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Time series of profiles of potential temperature, salinity, dissolved oxygen, and planetary potential
vorticity at intermediate depths in the Labrador Sea, the Irminger Sea, and the Iceland Basin have been
constructed by combining the hydrographic sections crossing the sub-arctic gyre of the North Atlantic
Ocean from the coast of Labrador to Europe, occupied nearly annually since 1990, and historic
hydrographic data from the preceding years since 1950. The temperature data of the last 60 years
mainly reflect a multi-decadal variability, with a characteristic time scale of about 50 years. With the
use of a highly simplified heat budget model it was shown that this long-term temperature variability
in the Labrador Sea mainly reflects the long-term variation of the net heat flux to the atmosphere.
However, the analysis of the data on dissolved oxygen and planetary potential vorticity show that
convective ventilation events, during which successive classes of Labrador Sea Water (LSW) are formed,
occurring on decadal or shorter time scales. These convective ventilation events have performed the
role of vertical mixing in the heat budget model, homogenising the properties of the intermediate
layers (e.g. temperature) for significant periods of time. Both the long-term and the near-decadal
temperature signals at a pressure of 1500 dbar are connected with successive deep LSW classes,
emphasising the leading role of Labrador Sea convection in running the variability of the intermediate
depth layers of the North Atlantic. These signals are advected to the neighbouring Irminger Sea and
Iceland Basin. Advection time scales, estimated from the 60 year time series, are slightly shorter or of
the same order as most earlier estimates, which were mainly based on the feature tracking of the
spreading of the LSWg,4 class formed in the period 1989-1994 in the Labrador Sea.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

water mass, with the overlying fresher surface layer, is brought
from the West Greenland Current to the centre of the Labrador

The Labrador Sea in the north-western North Atlantic Ocean is
an area of vigorous warm to cold water conversion (Lazier, 1980;
Clarke and Gascard, 1983; Gascard and Clarke, 1983; McCartney
and Talley, 1984; Lazier et al., 2002; Straneo, 2006). With this
conversion the near-surface water, following Emery and Meincke
(1986) named Sub-Arctic Mode Water (SAMW, also named Sub-
Polar Mode Water, McCartney and Talley, 1982; Brambilla and
Talley, 2008), is cooled in winter in the central Labrador Sea, and
mixes convectively with the underlying water at intermediate
levels (Talley and McCartney, 1982). When the winter ends, re-
stratification sets in by the motion of eddies originating from the
boundary currents, especially the West Greenland Current. This
current brings warm and saline SAMW from the Irminger Sea to
the Labrador Sea. During the re-stratification by the eddies, this
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Sea, where it rests on top of the cold and homogeneous Labrador
Sea Water (LSW) formed in the previous winter (Katsman et al.,
2004). The LSW fills the intermediate levels of the Labrador Sea
(~500-2000 m). In the following winter the surface water is
cooled again, and convectively mixes into the existing LSW
layer. Myers and Donnelly (2008) have estimated formation rates
for different density classes LSW from surface buoyancy fluxes
and sea surface hydrography over the years 1960-1999. They
found a tremendous inter-annual variability of the formation
rate. Apart from the classical view of the formation of LSW
in the Labrador Sea, several authors supply evidence for local
LSW formation in the Irminger Sea (e.g. Pickart et al., 2003;
Bacon et al.,, 2003; Falina et al.,, 2007; Vage et al., unpublished
manuscript). Centurioni and Gould (2004) mention, for the quiet
years 1997-2003, a typical thickness of only 400 m of the surface
mixed layer in the Irminger Sea at the end of winter. Profiles of
the potential temperature and buoyancy frequency from the cold
winter of 2008, published by Vage et al. (2009), suggest that
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convection in the Irminger Sea reaches a factor 1.5-2 less deep
than in the Labrador Sea. It is not yet clear how to discriminate
between convective SAMW formation in winter in the Irminger
Sea and deeper reaching convective LSW formation in the same
basin from hydrographic data, mainly collected in the more
stratified spring and summer. Mixed layer model simulations
for the period 1950-2008 and 11 observation years with moored
profiling CTDs in the period 2003-2010 have convinced us that
occasionally, in cold winters like 2007-2008, convection in both
the western and eastern parts of the Irminger Sea may indeed in
some years reach depths of about 1000 m, but that it does not
reach 1500 m in large quantities (de Jong, 2010), where the
relatively deep LSW, discussed in this paper, is found. In the
period 1990-1997, when the model simulation indicated a mean
mixed layer depth in the Labrador Sea of over 1900 m, the mean
mixed layer depth in the Irminger Sea never superseded 1000 m,
and had a mean value factor 2.7 smaller than in the Labrador Sea.
This is attributed to a 33% weaker mean surface heat flux in the
Irminger Sea as well as to a stronger stratification in late summer,
when the cooling season starts (de Jong, 2010). Yashayaev et al.
(2007a, 2007b) have already shown that the observed develop-
ment of LSW properties (0 and S) in the Labrador Sea from 1990
onwards is followed by a similar development in the Irminger Sea
with a delay of 1-2 years. Apparently the effects of local convection
in the Irminger Sea are of minor importance for the temperature and
salinity field at the depths where classic LSW is found.

The formation, spreading and decay of water masses and their
specific properties are generally studied by means of hydro-
graphic surveys (Tomczak, 1999). The major goal of the global
World Ocean Circulation Experiment (WOCE) Hydrographic Pro-
gram, carried out in the 1990s, was to obtain a representative
one-time hydrographic survey of the world oceans. However,

attention was also spent on (near-annually) repeated surveys of a
number of hydrographic sections to determine the representa-
tiveness of such a one-time WOCE survey for the mean state of
the ocean, and to estimate the magnitude of seasonal and inter-
annual variability in a variety of seawater properties. One of such
repeated survey lines was the AR7 section (grey symbols in Fig. 1)
running from Labrador to Greenland (its AR7W part) and from
Greenland to the European continental shelf (its AR7E part). The
near-annual surveys of this section have not been terminated at
the end of WOCE in 1997 but are presently continued as a part of
national (Canada’s ocean climate monitoring effort run by BIO of
DFO, CcSP-CS1 and the Dutch CAMP programme, run by NIOZ)
and international ocean observation initiatives (VEINS, THOR).
Since this section runs nearly straight through the cyclonic gyres
in the central Labrador Sea and the central Irminger Sea, data
from this repeat section are useful to study the temporal varia-
bility of the formation and spreading of LSW in the northern North
Atlantic Ocean. It has appeared that the convective formation of LSW
indeed varies from year to year, and that the 8-year long field phase
of WOCE (1990-1997) coincided with the generation and spreading
of a major cold and fresh LSW class, LSWy,. Consequently, its forma-
tion, spreading, and decay have been well described recently (Lazier
et al., 2002; Yashayaev, 2007; Yashayaev et al., 2007a, 2007b; Falina
et al, 2007). By extending the data from the surveys of the AR7
section in the central Labrador Sea with historic oceanographic data
from 1960 onwards Yashayaev (2007) and Curry et al. (1998) were
able to show that the temperature-salinity characteristics of LSW
mainly varied on a multi-decadal time scale (~50 years), with a
warm and saline period in the late 1960s and a cold and fresh phase
in the mid-1990s. In this paper we repeat that effort, including
oxygen profiles, and extend it to other basins, the central Irminger
Sea and western Iceland Basin, and to the year 2009.
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Fig. 1. Map of the north-western North Atlantic Ocean. The filled grey circles show the course of the WOCE AR7 hydrographic section in 1994, which was surveyed in most
years between 1990 and 2004. The open grey circles show a variant of this section, with a more northern course east of 30°W, surveyed in 1991, 1992, 2000, 2003, 2005,
2007, and 2009. The groups with black symbols show the individual stations, occupied between 1950 and 2009, from which hydrographic data were used to determine
annual hydrographic profiles for the Labrador Sea (crosses), Irminger Sea (squares), and western Iceland Basin (triangles). The total number of stations per area is indicated
near these station groups. The isobaths in the background represent the water depth in m.
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The newly formed LSW classes spread from the central Labrador
Sea to the northeast (the Irminger Sea), to the east (the Iceland
Basin), and along the Newfoundland slope to the southeast (Talley
and McCartney, 1982; Straneo et al., 2003; Fischer et al., 2004).
Entering the deep western boundary current along the American
continental slope via such indirect pathways (Bower et al., 2009)
LSW contributes to the south flowing North Atlantic Deep Water in
the cold branch of the Atlantic meridional overturning circulation
(AMOC). Because of the relatively high near-surface salinities out-
side the Labrador Sea, e.g. in the Irminger Sea and Iceland Basin,
LSW can be recognised there by a salinity minimum at intermediate
levels. Another approach to the definition of LSW was suggested
by Talley and McCartney (1982), who used the vertical homogeneity
of the LSW, resulting from the convective formation process, to
identify the core of this water mass. The planetary potential vorticity
(PV) was used as stability parameter in their study on the spreading
of LSW. This PV, defined below, is equal to zero in completely mixed
water and is linearly proportional to the local stability. Yashayaev
et al. (2007a) have proposed a different but related parameter to
characterize the core of LSW, the thickness D of 0.01 kg/m> density
intervals. This parameter is inversely proportional to the planetary
potential vorticity, apart from non-linear pressure effects, but less
well conserved in case of meridional spreading. Their LSW core is
assumed to coincide with the largest volume in a 0.01 kg/m?> density
class, or a minimum in planetary potential vorticity. With such a
volumetric definition of the LSW core, Yashayaev et al. (2007a) have
determined the properties (potential temperature 0 and salinity S) of
the LSW core in the Labrador Sea for successive years since 1987. It
appears that over time the 0-S properties and the density of the
prevailing LSW core have changed. They proposed that successive
LSW classes or vintages are formed in one or several successive cold
winters. During the formation period the density increases and the
potential vorticity decreases, until formation of the particular LSW
class ends. After the convective formation period the LSW class is
transformed by lateral mixing with the warmer and more saline
slope water in the Labrador Sea, until it decays as a result of this
mixing process and by advection out of the Labrador Sea (Yashayaev
et al, 2007b). In the neighbouring Irminger Sea, this LSW class is
introduced there by advection from the Labrador Sea. In the
Irminger Sea the transformation and decay progress similarly as in
the Labrador Sea. For the observational period 1987-2004, studied
by Yashayaev et al. (20073, 2007b), two different LSW classes have
been identified. The LSWg4 class has been formed in the cold winters
from 1989 until 1994. In 2000 an LSW class, LSW5qq0, was formed in
a single winter. In the winter of 2008 a similar formation of a single-
winter LSW class could be observed (Vage et al., 2009; Yashayaev
and Loder, 2009). The LSW classes differed in density and other
hydrographic characteristics, depending on their formation history.

The planetary potential vorticity, used as a tracer, is via the
vorticity budget coupled to the dynamics of the general ocean
circulation (Gill, 1982). Other more passive tracers can also be used
to follow the formation and spreading of convectively formed water,
e.g. chlorofluorocarbons (CFCs) or the tritium-helium ratio. How-
ever, such data are relatively scarce and only available in some
abundance since the start of WOCE in 1990. Another tracer, already
long recognised to be useful for the study of the spreading of LSW, is
the concentration of dissolved oxygen (e.g. Dietrich, 1975). With the
atmospherically forced convective formation in winter, the LSW is
also enriched in dissolved oxygen by air-sea interaction. The upper
North Atlantic Deep Water, which originates from LSW, can be
traced throughout the Atlantic Ocean by its oxygen maximum.
Moreover, this oceanographic parameter has already been measured
with reasonable accuracy for a long time, so that it can also be used
for research of the ocean ventilation in the past.

As we show below, the temperature variation at intermediate
levels in the Labrador Sea is dominated by a time scale of several

decades (multi-decadal), and individual ventilation events are hard
to recognise from the development of the intermediate temperature.
The formation of the LSWy, class has been recognised by a relatively
large drop in temperature (Yashayaev, 2007b). However, it can be
expected that convective ventilation events will also lower the
stability or planetary potential vorticity, and increase the oxygen
concentration. In this paper we therefore aim to use the long-term
temporal changes of these parameters as tracers, next to the
temperature and salinity. With these tracers we study the variability
of the north-western North Atlantic Ocean, in particular the forma-
tion, transformation, and spreading of the LSW classes in this region.
We use the hydrographic data from the AR7 surveys from 1990 until
2009, extended back to 1950, with historic oceanographic data from
international data bases. To keep the analysis simple and focused on
large-volume LSW classes, we do not use the volumetrically defined
LSW classes (Yashayaev et al., 2007a, 2007b), nor do we describe the
time evolution of the LSW by means of the classical core method.
Instead we mainly analyse the tracers observed at a pressure level of
1500 dbar to identify those “strong” convective ventilation events
that really reach deep. We predominantly discuss these deeper
reaching LSW classes, including the LSWa,, largely contributing to
and in many ways affecting the AMOC. LSW, the most fresh of the
source water masses of the cold branch of the global circulation
system, seems to be the most sensitive part of the AMOC for
disturbances in the freshwater budget of the north-western North
Atlantic Ocean. In tests with a simple coupled ocean-atmosphere
climate model, it was suggested that LSW formation is the first part
of the AMOC that will be shut down in case of large melt water
input into the ocean (Rahmstorf, 1995). Monitoring of the LSW
properties therefore may show the first changes affecting the
strength of the AMOC.

Since the most hydrographic data, used in this study, were
collected in the summer half year, the data from the upper
500-750 dbar have been influenced by the re-stratification of
the water column, emerging from the warmer and more saline
boundary currents in the Labrador and Irminger Sea. Therefore
these data are not fit for the study of local formation process of
LSW in the Irminger Sea as proposed by Pickart et al. (2003),
Bacon et al., (2003), and Falina et al. (2007), nor for the study of
the upper LSW, formed in the Labrador Sea by shallow convection
near the boundary currents (Kieke et al. 2006; Rhein et al.,
2007). Vage et al. (2009) and Yashayaev and Loder (2009) have
shown that profiling floats make a view of the deep convection
process possible that cannot be achieved by the use of our or
similar data sets. However, sufficient amounts of profiling float
data in our research area are only available for the last 13 years
(Centurion and Gould, 2004; Yashayaev and Loder, 2009).

2. Data

For this study we have used the high-quality hydrographic
data (temperature, salinity, and oxygen), collected during near-
annual surveys of the AR7 hydrographic section since 1990
(http://cchdo.ucsd.edu/), as well as historic data for the pre-
WOCE period from 1950 until 1989, derived from other data
bases (black symbols in Fig. 1). For the central Labrador Sea
temperature and salinity profiles are available for all years. In the
Irminger Sea such profiles are available for 56 out of 60 years,
only data for the years 1985-1987 and 1989 are archived. The
data availability is less favourable for the Iceland Basin, there
13 years out of the last 52 are missing in the data bases. Data from
the AR7 section were also used by Yashayaev et al. (2007a, 2007b)
for the description of LSW classes, formed in the 1987-2006
period, and their spreading, transformation, and decay. With
hydrographic data from the former WOCE section we have
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determined annual hydrographic profiles (0, S, O, PV), represen-
tative for successive years, for the LSW formation area in the
central Labrador Sea, as well as for the central Irminger Sea and
the western Iceland Basin. This has been performed by means of
robust averaging in density space, as introduced by Yashayaev
(2007). The potential density anomaly, relative to a reference
pressure of 1500 dbar, 7,5, has been derived from the tempera-
ture and salinity profiles and is used as density parameter. Similar
data sets of only temperature and salinity profiles were constructed
by Yashayaev (2007) and Curry et al. (1998) for the Labrador Sea.

Part of the lateral gradients in the ocean basins, especially before
1990, may be aliased in part into the temporal domain, because of
the spreading of observational locations, as shown in Fig. 1. In this
study we assume that the effects of this aliasing are minor,
compared to the large temporal changes in hydrographic properties.
The results of our data processing, especially for temperature and
salinity, where a multi-decadal variability appears to be dominant,
indicate no considerable high frequency noise that can be attributed
to a dominant influence of the aliasing of spatial gradients to the
time domain; so this effect indeed seems to be minor.

The intermediate water masses in the WOCE period were
strongly dominated by the formation, advection, and decay of
the LSWoy, class. To document the other LSW formation events we
have extended the AR7 data by using data from historic hydro-
graphic stations between 1950 and 1989 from the NOAA World
Ocean Data Base (www.nodc.noaa.gov) and some additional data
from the ICES oceanographic data base (www.ices.dk). From the
Iceland Basin reasonable data coverage by historical data was
only available from 1958 onwards. These historical hydrographic
stations are indicated by black symbols in Fig. 1. Most of these
stations are located within a narrow area at a limited distance
from the present AR7 section, but for some years before 1990 we
had to use data at a larger distance from this section. The use of
annual hydrographic profiles, before 1990 based on observations
over a relatively wide region, implicitly assumes that in each
basin the lateral property gradients are relatively small. Therefore
care was taken by a subjective judgement that stations from the
warm and saline boundary currents at intermediate depths in the
basins were not included in the calculation of the annual profiles,
and that the individual profiles were consistent with the other
profiles from the same year, the previous year, and the following
year. If not, individual suspect profiles were rejected. This procedure,
although subjective, has in our view led to a consistent set of
characteristic annual profiles. It is not possible to develop a
complete statistical model for the accuracy of the resulting annual
profiles, since it is influenced by random and systematic measure-
ment errors, seasonal bias, the influence of natural spatial and
temporal variability, the number of individual profiles available to
calculate the annual profile, and the number of samples per profile.
However to get a subjective impression of the internal consistency
of an annual profile one can use the standard deviation, derived
from the difference between original sample data and mean profile
data. One has to note that, since samples generally do not coincide
with the grid points of the vertical interpolation grid, also some
vertical spatial variability will contribute to the standard deviation.
An analysis of a representative subset of years resulted in typical
standard deviations of 0.07 °C, 0.014, and 2.3 pmol/kg, respectively,
for temperature, salinity, and dissolved oxygen below 1000 dbar.
Given an average of about 5.5 stations per year, these standard
deviations suggest an accuracy of the annual values of 0.03 °C, 0.006,
and 1.0 pmol/kg (standard errors). As stated before, this is only an
impressionistic and rough estimate of the reliability of the individual
data points, not firmly based on a statistical error model.

Most of the hydrographic data from the pre-WOCE, WOCE, and
post-WOCE periods were obtained in late spring, summer, and
early fall. They are therefore potentially biased to the warmer and

re-stratified part of the year, and will not accurately reflect the
late winter situation in the upper parts of the ocean, when
convective homogenisation is at its maximum. However, they
are expected to present the inter-annual change of the LSW found
at deeper levels.

The planetary potential vorticity, PV, defined by

py—_fo°
paZ ad

is a measure of stability of the water column. Here f is the Coriolis
parameter, while p is the water density, z is the vertical coordi-
nate, and the derivative is applied adiabatically. Convectively
formed near-homogeneous water types are characterised by low
values of PV. Talley and McCartney (1982) have shown that PV is
an excellent parameter to trace the spreading of the convectively
formed LSW through the North Atlantic Ocean. Therefore we have
computed annual profiles of PV from the annual profiles of tem-
perature and salinity.

Additional to the hydrographic data, we have computed esti-
mates of the atmospheric forcing of water mass formation and
circulation in the north-western North Atlantic: the annual mean
surface heat loss as well as the curl of the wind stress in the central
Labrador Sea from 1950 until 2009, based on the NCEP/NCAR
reanalysis by the NOAA-CIRES Climate Diagnostics Centre (Kistler
et al., 2001, www.cdc.noaa.gov). This data set has been chosen since
the NCEP/NCAR reanalysis is available over the whole research
period, in contrast with competing flux data sets. According
to Renfrew et al. (2002) the NCEP/NCAR turbulent fluxes from the
Labrador Sea are comparatively less favourable with direct flux
observations than the results from the ERA-40 re-analysis (Uppala
and al., 2005), available from 1957 until 2003. A comparison of these
data sets gives net annual mean ERA heat fluxes from the central
Labrador Sea to the overlying atmosphere with an amplitude, a
factor 4.1 smaller than those obtained from NCEP/NCAR. Below in
this paper we introduce a heat balance model that clearly shows
that the smaller annual mean ERA heat fluxes cannot force decadal
temperature variations in the Labrador Sea with a magnitude as
observed. The OAFlux annual mean net flux data (Yu and Weller,
2007) from the Labrador Sea have amplitudes only 25% smaller than
those of NCEP/NCAR, but cover only the period 1985-2007.

For the two-dimensional interpolations on a regular grid,
performed for this paper, generally a linear Kriging technique
has been used. Kriging belongs to the family of optimal linear
estimation algorithms, used in geostatistics, which predicts
unknown values at grid points from data, observed at other
known locations. The predictor is a linearised weighted combina-
tion of observational values, which minimises the error of
predicted values in some statistical sense (Stein, 1999).

M

3. The general hydrographic and tracer structure in the north-
western and north-western North Atlantic Ocean

Distributions of tracers can be used to illustrate the spatial water
mass structure in the research area: sections of potential tempera-
ture, salinity, dissolved oxygen and silicate, CFC-11, and planetary
potential vorticity show an example of the hydrographic structure of
the north-western North Atlantic Ocean (Fig. 2). These sections are
based on the hydrographic surveys of the Labrador Sea part of the
AR7 section (AR7W) by CSS Hudson (18HU94008_1), and of the part
of the section east of Greenland (AR7E) by RV Meteor (06MT30_3),
carried out, respectively, in June and December 1994. Some Meteor
data from 1994 are also available for the AR7W section, but that
western section is not completely covered in the Meteor survey. All
data were inspected by eye, and evident outliers were removed. The
oxygen and CFC-11 data of the Hudson cruise have been adjusted to
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those of the Meteor cruise by comparison of data from 15 near-
coinciding stations in the Labrador Sea, following recommendations
from the CARINA project (Tanhua et al., 2010). The CFC-11 concen-
trations of the Hudson cruise had to be multiplied with a factor
1.35 (+0.11), definitely higher than the factor of 1.05, recom-
mended by Tanhua et al. (2010) and Steinfeldt et al. (2010). The
correction factor for the oxygen data from the Hudson cruise had to
be reduced with 3% (+1%), a larger correction than the 1%
reduction, recommended by Stenardo et al. (2009). Parts of the
AR7 section already have been published by Falina et al,
(2007), Yashayaev (2007), Yashayaev et al. (2007a), and Azetsu-
Scott et al. (2003). The maximum extent of the LSWy, class in the
Labrador Sea was observed in 1994 (Yashayaev et al., 2007a, 2007b).
Although the intermediate waters in the Irminger Sea had been
cooling since the early 1970s (Yashayaev, 2007), the LSWg,4 class had
not yet fully reached the Irminger Sea east of Greenland in 1994, and
certainly not the Iceland Basin east of the Reykjanes Ridge
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(Yashayaev et al., 2007a). The water mass at intermediate levels
in the Labrador Sea was relatively homogenous, with a potential
temperature below 2.75°C and salinity below 34.85. Dissolved
oxygen concentrations were also homogenous at these levels and
had risen to above 305 pmol/kg in the Labrador Sea, while the
homogeneously distributed silicate concentrations had values
between 9 and 10 pmol/kg. The high-salinity core of NEADW below
the LSW layer showed silicate concentrations above 12 pmol/kg,
originating from the old near bottom water in the Iceland Basin. Also
the CFC-11 concentration was high and more or less distributed
evenly at intermediate levels, with values of over 4.5 pmol/kg on the
Labrador Sea, over 4.0 pmol/kg in the Irminger Sea, and over
2.5 pmol/kg in the Iceland Basin. The gridded potential vorticity PV
showed a minimum below 1000 dbar between 1.0 x 10~'? and
1.5x 1072 m~!s~! in the Labrador Sea, and between 2.0 x 10~ 12
and 2.5 x 102 m~'s~! in the Irminger Sea, and between 10 and
15%x10"m~'s~! in the Iceland Basin. The potential density

1000 1200 1400

200 400 600 800 1000 1200 1400

: Reykjanes
Ridge

200 400 600 800 1000 1200 1400

Distance (km)

Fig. 2. Sections of hydrographic properties stretching from the upper Labrador slope through the Labrador Sea, the Irminger Sea, and the Maury Channel in the Iceland
Basin. The isolines are shown in white or grey for (a) potential temperature, (b) salinity, (c) dissolved oxygen concentration, (d) dissolved silicate, (e) dissolved CFC-11, and
(f) planetary potential vorticity. These sections are based on the bottle data (black dots) from a survey of the AR7 section in 1994 by R.V. Hudson and R.V. Meteor. They
have been interpolated by means of a linear Kriging method on a 50 dbar x 50 km grid. Subsequently they were filtered with a 100 km x 100 dbar Gaussian filter to
suppress small-scale noise. The black lines show the y; 5=34.64, 34.68, and 34.72 kg/m? isopycnals.
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Fig. 2. (Continued)

anomaly )5 of the potential vorticity “core” of the homogeneous
LSWoy4 class in the Labrador Sea, derived from these tracer distribu-
tions, was about 34.685 kg/m°.

In the upper 200 dbar above the LSWy, core in the Labrador Sea,
shown in Fig. 2, re-stratification after the preceding winter was
reflected by a rise of the potential vorticity in the near-surface layer.
This re-stratification had raised the temperature and lowered the
salinity of the upper ocean. The near-surface oxygen concentration
was already high because of the onset of the spring bloom. The near-
surface concentration of dissolved silicate was relatively low, due to
a spring bloom of diatoms. The surface concentrations of CFC-11
were high because of recent air-sea interaction. Along the surround-
ing slopes of the Labrador Sea, a warmer and more saline water
mass was observed at the density levels of the LSW core, the
Icelandic Slope Water (ISW; van Aken and de Boer, 1995; van
Aken and Becker, 1996). This water mass had relatively “aged”
tracer properties compared with the LSW core, a lower oxygen
concentration, higher silicate values, lower CFC-11 concentrations,
and a higher potential vorticity. The ISW at the LSW levels could be
followed along its path from the north-eastern Iceland Basin to the

Labrador Sea as a slope bound water mass in the Iceland Basin, the
Irminger Sea, and the Labrador Sea (Yashayaev et al., 2007a). Below
the LSW core a more saline water type was found, the North East
Atlantic Deep Water (NEADW), characterised by higher salinities
(>34.90), lower oxygen and CFC concentrations, and a higher
silicate concentration. This water mass is formed when Iceland
Scotland Overflow Water (ISOW) spreads to the western Atlantic
Basins through the Charlie-Gibbs Fracture Zone in the Mid-Atlantic
Ridge at ~52°N (van Aken and Becker, 1996). From there NEADW is
brought to the Labrador Sea by the deep cyclonic sub-arctic gyre
circulation. It is suggested that the transport (Boessenkool et al.,
2007) and properties (Yashayaev and Dickson, 2008) of ISOW and
subsequently NEADW are significantly regulated and influenced by
the varying formation rates and properties of LSW.

Also in the Irminger Sea a homogeneous water type was
present in 1994 at intermediate levels where convectively formed
(low PV) LSW is found, although the coldest and densest mod-
ification stage of the LSWg, class had not yet fully reached the
Irminger Sea in 1994 (Yashayaev et al, 2007a, 2007b). The
potential temperature of the LSW was between 2.78 and 2.9 °C,
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and salinities below 34.85 were found in a smaller volume of the
LSW body, compared to the Labrador Sea. The oxygen concentra-
tion showed a large maximum in the LSW core with values
between 300 and 303 pmol/kg, on average about 5 pumol/kg lower
than in the Labrador Sea. The dissolved silicate had values
between 9 and 10 pmol/kg, and the CFC-11 concentration showed
there a maximum of over 4 pmol/kg, Overall, the LSW in the
Irminger Sea was in 1994 warmer, more saline, less oxygenated,
and more stable (higher PV), and with less CFCs than in the
Labrador Sea. Most of the tracer distributions from 1994 in the
Irminger Sea show an LSW core close to the y;5=34.68 kg/m?>
isopycnal. This slightly lower core density compared to the
Labrador Sea is indicative for a delay in the arrival of the high-
density LSWy,4 core in the Irminger Sea. In the Irminger Sea ISW, a
more stable warm and saline water mass with relatively low
oxygen and CFC concentrations and higher silicate concentrations
than the LSW in its centre is also encountered over the surround-
ing slopes, especially over the western slope of the Reykjanes
Ridge. Its temperature, salinity, and oxygen concentration are
higher than those of the ISW in the Labrador Sea. NEADW,
underlying the LSW core in the Irminger Sea, is also characterised
by a higher salinity, higher nutrient concentrations, and lower
concentrations of dissolved oxygen and CFCs.

In the less homogeneous Iceland Basin, east of the Reykjanes
Ridge, there is less physical space occupied by the LSW core. The
upper 1000 dbar is dominated by the presence and input of warm
and saline waters arriving with the Irminger Current, which in its
turn descends from the North Atlantic Current. These waters are
characterised by an underlying oxygen minimum in the stable
permanent thermocline, while the bottom layer over the eastern
flank of the Reykjanes Ridge contains relatively cold and saline
ISOW, while the deep Maury Channel is dominated by fresher,
old, low-oxygen, and high-nutrient Lower Deep Water (LDW).
LDW is a water mass with Antarctic contributions, hence its lower
salinity and high silicate concentration. In between these water
masses the low-stability, low-salinity and well oxygenated LSW
core is found at a potential density of about 7;5=34.66 kg/m>.
This lower density of the LSW core in 1994 in the Iceland Basin
suggests that the arrival of the high-density LSWy, class is there
even more delayed than in the Irminger Sea.

4. Inter-annual and multi-decadal changes in the Labrador Sea

The time-pressure distributions of potential temperature,
salinity, dissolved oxygen and potential vorticity have been
constructed for the central Labrador Sea from the annual hydro-
graphic profiles for 60 years from 1950 to/through 2009 (Fig. 3).
The oxygen plot only stretches from 1952 to 2007, since for the
first and last two years of the record this parameter was missing
from the records. Since oxygen data were also missing for
5 consecutive years in the 1980s (1983-1987) that period is
blanked in the oxygen distribution. For 1 or 2 year gaps in the
record, the Kriging gridding procedure was used to fill these gaps.

The strongest signal in the temperature distribution, shown
in Fig. 3, is a long-term quasi-oscillation of temperature between
about 500 and 2000 dbar with an apparent period of about 50
years, spanning nearly the entire 60 year observational period.
Whether that is really a dominant time scale for the Labrador Sea
temperature also for other eras cannot be decided, because of the
limited record length. The highest mean potential temperature is
observed in 1970, the lowest in 1994. An intermediate tempera-
ture minimum is found near 1976. The early warming period until
1970, followed by a cooling trend (until 1976) was already noted
by Talley and McCartney (1982). The lowest temperature in the
record coincides with the maximum extension of the LSWy4 class

in the Labrador Sea (Yashayaev et al., 2007a, 2007b). However,
although a separate colder period can be recognised around 1976,
which was already noted by Curry et al. (1998), it is hard to identify
other LSW ventilation events from the temperature distribution
alone. The salinity distribution between 500 and 2000 dbar (not
shown) also contains a large multi-decadal oscillation, nearly in
phase with the temperature signal, with the highest intermediate
level salinities in 1964 and 1970, and the lowest salinities in the
early 1990s. However, here the multi-decadal signal is modified by a
relatively strong decadal signal, comparable in amplitude with the
multi-decadal salinity variation. It shows additional salinity maxima
between 500 and 2000 dbar (not shown) in 1954 and 1983. The
temperature maximum of 1976 at intermediate depths coincides
with a relative salinity maximum. In the near-surface layer the
salinity shows the presence of a thick surface layer of relatively
fresher water from 1968 to 1972 and from 1981 to 1985, named
Great Salinity Anomalies, which are assumed to have contributed to
the suppression of convective activity in that period (Lazier, 1980;
Dickson et al., 1988; Straneo, 2006).

The time-pressure distributions of the dissolved oxygen con-
centration and planetary potential vorticity show relatively much
less multi-decadal variability than the potential temperature and
salinity; shorter time scales are dominant. However, the lack of
oxygen data in the upper km from the mid-1950s to 1961 has
reduced the temporal resolution in that period, compared to the
resolution of temperature and salinity. The strongest signals of
oxygen and PV are found at a near-decadal frequency, and are
more or less in phase for both parameters. The deep reaching
LSWy,4 class and shallower LSWsqgo class (Yashayaev, 2007a, b)
are clearly visible in both parameters as high oxygen and low
potential vorticity events. It is likely that the earlier events before
1990 with the same parameter combination can be also inter-
preted as LSW formation events.

A plot of the time series of dissolved oxygen and potential
vorticity at specific pressure levels (750, 1000, 1250, and
1500 dbar) in the Labrador Sea simplifies the analysis of LSW
formation events (Fig. 4). The oxygen time series at all 4 levels as
well as the average from 500 to 2000 dbar show a more or less
regular alternation of high oxygen peaks and low-oxygen periods.
The oxygen peaks are likely ventilation events recurring at a
nearly decadal time scale. At deeper levels the mean oxygen
concentration is lower (a 3 umol/kg mean difference between
750 and 1500 dbar), while the characteristic oxygen increase during
and after deep ventilation events also changes vertically, from
about 10 pmol/kg at 750 dbar to 13 pmol/kg at 1500 dbar. The
peaks of high oxygen concentration and low potential vorticity
more or less coincide with the peaks in thickness of what Kieke
et al. (2006) named “classical LSW” (27.74 <74 < 27.80 kg/m?),
described by them since 1948. This is understandable, since in first
order the potential vorticity is inversely proportional to the layer
thickness.

The time series of the potential vorticity at different levels
(Fig. 4b) show slightly more low-stability events, but overall its
main structure agrees with the oxygen signal. Low-stability
convection events (peaks in Fig. 4b, note the inverted scale)
generally coincide with high oxygen ventilation events. In general
the low-stability events in the potential vorticity series show a
tendency to decay slightly faster than the high oxygen events.
This is likely caused by the interaction of the planetary potential
vorticity with the local vorticity, as well as with the horizontal
component of the vorticity vector, which represents the vertical
shear of the currents. Both are found extensively in the baroclinic
eddies, originating from the Greenland slope region, which are
responsible for the summer re-stratification after the convective
mixing in winter (Katsman et al., 2004). The convection events,
derived from the potential vorticity series, are recognised at
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Fig. 3. Time-pressure sections of (a) potential temperature, (b) salinity, (c) dissolved oxygen concentration, and (d) planetary potential vorticity in the central Labrador
Sea. The latter parameter was determined with a central derivative from the vertically interpolated temperature and salinity profiles, sub-sampled every 50 dbar, and
subsequently filtered with a 2 x 50 dbar Bartlett filter. A linear Kriging method was used for the interpolation of the data onto a regular grid.

different depths. While not much happened below 1000 dbar in
1967, the potential vorticity at 750 dbar was reduced with a
factor 2. The relatively shallow low-stability event in the early
1980s did not reach the 1250 dbar isobar, a pressure that was
reached by the event in the early 2000s (ULSW or LSW5qo0) as
well as in the winter of 2008.

Comparison of the oxygen and potential vorticity curves for
different pressure levels shows that occasionally the signature of
convective ventilation events does not reach very deep, e.g. event
4, where the potential vorticity minimum is not recognised at the
1500 dbar level. This confirms that LSW convective ventilation
events do not reach the same deep level at every occurrence,
resulting in differing hydrographic properties for successive LSW
classes, as proposed by Yashayaev et al. (2007a).

Grey bars have been added to Fig. 4 for events that are observed
in both the oxygen and the potential vorticity time series (or appear
clearly, with some delay, in the neighbouring Irminger Sea): we will

name such events “convective ventilation events”. Event 7, the
winter convection of 2008 (Vage et al, 2009; Yashayaev and
Loder, 2009) is not included in the further discussion, since it had
not yet appeared by advection in the Irminger Sea at 1500 dbar
during the 2009 survey. During this event a minimum in potential
temperature was found in 2008 in the Labrador Sea, centred
between 750 and 1350 dbar, likely produced by convective ventila-
tion that reached to about 1650 dbar. In the Irminger Sea in 2008 a
small temperature minimum was observed at 1025 dbar; here local
convection in the 2008 winter did not reach deeper than 1150 dbar,
certainly not to 1500 dbar. As a reference for further discussions we
will use data from the 1500 dbar isobar in the Labrador Sea, the
Irminger Sea, and the Iceland Basin, focussing mainly on deep
reaching convective ventilation events. As Fig. 2 suggests, the
isopycnals run close to horizontal at this depth level, so that it
represents more or less the same density horizon in all three basins.
In the following analysis of the 1500 dbar level we assume that local
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Fig. 4. Time series of (a) the dissolved oxygen concentration and (b) planetary potential vorticity in the central Labrador Sea at the pressure levels of 750, 1000, 1250, and
1500 dbar, as well as the average values for the pressure interval 500-2000 dbar. These values were obtained from linear interpolation of the annual vertical property
profiles, and were subsequently smoothed with a 2 x 2 year Bartlett filter to suppress “noise” and fill in small gaps (max 2 years) in the oxygen time series.

convection in the Irminger Sea does not reach that deep, and that
outside of the Labrador Sea hydrographic changes are caused by
advection.

First, the combined time series of potential temperature, salinity,
oxygen concentration, and planetary vorticity since 1950 at
1500 dbar from the Labrador Sea are presented, together with
information on atmospheric forcing (Fig. 5). Sarafanov (2009) has
shown that the temperature and salinity of the LSW in the
Labrador Sea (150-2000 m) are well correlated with the North
Atlantic Oscillation (NAO) index, a measure for the meteorological
forcing of the northern North Atlantic Ocean. He attributes this to
atmospheric forced changes in the intensity of the deep winter
overturning in the Labrador Sea, forced by the surface heat loss,
and to changes in the intensity and eastward extension of the
sub-arctic gyre forced by changes in the wind field. We have
added low-pass filtered parameters (10 year running mean)
representing the atmospheric forcing, the annual mean heat flux
and the wind stress curl over the central Labrador Sea to Fig. 5.
Both forcing factors show a multi-decadal variation with a typical
period of about 50 years (comparable with the duration of the
presented series), as does the potential temperature in the central
Labrador Sea. The annual net heat flux and wind stress curl
correlate significantly with the NAO winter index (not shown);
R=0.75 and 0.77, respectively. The potential temperature varia-
tion shows a large similarity for the period 1962-1995 with the
multi-decadal time series of the mean temperature between 1000
and 1500 dbar, presented by Sy et al. (1997), and with the 1500 m
potential temperature series, presented by Curry et al. (1998).
When we make a harmonic fit of a 50-year period sine curve with

the net heat flux and wind stress curl we find large correlations
(>0.80). Apparently, the intermediate temperature in the central
Labrador Sea does not follow the rhythm of a succession of
convective ventilation events, derived from the oscillating oxygen
concentrations and the planetary potential vorticity minima. It
has more the character of the longer-term trends in atmospheric
forcing of the north-western North Atlantic Ocean (heat flux as
well as wind stress curl). The lowest temperature in the 50-year
harmonic fit lags 6 years behind the maximum of the harmonic fit
of the net heat flux. This shows that the effective thermal memory
of the LSW in the Labrador Sea is relatively large, but still small
compared to the dominant 50-year time scale. The Labrador Sea is
not “well flushed” in 6 years so that several successive years of
increased heat loss will lead to a considerable temperature drop
and larger convection depths are reached than in a single winter
(Lazier et al., 2002). During the 1970s event 3, the downward
curving suggests an extra cooling of about 0.3 °C. The cooling
during event 5 seems so be quite large, ~0.45 °C cooling from
1986 until 1994. Events 1, 2, 4, and 6 show less additional cooling,
presented by a significant curving of the temperature line.
However, these negative decadal temperature dents are definitely
smaller than the range of the multi-decadal temperature oscilla-
tion, which has a value of over 0.85 °C. This indicates that the
multi-decadal change in the Labrador Sea at intermediate depths
is more likely to be caused by the long-term atmospheric forcing
of the ocean heat budget and circulation than directly by a single
convective mixing event. The large thermal memory of the Labrador
Sea apparently suppresses temperature variations forced by varia-
tions in the net surface heat flux at inter-annual time scales.
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Fig. 5. Time series of the annual values of (a) the potential temperature and salinity, (b) dissolved oxygen concentration and planetary potential vorticity centred at the
pressure level of 1500 dbar in the central Labrador Sea, and (c) 10 year running means of the annual mean heat flux and wind stress curl over the central Labrador Sea. The
parameter values in panels (a) and (b) were obtained from linear interpolation of the annual vertical property profiles, and were subsequently smoothed in time with a
2 x 2 year Bartlett filter to suppress “noise” and fill small gaps (max 2 years) in the oxygen time series.

The stronger convective ventilation events 3 and 5 are accompanied
by a decadal cooling event (Fig. 5a and c).

The range of the salinity values is about 0.1, while the character
of the salinity variability shows a mixture of multi-decadal and
decadal variations, whereby the multi-decadal variations follow the
temperature variations in the Labrador Sea (Fig. 5a). A salinity
maximum at 1500 dbar is found around 1970 and a minimum in
the 1990s. During the warm first half of the record (1950-1980)
the salinity has an average value of 34.874, while in the colder
second half this is reduced to 34.850. The oxygen concentration and
potential vorticity variations at 1500 dbar are more or less in phase
and well correlated (R= —0.70).

5. Inter-annual to multi-decadal changes of LSW in the
Irminger Sea and Iceland Basin

The time-depth distributions for the variation in potential
temperature, salinity, oxygen concentration, and potential vorticity

since 1950 in the Irminger Sea (Fig. 6) appear to be quite coherent
with similar distributions in the Labrador Sea, apart from the
stratified near-surface layer (Fig. 4). This suggests that the LSW,
formed during convective ventilation events in the Labrador Sea, is
advected to the Irminger Sea, north-east of its formation region,
However, some influence in the upper 1100 m due to local convec-
tion during cold winters over the north-west Atlantic cannot be
ruled out (Vage et al, unpublished manuscript; de Jong, 2010).
Varying degrees of re-stratification and summer bias of the observa-
tions will also have influence on the variability in the upper km, as
shown in Fig. 6. Overall for the whole period 1950-2009, the water
column in the Irminger Sea is warmer, more saline, less oxygenised,
and more stable than in the Labrador Sea.

The time series of the hydrographic parameters at 1500 dbar
in the Irminger Sea (Fig. 8) show many similarities with those at
1500 dbar in the Labrador Sea. Both potential temperature and
salinity show a mainly multi-decadal variability with ranges of
about 0.67 °C and 0.10, respectively, values close to those in the
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Fig. 6. Time-pressure sections as in Fig. 3, but for the centre of the Irminger Sea gyre.

Labrador Sea. On average the central Irminger Sea is 0.06 °C
warmer and 0.03 more saline at intermediate levels. The oxygen
concentration and planetary potential vorticity in the Irminger
Sea are dominated by variations at a decadal time scale, similar to
the convective ventilation events in the Labrador Sea. If one shifts
these events back with a few years (1-3), one can associate the
events in the Irminger Sea at 1500 dbar with the deep reaching
convection events in the Labrador Sea (the grey bars in Fig. 7),
even event 4, which was documented in the Labrador Sea only
with a low-PV peak as oxygen data were lacking at that time. The
mean values of oxygen and potential vorticity in the Irminger
Sea are about 7 pmol/kg lower and 2.7 x 102 m~! s~ ! higher,
respectively, than in the Labrador Sea, in agreement with the fact
of LSW transformation between the two basins (Yashayaev et al.,
2007b). At shallower levels ( < 1000 dbar) the seasonal re-strati-
fication, encountered during the summer cruises in the Irminger
Sea, hinders an insight into the advection of shallower convection
events.

The hydrographic time-depth distributions in the Iceland
Basin (Fig. 8) are clearly less coherent with the distributions in
the Labrador Sea (Fig. 3) than the distributions in the Irminger
Sea. The salinity minimum, oxygen maximum, and PV minimum,
all three representatives for the LSW core in the Iceland Basin, are
centred on an approximate pressure level of about 1500 dbar
between the overlying thermocline and the underlying ISOW. The
most dominant feature of these parameters at intermediate
depths is the oxygen maximum, and salinity minimum from
1995 until 1998, although it remains visible until about 2005.
This reminds the arrival of the LSWg4 and LSW,qg classes east of
the Reykjanes Ridge (Yashayaev, 20073, 2007b).

Our 1500 dbar time series in the Iceland Basin (Fig. 9) are
relatively noisy before 1990, but still show some coherence with
time series from the Labrador Sea. The temperature and salinity
time series for the Iceland Basin are much in agreement with
those for the Labrador Sea, shifted a few years (validating our
assumption about the LSW signal transmission) away from its
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source. Indeed, the potential temperature and salinity in the
Iceland Basin are similarly dominated by a multi-decadal varia-
tion, with a maximum at about 1973-1974 and minima in the
middle 1990s (1995-1996). The oxygen record shows 3 distinct
maxima in the Iceland Basin, about 3 years after the related
maxima in the Labrador Sea. However, the phase of the oxygen
maximum in the 1990s is uncertain, since from 1993 to 1999
annual oxygen data are available only for 2 years (1994 and
1997). Notwithstanding this uncertainty, the high oxygen events
in the Iceland Basin of the 1950s (event 1), around 1980 (3), and
the mid-1990s (5), all coincide with relative minima in the
planetary potential vorticity, while event 2 is also characterised
by a high oxygen value, and event 4 by a low PV. At the beginning
of the time series in 1958 temperature, salinity, and PV have a
relative minimum, while the oxygen concentration has a max-
imum, reminding of the convective ventilation event 1 in the
Labrador Sea. Overall the range of the decadal variation in tempera-
ture, salinity, oxygen concentration, and PV is on average about a
factor 0.6 ( 4+ 0.1) smaller in the Iceland Basin, as compared to the
Labrador Sea. Apparently some of the hydrographic variability is
filtered out when LSW advects from the Labrador Sea eastward
across the Reykjanes Ridge.

Previous authors have determined the transit time for the
advection of individual newly formed LSW to the Irminger Sea
and the Iceland Basin from feature tracking (e.g. Sy et al., 1997;
Yashayaev et al., 2007a). How long does the propagation of a
temperature or salinity minimum from one basin to the other
take, assuming a single location for the LSW formation and a
single pathway between the basins? The generalisation of the
results of such an analysis requires some additional assumptions,
e.g. that the variation in the transit times is small compared to the
mean transit time, that the transit time does not depend on the

characteristic time scale or intensity of the hydrographic varia-
bility, and that long-term hydrographic trends are absent. How-
ever, the advection between neighbouring basins may have a
range of transit times, depending on the variation of external
forcing, while also the varying density structure, related to the
LSW distribution itself, may contribute.

Here we use a correlation technique to determine the transit
time of LSW from the Labrador Sea to the neighbouring basins,
since it will supply a transit time estimate for the whole time
series, not for a single feature. Bendat and Piersol (1986) have
shown that the expectation values of the cross-correlation func-
tion will show a peak around the mean transit time 7 for non-
dispersive advection. The actually calculated cross-correlation, as
a stochastic estimator, will also contain statistic uncertainties,
including an uncertainty in the actual value of 7. Approximation
of the calculated correlation values with a smooth curve, sym-
metric around some 7, may reduce this stochastic effect and lead
to a more reliable estimate of 7,. Following these techniques we
have calculated the time needed for the advection of the con-
vective mixing signal from the Labrador Sea to the Irminger Sea
and Iceland Basin from the cross-correlation maximum between
the basins of potential temperature, salinity, and oxygen at
1500 m. To prevent a spurious trend to become dominant, the
linear trend, derived with a least squares estimate, first was
subtracted from the original annual signal. The number of degrees
of freedom for each time series was estimated from the integral
time scale, estimated from the time-lagged autocorrelation func-
tion. The 60 year time series of temperature and salinity each had
a typical number of degrees of freedom of 10 and 8, respectively,
for the Labrador Sea and the Irminger Sea. The shorter 52 year
time series from the Iceland Basin had on average 15 degrees of
freedom, possibly because of the relatively large “noise” level,
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Fig. 8. Time-pressure sections as in Fig. 3, but for the centre of the western Iceland Basin.

induced by other oceanographic processes and/or lack of observa-
tions in this basin. The real number of independent data in the
multi-parameter time series will be larger since the different
parameters may contain different information and different noise.
The maximum cross-correlation between Labrador Sea and Irmin-
ger Sea was the highest for the potential temperature (R=0.84).
The maximum cross-correlations for salinity and oxygen were
about 82 and 73% of the maximum for the potential temperature,
respectively. The cross-correlations had a similar asymmetry
relative to a zero time lag for all three parameters, the Irminger
Sea and Iceland Basin lagging behind the Labrador Sea. Therefore
we have averaged the correlations for different parameters
(Fig. 10). The magnitudes of the correlation maxima are

0.72 (+0.07) and 0.59 (+0.06) for advection to the Irminger
Sea and Iceland Basin, respectively. Given the typical number of
degrees of freedom for a single parameter these maximum
correlations are (marginally) significant at the 1% level. For the
advection of the ventilation signal from the central Labrador Sea
to the central Irminger Sea the maximum cross-correlation was
found with a time lag of 2 years, whereas the asymmetry of the
correlation function, determined with a parabolic fit to the positive
correlation data points (the smooth curve, mentioned above), sug-
gests a smaller advection time, 7o ~ 1 year (thick line in Fig. 10a). The
advection of the signal from the central Labrador Sea to the western
Iceland Basin took longer, about 1.5 (asymmetry of the cross-
correlation from the parabolic fit) to 3 years (maximum of the
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Fig. 10. Mean cross-correlations of the potential temperature, salinity and oxygen concentration at 1500 dbar between (a) the central Labrador Sea and the central
Irminger Sea and (b) the central Labrador Sea and the western Iceland Basin. These correlations were derived from the original annual data. The thick full line shows an
optimal parabolic least squares fit to the positive correlation data.

cross-correlation) (Fig. 10b). Given the stochastic nature of individual

correlation estimates, it is likely that the smaller advection times,

derived from the asymmetry of the cross-correlation function, based
on 12 correlation estimates, are more reliable than the estimate,
based on a single correlation maximum.

6. Heat budget and long-term atmospheric forcing

In order to determine whether the known meteorologically
forced net surface heat flux can explain most of the observed
multi-decadal variation of temperature in the intermediate layers,
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we use a primitive heat balance model for the temperature of the
intermediate water in the Labrador Sea. The regular occurrence of
convective ventilation events is assumed to allow the interior of
the intermediate layers to “turbulent” exchange heat with the
atmosphere on a more frequent basis than the noted 50-60 year
quasi-periodicity of the long-term atmospheric forcing (Fig. 5c).
These provisions allow us to regard the central Labrador Sea as a
single layer, cooled by the atmosphere, and warmed by inflowing
Atlantic currents. The latter advective warming can be interpreted
as the throughflow through the Labrador Sea, where relatively
warm water enters the basin where it loses its excessive heat to

the atmosphere and leaves the same basin at a lower tempera-
ture. The inflow from the Irminger Sea by means of the West
Greenland Current is assumed to populate relatively shallow
levels, while the outflow from the Labrador Sea to the neighbour-
ing basins mainly takes place at intermediate levels via the LSW
outflow. Projecting these three-dimensional details on a single
line or tube, the main line of heat exchanges in the Labrador Sea
can be easily represented by a box model, where we assume that
the mean temperature in the upper 2000 m, T, is determined by
the net surface heat flux density to the atmosphere Q. shown in
Fig. 11a, and by a constant integrated advective warming, Qggy.
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Fig. 11. Time series of (a) the annual heat flux to the atmosphere (symbols) and its 60 year average (dashed line) over the central Labrador Sea, (b) the mean temperature
in the pressure interval 500-2000 dbar from observations (full line), and (c) the temperature increase over successive 4 year intervals in the model, forced by the net
surface heat flux, AT o4, plotted against the observed temperature increase over 4 years, AT,,s. Model run 1 (black symbols) used the surface heat flux according to NCEP,
while model run 2 (open symbols) used a 30% increase in Q. for the years 1968-1971. The straight line in (c) shows the identity relation.



520 H.M. van Aken et al. / Deep-Sea Research I 58 (2011) 505-523

A near-constancy of this advective flux divergence might follow
from the heat budget study by Yashayaev and Loder (2009). For
the period 2003-2008 their estimated annual advective warming
was near constant. Then the development of the temperature can
be described as

dr
HPCpE = —Qror + Quay @)

In this equation H is the layer thickness of 2000 m, p is the
water density, and G, is the specific heat. We use the mean
potential temperature in the 500-2000 dbar layer as an estimate
for the winter temperature in the upper 2000 m (thick line
in Fig. 11b). We have compared our annual temperature with
the winter temperature between 1000 and 1500 m, derived from
a large number of temperature profiles from Argo floats for the
years 2003-2008, published by Yashayaev and Loder (2009). The
mean difference amounts to 0.00 °C, with a standard deviation of
0.04 °C, supporting our assumption that the data, derived from
hydrographic profiles, are representative for the winter tempera-
ture in the Labrador Sea. From the observed net warming
between 1950 and 2009 of 0.21 °C and the long-term mean heat
flux density (NCEP/NCAR reanalysis) of 67 W/m?, the estimate of
the mean advective warming Q,q, results in a temperature rise of
0.25 °C/year. The temperature for 1950 has been used as initial
condition. With this approach the results of (2) do not depend on
the magnitude of the mean surface heat flux or the mean
advective warming since these are assumed to balance each
other. Only the variable part of Q; will determine the resulting
simulated T. Overall, the values for T from the model run 1 (Fig. 11b)
follow the multi-decadal variation of the observations (line with
black filled symbols in Fig. 11b), with an initial warming period until
1970, followed by cooling until the lowest temperatures of the
LSWy, class were reached, after which a warming trend sets in
again. The modelled multi-decadal temperature variations agree in
magnitude with the observed variations, indicating that the NCEP/
NCAR heat fluxes perform quite well on that time scale. When we
compare the observed annual temperature change with the annual
temperature change derived from (2), we find a standard deviation
of the difference of 0.09 °C, equivalent with 37% of the long-term
mean heat loss to the atmosphere. The year to year change in the
observed temperature correlates significantly with the temperature
increase derived from the annual net surface heat flux, R=0.50, with
the data points evenly distributed around the identity line (Fig. 11c).
When determined over an interval of 2 successive years, that
correlation R with the 2 year average Q. increases to 0.65, while
the correlation of the temperature difference over a 4 year interval
with the mean net heat flux over that interval increases to 0.74
(Fig. 11c). This suggests that, apart from a certain noise level, the
NCEP/NCAR net surface heat flux variations on shorter time scales
are in magnitude also consistent with the observed temperature
changes in the central Labrador Sea (Fig. 11a). However, because of
the assumed balance between the mean surface heat loss and the
constant advective warming, “small” errors in the estimated surface
heat flux still can have a lasting influence on the result of a model
temperature simulation since they have to be integrated, according
to (2). The modelled warming from 1966 until 1971 was consider-
ably larger than in the observations, causing a residual shift between
model and observations of the order of 0.2 °C after 1970, e.g. for the
minimum LSW temperature in 1994. This can be attributed to either
the inadmissibility of our very simple model in the period of the
highly stratified Great Salinity Anomaly around 1970, or to an
occasional positive bias in the annual mean heat flux to the atmo-
sphere. However, the difference is also influenced by imperfect data
on the atmospheric forcing. We can only draw very general conclu-
sions here. This is illustrated by model run 2 that differed from the
model 1 run only in heat fluxes Q. in the warming years 1968 until

1971. For these 4 years the heat loss to the atmosphere was
increased with 30%. This amounts to only about 1.5% of the long-
term total heat loss to the atmosphere for the whole modelling
period. The results of model 2 (line with open symbols in Fig. 11b)
follow the observations better, and reproduce the temperature
minimum in 1994 quite well.

The warming phase of the LSWo4 class after 1994 starts faster
in reality than in the model, where the warming is delayed, since
from 1995 until 1999 the mean net surface heat loss equals
within only 1% the long-term mean value, and surface cooling in
the model is in near balance with the advective warming. The
observed fast warming may be due to an increased advective
warming. In its turn that warming may be caused by the loss of a
relatively large volume of LSW to the Irminger Sea, the Iceland
Basin, and the Newfoundland Basin (Yashayaev et al., 2007b),
compensated by an increased inflow of warmer water. Such
increased advective heating, induced by the varying wind stress
curl, was also reported by Hdkkinen and Rhines (2004) and HatGn
et al. (2005). The large volume of the Irminger Basin, occupied by
LSW and locally strongly cooled SAMW may also have reduced
the temperature gradient in the warm inflow from the Irminger
Sea to the Labrador Sea, thereby also reducing the advective heat
flux. Apart from the varying wind forcing and temperature
gradient, the large volume of high-density LSWy,4, present in the
Labrador Sea, may itself also have induced increased baroclinic
flushing of the basin. It appears that an increase in Quq, for only
the 4 years 1995 until 1998 suffices to simulate the observed
warming from 1994 until 2009.

Given all the limitations of our extremely simple model and
the limited accuracy of the NCEP/NCAR net surface flux estimates,
one can conclude that the model forced by these data performs
satisfactorily to simulate the overall multi-decadal and decadal
form of the temperature curve. Temporal changes in the advective
heat input as well as random errors in the NCEP/NCAR heat fluxes
are likely to be able to explain most of the differences between
the observations and the model.

7. Discussion

Studies based on the WOCE and post-WOCE surveys of the AR7
line are mainly dominated by a single particular LSW class, LSWo4
(e.g. Yashayaev et al., 2007a, 2007b), which shows a simultaneous
change in temperature, salinity, dissolved oxygen and potential
vorticity. In our study with the extended time series for the
Labrador Sea as well as for the Irminger Sea and Iceland Basin,
LSWoyj still forms the largest, the most homogeneous, and the best
oxygenated LSW class since 1950, coinciding with the minimum
of the multi-decadal temperature variation (Fig. 3). The extension
of our AR7 data, following Yashayaev (2007), has allowed us to
demonstrate that the use of additional tracers gives a compre-
hensive view of the long-term formation history and spreading of
LSW classes in the north-western North Atlantic Ocean, different
from the history based on the use of temperature and salinity
alone. While the temperature and salinity are dominated by a
multi-decadal variability, the time series of dissolved oxygen and
planetary potential vorticity show near-decadal occurrences of
convective ventilation events in the Labrador Sea. This agrees
with the analysis of Myers and Donnelly (2008) who also found a
near-decadal occurrence of strong formation events of LSW,
derived from the NCEP/NCAR surface fluxes.

Talley and McCartney (1982) already noted in 1982 that
potential vorticity is a powerful tracer for the study of LSW
spreading. This was reconfirmed by Yashayaev et al. (2007a),
who used the related thickness of density layers to identify the
dominant LSW class. In some recent studies also man-made
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chemical tracers like different types of chlorofluorocarbon (CFC)
have been used to study the formation and spreading of LSW
(e.g. Azetsu-Scott et al., 2003; Kieke et al., 2006, 2007). However,
high-quality CFC data are not available with an annual resolution
in the Irminger and Iceland basins, only in the AR7W surveys in
the Labrador Sea (Azetsu-Scott et al., 2003).

Observation of potential temperature mainly shows a multi-
decadal quasi-oscillation with a characteristic time scale of about
50 years (comparable with the duration of reliable data coverage),
and a magnitude of about 0.75 °C, while the salinity shows multi-
decadal as well as decadal variations with a total range of nearly
0.1 (Fig. 5a). A harmonic analysis of the temperature and salinity
with a period of 50 years explains 69% of the temperature
variance at 1500 dbar and 63% of the salinity variance. The
convective ventilation, or LSW formation events, derived from
the time series of dissolved oxygen and potential vorticity has a
much smaller characteristic time scale of about 10 years (Figs. 4
and 5b). On that time scale the mean related magnitude of the
temperature variation is of the order of 0.1-0.2 °C. The related
salinity changes at 1500 dbar do not show a generic form or sign.
Probably the varying surface salinities, reflecting the complex
interplay of different freshwater sources, are responsible for this
phenomenon. The LSW class associated with event 3, formed after
the Great Salinity Anomaly in the mid-1970s, as well as the LSWgy
class in the early 1990s (5) are relatively fresh, while the LSW
classes formed in the 1950s and the 1960s are relatively saline
(Fig. 5a).

The simple heat balance model, introduced above, does not
simulate LSW formation explicitly via convective ventilation
events; it only simulates the total heat budget of the intermediate
layers in the central Labrador Sea. However, since the year to year
annual mean heat fluxes were used in the model run, it certainly
also contains such events. An example is the LSW formation in the
mid-1970s, initiated by strong heat fluxes in 1973 after the end of
Great Salinity Anomaly (Fig. 11a). This resulted in a relatively
fresh LSW class (event 3), characterised by a relatively low
temperature (0.3 °C lower), compared to the multi-decadal tem-
perature change (Fig. 5a). The formation of the LSWy, class, with
its maximum expression in the Labrador Sea in 1994 (event 5),
followed several years of strong heat loss (1989 until 1994), about
40% above the long-term mean surface heat flux (Fig. 11a). This
strong increase in Q. allowed a considerable cooling after
6 successive cold winters (Lazier et al.,, 2002), and enabled by
the relatively long thermal “memory” of the Labrador Sea.
Comparison of the observed temperature changes in the inter-
mediate layers of the Labrador Sea (500-2000 dbar) with the
temperature changes, derived from the NCEP/NCAR reanalysis net
heat flux by means of (2) (Fig. 11c), indicates that the reanalysis
net heat flux has the correct magnitude, despite the criticisms on
this product referred above. Vage et al. (2009) have suggested
that in some cases the influence of the severity of the winters is
necessary, but chance also may play an important role in the
occurrence of convective ventilation events, e.g. the location of
the ice edge in winter relative to the convection centre.

According to Straneo et al. (2003), part of the LSW formed in
the Labrador Sea flows into the Irminger Sea along a direct
recirculation between both ocean basins. From the analysis of
PALACE float tracks and an advection-diffusion model, they found
that it takes over 1 year for any significant amount of LSW to
reach the Irminger Sea, and about 2 years for newly formed LSW
to fill the centre of that basin. This agrees with the transit time
estimates for LSWg4 and LSW5go by Yashayaev et al. (2007a). Our
data from the Irminger Sea (temperature, salinity, dissolved
oxygen, and potential vorticity) show, with a 1 (asymmetry of
parabolic fit) to 2 year (maximum cross-correlation) delay, a
similar temporal structure as that from the Labrador Sea, and

confirm the idea of advection of LSW from its formation region
into the Irminger Basin. Our transit time estimate, based on the
cross-correlation of the 60 year time series of salinity, tempera-
ture, and dissolved oxygen (Fig. 10a) agrees with the estimates
by Straneo et al. (2003) and Yashayaev et al. (2007a, 2007Db).
Apparently the advective transport velocity of LSW to the Irmin-
ger Sea does not seem to vary strongly with the gyre forcing by
the wind stress curl. However we have to consider that we have
only a very small number of independent estimates of the
advective time scales. We note also that we have used the
assumption that temperature, salinity, and oxygen concentration
are not seriously affected by local convection in the Irminger Sea
on the time scales involved. Our correlation analysis is based on
60 year time series, while deep local convection reaching as deep
as 1500 dbar in the Irminger Sea is at best a rare episodic
phenomenon (de Jong, 2010). Therefore it is unlikely to strongly
influence our results.

Talley and McCartney (1982) already have shown that LSW not
only leaves the Labrador Sea through a western boundary current
towards the Newfoundland Basin, and via the sub-arctic gyre
circulation towards the Irminger Sea, it can also spread eastward
and reach the Iceland Basin and basins further east, advected in
the lower parts of the North Atlantic Current near 50°N. They
found a minimum in planetary vorticity in the Iceland Basin at a
comparable potential density ¢,5=37.70-37.72 according to
Knudsen’s equation of state, which agrees with y;5=34.675-
34.695 kg/m>, according to the 1980 equation of state for sea
water. The LSW core in the Iceland Basin interleaves between the
warmer and more saline thermocline water and the underlying
more saline ISOW. The overall temporal variation in temperature
and salinity of the LSW in the Iceland Basin at 1500 dbar, dominated
by a multi-decadal oscillation, is similar to the temporal structure of
LSW in the Labrador Sea. In the time series of dissolved oxygen and
planetary potential vorticity from the Iceland Basin, several peaks,
related to the convective ventilation events in the Labrador Sea, can
be recognised. An estimate of the time lag between both basins,
again based on the asymmetry and the maximum of the cross-
correlation of these parameters, amounts to 1.5-3 year faster than
the estimates for individual LSW classes by Yashayaev et al. (2007a)
of 5 years for LSWy, and 4 years for LSW»go. The advection we find
is more similar to the eastward LSW advection, proposed by Sy et al.
(1997); according to them it takes only 2-3.5 years to the Iceland
Basin.

In the comparison of our transit times with those from
literature we have to realise that all other authors have used
some form of feature tracking to estimate the advection velocity
of single LSW events. Our estimates are based on the analysis
of long time series of temperature, salinity, and oxygen concen-
tration, presenting not only a series of 6 or 7 LSW events at
1500 dbar, but also the non-LSW events in between. The feature
tracking studies mainly focus on the spreading velocity of 1-3
LSW events. Moreover, the extremely large volume of LSWy, itself
may have influenced its characteristic advection velocity, accord-
ing to Straneo (2006). Apart from that, the wind driven cyclonic
gyre circulation in the north-western North Atlantic will also
show inter-annual to multi-decadal variability, given the strong
multi-decadal variability of the wind stress curl over the Labrador
Sea, as shown in Fig. 5c. Such a variation in the forcing will
certainly lead to a variation of advection estimates, based on the
tracking of individual features. What we have determined is the
average transit time for hydrographic features at the 1500 dbar
level, which seems to be faster than most transit times, derived
from the tracking of single hydrographic features. The apparent
systematic difference between both methods to estimate transit
times deserves a further analysis, e.g. by comparison of model
results.
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The results, presented here, reconfirm that considerable parts
of the LSW classes, produced by air-sea interaction in the
Labrador Sea, do not flow directly south in a deep western
boundary current but move from their source region to the east
(Iceland Basin) and northeast (Irminger Sea). LSW classes can
even reach the European ocean margin (Talley and McCartney,
1982; van Aken, 2000; Yashayaev et al., 2007a, 2007b). This
supports the ideas, expressed by Bower et al. (2009), that interior
pathways of the cold branch of the AMOC may be at least as
important as the deep western boundary current.

Overall one can summarise that the long-term variations of the
salinity and potential temperature at intermediate depths in the
northern North Atlantic Ocean mainly reflect the multi-decadal
variation of the meteorological forcing of the Labrador Sea, in
particular of the surface heat loss to the atmosphere. Using water
mass tracers like dissolved oxygen and the planetary potential
vorticity it has been shown that individual convective ventilation
events that reach a pressure of over 1500 dbar and produce deep
LSW classes have occurred about once in every 10 years in the last
six decades. The analysed parameters, especially the potential
vorticity, suggest that shallower LSW classes are produced more
often. By advection, which takes on average only a few years, the
newly formed LSW classes at 1500 dbar reach the neighbouring
ocean basins quite fast (Irminger Sea, ~1-2 years; Iceland Basin
1.5-3 years), feeding the interior pathways of the AMOC (Bower
et al., 2009; Lozier, 2010).
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