the ISOW core in the IS reached the values
observed in 1997. This result along with the ISOW freshening in the IS until 2001, implies that the signal of ISOW
salinification reached the IS roughly in 2002. Thus, the lag
of the signal propagation between the two basins (i.e.,
the ‘IB – southern IS’ transit time for ISOW) had to be
5 – 6 years. After 2002, the ISOW core temperature/salinity
increased in the IS by 0.31°C/0.024, being 0.09°C/0.011 on
average for the layer. Given a steady salinification of the
ISOW layer in the IB and the mentioned IB – IS lag, this
water is expected to continue its salinification in the IS at
least during next several years.
[13] The ISOW salinity increase is surprisingly rapid. In
the IB, where the ISOW salinification is evidently steady,
the ISOW core salinity increased by 0.022 for the 9-yr
period analyzed. This rate is more than twice as high
compared to the rate of previous long-term freshening in
the core of this water (0.008 per decade (D02)) in this basin.
Note that in 2004– 2006, salinity in the ISOW core in the IB
reached the value of 34.99 (Figure 2b) being back to the
values typical for the 1970s (see D02).
[14] The warmest and saltiest DSOW (as well as LSW
and ISOW) was observed in 2006. Figures 2c – 2e show,
however, that changes in the core and layer of DSOW were
not sustained. The DSOW layer temperature/salinity
decreased by 0.36°C/0.026 between the 1997 and 2004
observations and then sharply increased by 0.52°C/0.045.
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colder/fresher to the warmer/saltier conditions during
1997– 2006. In fact, salinification is clearly evident even
from comparison by glance of the salinity sections for 1997
and 2006 (Figure 1).
[16] Figure 4 illustrates the change in temperatures and
salinities in the IS and IB at 60°N between 1997 and 2006.
Vertical distributions of isobaric differences of temperature
and salinity for the period of 1997– 2006 (Figures 4a and
4b) show that almost the entire water column at the LSW –
ISOW – DSOW depths (see Figure 1) became substantially
warmer and saltier. Negative temperature differences at
depths 2000 – 3000 m in the IS do not result from a water
mass cooling, as the isopycnal differences (Figure 4c) are
positive at all density levels (s0 > 27.70 kg/m3). These
differences result from the upward shift of isotherms likely
caused by the increase of thickness and raise of the ISOW
layer in the IS; the ISOW core rose from 2500 to 2200
m (see Figure 1). Slightly negative temperature differences
(up to about 0.01°C) in the IB at 1800 –2600 m also do
not result from the LSW or ISOW cooling, as no such
cooling is revealed in the water mass layers.
[17] Zonally averaged isopycnal differences (Figure 4c)
show the highest increase of temperature and salinity in the
dLSW density class in the IS; the maximum differences
(+0.5°C and +0.06) are seen for the dLSW core density
level (s0  27.78 kg/m3). The lowest q and S increments are
observed within the sLSW density range (27.72 – 27.75
kg/m3), right under the lower boundary of the dLSW layer
(27.82 kg/m3) in the IB and in the ISOW layer (27.82 –
27.86 kg/m3) in the IS. On average for the two basins
the entire LSW – ISOW – DSOW stratum (if isopycnal
27.72 kg/m3 is assumed to be its upper limit) became
0.20°C warmer and 0.029 saltier.
[18] The two apparent exceptions from the revealed
warming/salinification tendency should be considered. First,
the fact that DSOW observed in 2006 was substantially
warmer and saltier then in previous years, could be a
consequence of the aliasing due to considerable short-term
variability of this water (see D02). On the other hand,
continuation of the DSOW freshening cannot be claimed
as well. Also note that DSOW is confined to a rather thin
near-bottom layer in the IS, while almost the entire water
column below 500– 700 m in the IS and below 1200 – 1500
m in the IB is occupied by LSW and ISOW (Figure 1).
Therefore, a contribution of the DSOW variability to the
overall q – S changes in the intermediate – deep water bulk is
considerably less than a joint contribution of the thermohaline changes in the LSW and ISOW layers, the positive
trends in which seem to be clear. Second, the substantial
salinification of the LSW layer in the IB (Figure 2g) is
Table 1. Potential Density s0 and Salinity Limits Defined for the
LSW, ISOW, and DSOW Layersa
Irminger Sea
Water Mass

Iceland Basin

DL

SL

sLSW

27.70 – 27.76

34.90

dLSW

27.76 – 27.81
27.82 – 27.86
27.90

34.91
34.90
–

LSW

4. Apparent Shift to the Warmer/Saltier
Conditions

ISOW
DSOW

[15] The revealed changes in temperature and salinity in
the LSW and ISOW layers hint on the transition from the

SL

27.74 – 27.81

34.92

27.86

–

Potential density is given in kg/m3. DL is potential density, and SL is
salinity limits.
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al., 2007] is mostly in the recent warming and salinification
of this water in its source region [see Lazier et al., 2002;
Yashayaev, 2007]. The case of the overflow-derived waters
is more complicated. For instance, ISOW observed in the
section in the IB results from a mixing of the overflow
waters from the Faroe Bank Channel with the overlying
warmer and saltier waters and LSW (D02). Detailed evaluation of a probable contribution of each component variability to the resulting ISOW warming and salinification
requires additional data (e.g., from observations of the
overflow q and S) and deserves a separate study.

5. Conclusion
[20] The substantial warming and salinification at the
intermediate and deeper levels is detected in the subpolar
North Atlantic at 60°N between 1997 and 2006. The
revealed tendency mostly results from superposition of the
LSW and ISOW warming/salinification, which had begun
nearly simultaneously in the mid-1990s and continued over
the past decade. Similarly, both LSW and ISOW (NEADW)
became warmer and saltier between the 1950s and 1960s
[Lu et al., 2004]. The recent long-term freshening of the
deep waters over the subpolar North Atlantic was likewise
accompanied by the non-steady freshening and cooling of
LSW (D02). Thus, the multidecadal changes in the LSW
and deep water properties seem to be interrelated, reflecting
the long-term changes in the surface forcing closely linked
to the North Atlantic Oscillation (see, e.g., D02).
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