
Oceanography  Vol.21, No.130

EVolutioN of 
North AtlANtic WAtEr MAssEs 

iNfErrEd froM 
 lAbrAdor sEA sAliNity sEriEs

s p E c i A l  i s s u E  o N  s A l i N i t y

Abstr Act

The Labrador Sea is the coldest and freshest basin of the North Atlantic. Winter 

cooling in this sea produces Labrador Sea Water. This intermediate water plays an 

important role in the exchange of heat, freshwater, and other substances between 

the atmosphere and the abyssal ocean, affecting the water masses, circulation, and, 

ultimately, climate of the subpolar North Atlantic basins. The subpolar gyre of the 

North Atlantic has exhibited large changes in temperature, salinity, and volume 

over the past six decades, largely in response to changing winter conditions over 

the Labrador Sea. The signature of these changes can be seen in the lower limb of 

the Meridional Overturning Circulation down into the North Atlantic tropics.

iNtroductioN
The subpolar sector of the North Atlantic 
Ocean is the region where the warm, 
saline upper-layer waters from the low 
(tropical and subtropical) latitudes meet 
the cold, less-saline outflows from the 
high (polar) latitudes and interact to mix 
and exchange their properties. It is also 
the region in which the major intermedi-
ate and deep water masses of the North 
Atlantic are created, modified, and 

joined together to form the lower limb of 
the “ocean conveyor belt.”

The global ocean conveyor, by trans-
forming poleward flows of warm saline 
upper waters to deep return flows of 
cold, less-saline waters, makes a signifi-
cant contribution to the global distribu-
tion of heat, freshwater, and a variety 
of other substances carried by seawater 
(e.g., salts, nutrients, gases, pollutants). 
Although the salt content of the world 

ocean is approximately conserved, its 
local or regional signatures are affected 
by planetary freshwater and salt fluxes. 
Because the net poleward atmospheric 
moisture flux is largely compensated by 
the net oceanic freshwater transport, 
any sustained change in regional salin-
ity would likely reveal an important 
tendency in the large-scale redistribution 
of freshwater and sea salt that would 
provide insight for understanding and 
predicting possible climate change.

The planetary cycle of freshwater 
includes evaporation, precipitation, 
continental runoff, atmospheric mois-
ture flux, and, finally, the ocean’s own 
processes of freshwater transport and 
exchange, ice formation, and melting. 
These processes determine changes in 
the storage of freshwater in the global 
ocean, the main planetary reservoir of 
this most vital substance. On the flip 
side, these same processes, along with 
advection and mixing of salt, control 
salinity, which is a measure of (or, practi-
cally, a proxy for) the concentration of 
the salts dissolved in seawater.
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The distribution of temperature and 
salinity in the subsurface waters of the 
subpolar gyre of the North Atlantic 
(Figure 1) results from four processes:
1. The Gulf Stream and then the North 

Atlantic Current carry warm and salty 
water from southwest to northeast.

2. The Arctic Ocean outflow delivers 
the cold, low-salinity water found 
over the Greenland, Labrador, and 
Newfoundland shelves.

3. The subpolar gyre’s circulation carries 
the initially warm, salty surface and 
subsurface waters counterclockwise 
around the northern and western 
boundaries of the deep basins. As 
the water moves westward, it loses 
heat to the atmosphere and becomes 
fresher because precipitation exceeds 
evaporation over these waters.

4. As the upper-layer waters cool, they 
become denser (heavier), and they 
mix with the colder, fresher waters 
found at deeper levels. This process of 
vertical mixing also contributes to the 
freshening of the surface and subsur-
face waters as they move toward the 
Labrador Sea. 
The large-scale pattern of temperature 

and salinity set by these processes means 
that each of the three main subpolar 
basins—the Iceland Basin, the Irminger 
Sea, and, particularly, the Labrador 

Sea (Figure 1)—exhibit unique ranges 
of temperature and salinity that allow 
their waters to be distinguished from 
each other. This characterization of 
waters from their temperatures and 
salinities is an important tool of classical 
oceanography that underlies water-mass 
analysis of any level of complexity. In 
physical oceanography, a “water mass” 
denotes a large, relatively homogeneous 
or uniform body or volume of water, 
formed in the same source or forma-
tion region and by the same process 
(Dobrovolskiy, 1961). Water masses are 
defined by their physical (and chemical) 
properties. In this article, we use sea-
water salinity as the principal identifier 
and tracer of major water masses of the 
subpolar North Atlantic.

In classical oceanography, water 
masses were thought to be constant 
in time. Modern, high-precision and 
repeated measurements show that 
assumption to be false. Here, we use the 
spatial and temporal distributions of 
seawater salinity to illustrate the produc-
tion and evolution of the intermediate 
and deep water masses of the subpolar 
North Atlantic.

uppEr-lAyEr circul AtioN 
of thE subpol Ar North 
AtlANtic
The subpolar North Atlantic is character-
ized by an intense, upper-layer circula-
tion (Figure 1) that establishes “commu-
nication” lines between the subtropical, 
subpolar, polar, and coastal regions, thus 
providing, maintaining, and regulating 
their exchanges of heat, freshwater, salt, 
and other substances.

Figure 1 illustrates the Gulf Stream/
North Atlantic Current system, which 
transports warm, saline water north-
eastward across the southern boundary 
of the subpolar gyre. This current is the 
northern extremity of the upper limb 
of the ocean conveyor belt. The North 
Atlantic Current splits into a number of 
branches and eddies after it crosses the 
Mid-Atlantic Ridge. The easternmost 
branch carries some of this warm and 
salty water through the Faroe-Shetland 
Channel into the Nordic seas.

Another of these branches passes 
around the Iceland Basin and then 
around the Irminger Basin before 
entering the Labrador Sea. As the waters 
move westward, winter cooling creates 
deep, winter-mixed layers whose waters 
tend to become cooler and fresher along 
the track (toward the Labrador Sea). 
These waters are called Subpolar Mode 
Waters (SPMW) (McCartney and Talley, 
1982). In the Irminger and Labrador 
Seas, the westward branch of the North 
Atlantic Current is called the Irminger 
Current. It delivers water originating 
from the SPMW to the Labrador Sea. 
This relatively warm, salty water1 is an 
important part of the deep-convection 
story of the Labrador Sea, as discussed in 
the next section.

The subpolar gyre also receives cold, 
low-salinity waters from the Arctic 
Ocean, as illustrated by blue arrow-
headed lines in Figure 1. This circulation 
is concentrated over the shelves and 
upper continental slopes and consists 
of the East and West Greenland and 
Labrador currents. Most of this Arctic 
outflow, restricted to the upper layer, 
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figure 1. distributions of temperature (A) and salinity (b) at 100 m below the surface in the northern North Atlantic. The 
red arrows indicate the gulf stream and associated North Atlantic current, which transport warm saline surface water. 
The blue arrows indicate the East and West greenland and labrador currents, which carry relatively cold and fresh water 
southward. red circles are the locations of the oceanographic stations on the labrador sea repeat hydrography line 
(Ar7W). The star indicates the site that was chosen for figure 3.
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properties directly affect the strength of 
the deep limb of the Atlantic meridional 
overturning circulation (MOC) and, 
consequently, the global ocean conveyor.

Cold, fresh, and dense at its begin-
ning, the ISOW crosses the sills of the 
Faroe Bank Channel in the Iceland-
Scotland Ridge and enters the Iceland 
Basin where it quickly entrains large 
amounts of the warm, saline Subpolar 
Mode Water. Through this mixing, 
ISOW acquires its characteristic 
high-salinity signature that helps us to 
unmistakably identify this water mass 
in the subpolar basins by the associated 
salinity maximum (Figure 2). As ISOW 
moves south along the eastern flanks 
of the Reykjanes Ridge and enters the 
western basin through the Charlie Gibbs 
Fracture Zone, it entrains the Labrador 
Sea Water (LSW), which is an important 
intermediate water mass formed in the 
Labrador Sea. Because LSW is fresher 
than ISOW, this entrainment causes 
the ISOW to freshen by about 0.03 as it 
increases in thickness (on account of the 
same entrainment) when entering the 
Irminger Basin. The water continues to 
freshen as it passes around the Irminger 
Basin, likely due to mixing with DSOW 
as that water mass passes through the 
ISOW over the East Greenland slope. 
In the western North Atlantic, we refer 
to the modified ISOW as the Northeast 
Atlantic Deep Water (NEADW), easily 
recognized by its characteristic salinity 
maximum (Figure 3).

The overflow through the Denmark 
Strait is more than twice as strong as 
that through the Faroe Bank Channel. 
DSOW enters the Irminger Sea from the 
Greenland Sea as a narrow, cold, and 
dense flow at the sills of the Denmark 
Strait. Unlike the ISOW, DSOW first 

box 1.  usEful fActs About thE EffEcts of tEMpEr AturE 
ANd sAliNity oN sEAWAtEr dENsity

seawater becomes denser as it gets colder and more saline. The impact of temperature 

on seawater density decreases as the water becomes colder and less saline. At a tem-

perature of 10°c and a salinity of 34.85, a 1°c temperature change causes more than 

twice the density change as does a 0.1 salinity change. At 3°c, the difference is reduced 

to about 10%.

is the return flow associated with the 
warm, saline inflow through the Faroe-
Shetland Channel between Iceland and 
Britain. However, a significant contribu-
tion comes from the inflow of water 
through Bering Strait. The Arctic outflow 
attains its low salinity in part from this 
low-salinity North Pacific water and 
also from the large river runoff into 
the Arctic Ocean.

 
iNtErMEdiAtE ANd dEEp 
WAtEr MAssEs of thE 
subpolAr North Atl ANtic
Because the North Atlantic Current 
transports warm surface and subsurface 
water into the subpolar gyre, this region 
experiences a net annual heat loss to the 
atmosphere. By the time these waters 
reach the Labrador Sea to the west or 
the Greenland Sea and Arctic Ocean to 
the north, they become dense enough 
that one more strong winter cooling 
season will result in deep convectively 
mixed layers extending to depths of 
2 km and greater. 

The warm, saline water transported 
into the Nordic Seas (Norwegian, 
Greenland, and Iceland Seas, and 
Arctic Ocean) is eventually cooled to 
temperatures close to the freezing point. 

Because of their still-high salinity, these 
cooled waters are the densest waters in 
the global ocean and form the deep and 
bottom waters of the Nordic seas. The 
flow of these dense, deep waters directly 
into the North Atlantic is restricted 
by the shallow ridge system joining 
the Shetlands, the Faroes, Iceland, and 
Greenland. This dense water flow is con-
fined to three narrow passages: the Faroe 
Bank Channel, some small gaps to the 
east of Iceland, and the Denmark Strait 
between Iceland and Greenland. The sill 
depths in these gaps are all shallower 
than 1000 m. The fact that the waters of 
the Nordic seas are so much denser than 
those of the northern North Atlantic 
results in very strong flows through these 
gaps. These strong currents result in vig-
orous mixing of the overflow waters with 
the lighter waters of the North Atlantic 
as these overflows travel along and down 
the topography. Figure 2 shows the path-
ways of the two main overflow-derived 
water masses, Iceland-Scotland Overflow 
Water (ISOW) and Denmark Strait 
Overflow Water (DSOW). These waters 
are also engaged in a slower “diffusive” 
spreading process directed towards the 
centers of the subpolar basins. Changes 
in their production rates, volumes, and 
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mixes with even colder and less-saline 
East Greenland Current water as it 
begins its rapid descent along the East 
Greenland continental slope. During 
this descent, it passes through and mixes 
with LSW and ISOW. DSOW is the 
densest water found in the Irminger Sea, 
Labrador Sea, and Newfoundland Basins 
and can be easily identified on vertical 
sections as a thin layer of relatively cold 

and fresh water found near the bottom of 
these basins (Figure 3).

The final water mass that arises in the 
northern North Atlantic is the LSW. This 
water is the end product of the western- 
most branch of the North Atlantic 
Current that transports warm, saline 
water in a cyclonic (counterclockwise) 
circulation around the Irminger Basin 
and then into the Labrador Sea south 

of Cape Farewell. By the time this water 
reaches the Irminger Sea, it has been suf-
ficiently cooled to form winter mixed lay-
ers more than 500-m deep. These waters 
enter the Labrador Sea as a temperature 
and salinity maximum and circulate 
cyclonically around the Labrador Basin. 
Further winter cooling acting on the 
warm, saline waters imported from the 
Irminger Sea mixes these Atlantic waters 

figure 2. The subpolar North Atlantic and spreading pathways of the three intermediate and deep water masses that form the lower limb of the Atlantic meridi-
onal overturning circulation. The 1994 Ar7 hydrographic profiles (from canadian and german oceanographic missions) are vertical lines colored by measured 
salinity (low-to-high: magenta–blue–green–yellow–red–ruby). lsW indicates the labrador sea Water that is produced in the labrador sea by deep winter con-
vection. dsoW indicates the deep-basin coldest denmark strait overflow Water. The iceland–scotland overflow Water (isoW) substantially modifies en route 
to become Northeast Atlantic deep Water (NEAdW). Note that NEAdW is more saline than the other water masses (lsW and dsoW).
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with (1) the cold fresh Arctic outflows 
arriving from the Denmark and Davis 
straits along the coasts of Greenland 
and Labrador2, (2) continental runoff, 
(3) atmospheric precipitation, and, 
subsequently, (4) the underlying waters. 
The winter mixed layers created in this 
process can be more than 2-km deep. 
These mixed layers are the newly formed 
LSW. Because the LSW formation 
process accumulates both the excess of 
precipitation over evaporation and the 
relatively fresh Arctic outflows over the 
subpolar gyre, LSW appears as a broad 
salinity minimum over the depth range 

of 1000 to 2000 m (Figure 3).
As Figure 2 illustrates, LSW circulates 

around the subpolar gyre of the North 
Atlantic at depths of 1–2 km. It also 
escapes the subpolar gyre as part of the 
deep western boundary current that 
carries the three North Atlantic deep and 
intermediate waters southward to the 
Southern Ocean and hence to the global 
ocean. This boundary current forms 
the lower limb of the ocean conveyor 
belt that, by balancing a warm poleward 
transport in surface waters with a cold 
equatorward transport at depth, moves 
heat from the tropics to higher latitudes.

tEMpEr AturE ANd sAliNity 
(thErMohAliNE) chANgEs iN 
thE lAbr Ador sEA
The Labrador Sea has been reasonably 
well observed over the past five decades, 
through periods of exceptionally active 
LSW formation and also periods when 
there was virtually none. In this section 
we give a more detailed, though not 
complete, overview of this water mass, 
its production, and associated changes.

Three conditions come together 
to make the Labrador Sea favorable 
for LSW formation. First, the water 
entering the Labrador Sea from the 
Irminger Sea has already been cooled 
and made denser in its passage around 
the northern boundary of the North 
Atlantic. Second, the strong cyclonic 
circulation in the Labrador Sea causes 
denser, mid-depth waters to upwell in 
the interior of the Labrador Sea. These 
two conditions reduce the density 
difference between the surface and the 
LSW layer and make the region more 
susceptible to deep convection. Finally, 
cold Arctic outbreaks result in intense 
atmosphere-ocean heat exchanges over 
the western Labrador Sea, transferring 
large amounts of heat from the ocean to 
the atmosphere. During severe winters, 
the ocean loses enough heat so that its 
surface waters become dense enough 
to convectively mix to intermediate 
depths (1500–2200 m). LSW formation 
processes are described in more detail 
in such papers as Lazier (1980), Clarke 
and Gascard (1983), Gascard and Clarke 
(1983), Lazier et al. (2002), Pickart et al. 
(2002), and Yashayaev (2007b).

Labrador Sea waters have undergone 
remarkable changes over the past few 

2 Unlike the two dense Arctic overflows that form the deep and bottom water masses of the North Atlantic, the Arctic outflows reside in the upper layer and, because of their low 

salinities, are not nearly as dense as the overflows.

figure 3. temperature and salinity profiles for the western labrador sea illustrating 
the different water masses of the subpolar gyre of the North Atlantic (ic indicates the 
modified irminger current water). The measurements used in this diagram were col-
lected in the summer of 1994 (June 3) at about 55.61°N, 53.63°W from a water depth of 
2925 m (star in figure 1).



Oceanography  March 2008 37

decades. The 55-year record (Figure 4) 
shows three periods when the upper 
2000 m of the Labrador Sea warms and 
becomes more saline: 1962 to 1971, 
1977 to 1984, and 1994 to 2005. The 
first warming period was preceded by 
a decade in which there was a great 
deal of interannual variation in water 
properties. We interpret the sharp deep-
ening of the 36.88 isopycnal (surface of 
constant density) in 1957/58 and to a 
lesser degree in 1951/52 as evidence of 
convective renewal of LSW during those 
years. Because the surface waters in the 
Labrador Sea are less saline than the 
deeper waters, the appearance of deep 
intrusions of colder, less-saline water is 
the signature of recent convection.

On two occasions since 1960, the 
Labrador Sea experienced extended 
periods of strong winter convection 
resulting in formation of significant 
volumes of LSW with distinctive 
temperature-salinity signatures. The 
first took place from 1972 through 1976 
and eventually renewed LSW to a depth 
greater than 2000 m and σ2 = 36.92 
(σ2 denotes potential density anomaly 
referenced to 2000 dbar). This “new” 
LSW was 0.4°C cooler and more than 
0.05 less saline than the LSW properties 
over the previous decade. Fortuitously, 
the final deep convection during the 
winter of 1975/76 was directly observed 
(Clarke and Gascard, 1983). 

The most remarkable event of con-
vective water-mass renewal occurred 
between the mid-1980s and mid-1990s. 
Convective cooling and freshening of the 
Labrador Sea’s mid-depths produced a 
characteristic LSW that by 1994 became 
the coldest, densest, deepest, and most 

voluminous3 in the entire observational 
record (Lazier et al., 2002; Yashayaev 
et al., 2003; Yashayaev, 2007a, 2007b). 
Because of the annual occupations of the 
World Ocean Circulation Experiment 
(WOCE) Atlantic repeat sections from 
1990 to 1997 (AR7W from Labrador to 
Greenland and AR7E from Greenland to 
Europe) plus a number of American and 
German research cruises, the evolution 
of this strong convective event was well 
observed. It was caused by the severity 
of all of the winters from the late 1980s 
through 1993/94. Each winter’s convec-
tion raised the deep isopycnal surfaces 
and reduced resistance to convection 
in the succeeding winter by reducing 
stratification. The first several winters 
served to mix the freshwater that had 
accumulated in the surface layers over 
the upper 2000 m. The increase of salin-
ity after 1991 reflects the entrainment 
of more saline NEADW layer water 

as well as a greater influence of inflow 
from the Irminger Sea. 

This intense convection ceased 
following the winter of 1993/94. Over 
the next decade, this anomalously 
cold, low-salinity water mass gradually 
warmed, gained salinity, and collapsed 
to a thickness of less than 400 m. Weaker 
convection did take place after 1995. By 
the winter of 1999/2000, this convec-
tion had formed a fresher, warmer, and 
lighter class of LSW that reached depths 
greater than 1000 m.

Since 1994, the upper 2000 m have 
warmed considerably. The average 
temperature and salinity of the upper-
2000-m layer have already returned 
to the high levels observed in the late 
1960s and are likely to surpass these 
record high levels in the near future 
(Yashayaev, 2007b). The warming and 
increasing salinity are maintained by 
the increasing influence of warm, saline 

3 The LSW volume was determined via the thickness of the corresponding layer (e.g., Yashayaev, 2007b).

box 2.  thE rolE of thE subpol Ar North AtlANtic iN 
thE AtlANtic oVErturNiNg circul AtioN

Through production of its characteristic intermediate (lsW), deep (isoW/NEAdW), 

and abyssal (dsoW) water masses, the northern North Atlantic contributes to the 

meridional overturning circulation (Moc) of the whole Atlantic ocean. These waters 

form the lower limb of the great ocean conveyor and subsequently participate in the 

ventilation of the deep layers of the world ocean. by transporting warm water poleward 

in the upper layers and cold waters equatorward at depth, this circulation is an impor-

tant mechanism by which the climate system moves heat from the tropics to higher 

latitudes. it is also a mechanism to sequester carbon dioxide and other greenhouse 

gases in the ocean’s abyssal waters. changes in the properties and volumes of these 

water masses through changes in the processes leading to their formation are likely to 

be reflected in climate change and variability on the regional if not global scale.
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figure 4. potential temperature and salinity in the central labrador sea (confined by the 
3250-m isobath and the 150-km distance range from the labrador sea section Ar7W), 1950 to 
2007. The 500–2000-m layer is dominated by labrador sea Water (lsW). below this layer, the 
salinity maximum centered around 2500 m is the core of the Northeast Atlantic deep Water 
(NEAdW). The cold, less-saline water at the bottom marks the denmark strait overflow Water 
(dsoW). All of these layers exhibit strong interannual salinity variability. The intermediate 
(lsW) and deep (NEAdW and dsoW) layers of the labrador sea exchange signals with the 
associated layers of the other North Atlantic basins shown in figure 2 (yashayaev et al., 2008; 
yashayaev and dickson, 2008). 
 This figure was constructed by averaging on density surfaces all of the available temperature 
and salinity data for each year for the central labrador sea. The black dashed contours are the σ2 
(potential density anomaly referenced to 2000 dbars) isolines (note the changing density of lsW). 
The data in the upper 200 m are not displayed because this layer is subject to strong seasonality, 
which is not adequately resolved by the observations. 
 Note that up to 1974, most of the data was collected by the us coast guard within 
their ocean Weather ship bravo and ice patrol programs. from 1990 on, bedford institute of 
oceanography has carried out an annual occupation of the Ar7W section under the ocean 
climate Monitoring program of fisheries and oceans canada at the bedford institute of 
oceanography (figure 1). These regular sources of data are supplemented by a number of 
research and fisheries survey cruises conducted by various American, canadian, danish, and 
german groups. There were fewer oceanographic observations in the labrador sea during the 
1980s with several years (1982, 1983, 1985, 1986, and 1989) having no observations in the central 
labrador sea. These gaps are smoothed over in this figure.

waters both in the upper 800 m and also 
in the layer separating the remnants 
of the dense LSW from 1994 and the 
light LSW formed in 2000. These waters 
both enter the Labrador Sea from the 
adjacent Irminger Sea.

Figure 4 also shows salinity changes in 
NEADW and DSOW. These deep waters 
were saltiest (and warmest) from 1964 
through 1975. Since the 1970s, they have 
been getting fresher and colder. Some 
of this freshening and cooling arises 
through the entrainment of LSW as 
these water masses first enter the North 
Atlantic and rapidly descend from their 
sill depth (Dickson et al., 2002). The rest 
arises through the cooling and freshen-
ing of waters elsewhere in the subpolar 
gyre as well as in the Nordic Seas. 

Convective processes in the Labrador 
Sea are important mechanisms for the 
redistribution of freshwater in the North 
Atlantic. Excess freshwater is delivered to 
the surface layers through precipitation 
and via the Arctic outflows within the 
East Greenland and Labrador currents. 
Through convection, advection, and 
mixing, this freshwater is distributed 
throughout the intermediate and 
deep waters of the North Atlantic and 
eventually to the global ocean. Other 
substances, such as greenhouse gases and 
airborne pollutants, are similarly redis-
tributed away from the surface layers.

The amount of heat that is lost to the 
atmosphere (or wintertime cooling) and 
the character of underlying stratification 
just before convection (or precondition-
ing) largely determine the strength of 
winter convection. Meteorologists and 
oceanographers have long used the 
winter North Atlantic Oscillation (NAO) 
index as a measure of atmospheric-
circulation strength over the northern 
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North Atlantic (Hurrell et al., 2001). The 
NAO index is the normalized Azores-
to-Iceland sea-level pressure difference, 
which is linked to the strength of the 
westerly winds over the central North 
Atlantic. Although an NAO index can 
be computed throughout the year, it 
is only the winter pattern that has a 
dominant impact on the weather and 
ocean conditions in northeastern North 
America and Europe. 

High positive NAO index values are 
associated with a deep, low-pressure area 
over Iceland and winter storms tracking 
from the Newfoundland Grand Banks 
up across Iceland into the Nordic seas. 
In the Labrador Sea, this pattern results 
in cold, strong northwesterly winds, 
broad ice packs over the Labrador and 
northern Newfoundland shelves, and 
intense ocean heat losses, particularly 
on the western side of the basin. The 
winter NAO index exhibits a great deal 
of interannual variability. The 1972–1976 
and 1988–1994 periods of cooling and 
freshening of the Labrador Sea associ-
ated with renewal of the intermediate 
waters to 2000 m and deeper correspond 
to the well-defined periods of sustained, 
high positive values of the NAO index 
(Yashayaev, 2007b). In contrast, a pre-
dominance of negative NAO years from 
1962 through 1971 coincides with the 
period of little LSW convective renewal 
when it was becoming warmer and 
more saline (see also the 1966 section in 
Figure 5a and Lazier, 1980). 

The relationship between the NAO 
index and LSW production and proper-
ties evident on decadal time scales is not 
that straightforward from one year to 
next, because significant local processes 
force the ocean on interannual scales 
(Yashayaev, 2007b). For example, the 

water column establishes considerable 
stability during a sustained period 
without convection. It takes several con-
secutive cold winters to overcome this 
stability and to renew the densest LSW 
classes. Alternatively, a moderately cold 
winter following a series of particularly 
intense winters can still drive deep con-
vection because the water column enters 
the cooling season with little stability to 
overcome. In addition, the NAO index is 
a large-scale regional climate index. The 
local wind field over the Labrador Sea is 
not always directly related to the strength 
of the westerlies over the central North 
Atlantic (Yashayaev, 2007b).

thE tr ANs -AtlANtic 
sigNAturE of lAbr Ador  
sEA WAtEr
LSW spreads across the subpolar North 
Atlantic as an intermediate water mass 
that is relatively fresh, cold, and rich 
in dissolved gases. LSW can be distin-
guished in hydrographic profiles as an 
intermediate-depth salinity minimum.

Figure 5 displays the salinity dis-
tribution across the subpolar gyre in 
four different years over the past four 
decades. The Labrador Sea experienced 
a few winters of moderate convection 
preceding 1962 (Figure 5a). The LSW 
appears in the Labrador Basin as a thick 
layer with salinity less than 34.88. It also 
appears as an equally thick water mass 
whose salinity is less than 34.90 in the 
Irminger Basin to the east of Greenland. 
Further east, LSW continues to appear as 
a salinity minimum, though of less thick-
ness and greater salinity. This decrease in 
thickness and increase in salinity is pres-
ent in each of the four years displayed in 
Figure 5. This pattern is consistent with 
the hypothesis that LSW is formed in the 

Labrador Basin by winter convection and 
then is carried eastward into the other 
basins by the interior circulation within 
the subpolar gyre (Lavender et al., 2005). 
It is probably not strictly correct to speak 
of forming LSW within the Labrador 
Basin. The process is better thought of 
as a transformation or renewal of LSW. 
Deep convection does not occur every 
year in the Labrador Sea, but when it 
does, much or a significant part of the 
volume of water that becomes the new 
class of LSW is a transformed older class 
of LSW. Convection simply resets the 
renewed LSW properties and creates 
a more homogeneous layer through 
vertical mixing. The new LSW spreads 
to all of the other subpolar basins, and 
is transformed by isopycnal mixing en 
route (Yashayaev et al., 2007a, 2007b). As 
the LSW circulates around the subpolar 
gyre, its salinity increases because it 
is always mixing with greater-salinity 
waters, but it retains more or less the 
same density because its mixing is largely 
isopycnal (Yashayaev et al., 2007b).

Figures 5b and 5c highlight the two 
extreme states in the observational 
history of LSW: the warm, saline 1960s 
with little convective renewal and the 
cold, fresh mid-1990s with prolonged 
deep convection. The LSW seen in the 
Labrador and Irminger Basins in the 
1962 section (Figure 5a) was likely pro-
duced during the cold winter of 1960/61. 
Our observations indicate that there 
was no significant renewal of LSW until 
the intense winter of 1972. In the 1966 
section (Figure 5b), LSW appears in the 
Labrador Sea as a 500-m-thick layer of 
water with salinities between 34.88 and 
34.9 and as weak salinity minima in the 
eastern basins. The intermediate layer of 
the Labrador Sea continued to become 
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figure 5. trans-Atlantic salin-
ity sections from 1962 (a), 
1966 (b), 1994 (c), and 2004 (d). 
sampling/profiling sites are 
shown in inserts. The earlier two 
sections arose from research 
cruises in the 1960s, the 1962 
Erika Dan cruise out of Woods 
hole oceanographic institution 
(Worthington and Wright, 
1970), and the 1966 Hudson 
cruise out of bedford institute 
of oceanography (grant, 1968). 
The two later sections are taken 
from the western (Ar7W) 
and eastern (Ar7E) parts of 
the World ocean circulation 
Experiment (WocE) repeat 
section Ar7, which currently 
serves as the key outpost 
of the climate Variability 
and predictability (cliVAr) 
program in the subpolar North 
Atlantic. lsW appears as a 
prominent feature on each 
of these sections although 
with varying strengths and 
properties.
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warmer and saltier until deep convection 
was reestablished in 1972.

The 1994 section (Figure 5c) followed 
a period during which six of the preced-
ing winters had high positive NAO 
indices and resulted in strong winter 
convection. This recent convection and 
the earlier periods of convection in the 
1970s and early 1980s resulted in the 
freshening of the LSW across the entire 
section as compared to the earlier sec-
tions from the 1960s. The LSW has not 
only freshened, but its layer thickness 
has more than tripled in the Labrador 
Basin and doubled in the Irminger Basin 
and in the eastern North Atlantic. 

The 150–2000-m mean temperature 
and salinity in the central Labrador Sea 
decreased 1°C and 0.08, respectively, 
between 1970 and 1994. These changes 
resulted in a decrease in sea level of 
more than 10 cm. This contraction of the 
water column is due to its cooling, which 
makes the water denser. The accompany-
ing freshening opposes the cooling effect 
by decreasing the density and leading to 
an expansion of the water column. The 
impact of the cooling is twice that of the 
freshening; consequently, the tempera-
ture largely determines the water density. 

The 1970 to 1994 period shows a 
significant accumulation of freshwater 
throughout the entire subpolar gyre. For 
the central Labrador Sea, in particular, 
the 1970 to 1994 change in salinity 
represents an accumulation of at least 
6 m of freshwater. The Irminger Sea has 
experienced a similar freshening, while 
the freshening in the eastern basins is of 
lesser extent and strength. The freshen-
ing is not confined to the LSW; it extends 
to the deeper layers—ISOW, NEADW, 
and DSOW—and to the shallower 
waters of the Irminger and Labrador 

Seas (e.g., IC). These two extreme LSW 
states are reflected in markedly differ-
ent vertical stratification and overall 
water-mass distribution throughout the 
whole subpolar domain.

The two mild winters of 1994/95 and 
1995/96 resulted in the strong LSW 
water mass seen in 1994 becoming thin-
ner as its waters are carried out of the 
Labrador and Irminger seas. As the layer 
thins, less-dense water flows in above 
it, reestablishing stratification between 
the LSW and the surface layer. More 
severe winters then returned, with a 
particularly strong cooling in 1999/2000. 
Convection during this winter formed 
a lighter LSW version that can still 
be seen in the 2004 section as a layer 
filling the 500–1500-m depth range in 
the Labrador Sea (Figure 5d). By 2004, 
this water mass spread to the Irminger 
Basin and the eastern North Atlantic. 
The denser LSW class from 1994 is also 
visible in all the basins in the 2004 sec-
tion. It is particularly interesting that this 
older LSW class retained such a strong 
signature within the eastern North 
Atlantic a decade and 2000 km from its 
formation event in the Labrador Sea.

From the fragments of the 1962 
Erika Dan sections (Worthington and 
Wright, 1970), we were able to construct 
a composite section (Figure 5a) whose 
regional coverage is similar to those of 
the other trans-Atlantic sections dis-
cussed (Figure 5b–d). The 1962 section 
indicates that the North Atlantic was 
generally fresher and colder in that year 
than in 1966, with the traces of several 
LSW classes spreading across the sub-
polar North Atlantic (similar to 2004). 
Some of these waters are likely to repre-
sent remnants of the colder and fresher 
LSW produced in the 1950s (Yashayaev 

et al., 2003). It appears that 1962 had the 
same relation to the 1950s as the recent 
years (e.g., 2004) had to the early-to-
mid-1990s (Figures 4 and 5). Similar 
to the recent observations, in 1962 we 
observe fragments of the warm and 
saline Icelandic Slope Water (Yashayaev 
et al., 2007a, 2007b) separating fresher 
and colder LSW classes.

spAtiAl ANd tEMpor Al  
WAtEr MAss tr ANsforM-
AtioNs iN thE subpolAr 
North AtlANtic
Potential temperature (θ) - salinity (S) 
analysis presents another insightful 
instrument for understanding the 
evolution of water masses. In the fol-
lowing section, we use the volumetric 
θ–S method to measure the changes 
in water-mass volumes and properties 
within the subpolar gyre of the North 
Atlantic. The diagram is constructed by 
computing the thickness of each ∆θ x ∆S 
layer and then computing a weighted 
average of that thickness for the oceanic 
region in question. 

Figure 6a shows the changes in water-
mass structure and properties over the 
entire Labrador Sea AR7W section from 
1994 to 2004. In 1994, the water column 
is dominated by the strong class of 
LSW created through a series of intense 
winters from 1987 through 1994. By 
2000, the average thickness of this layer 
has decreased to about a quarter of its 
original value. Its salinity has increased 
by about 0.04, and it has also warmed by 
0.2°C, resulting in the peak shifting to a 
slightly higher density. The peak is still 
easily identified as a salinity minimum 
and also a maximum in mean layer 
thickness. By 2004, the waters in this 
density range have increased their salin-
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figure 6. “Volumetric” potential temperature (θ) - salinity (s) censuses of the labrador sea in 1994, 2000, 
and 2004 (a), and the labrador, irminger, and iceland basins in 1995 (b). Each of the volumetric diagrams 
was based on the average vertical thicknesses (in meters) of θ-s layers defined by ��θ and �s intervals of�s intervals ofs intervals of 
0.1°c and 0.01, respectively. The solid and dashed contours are isolines of σ2 (in kg m-3); σ2 is potential 
density anomaly referenced to 2000 dbar and defined as a function of θ and s.

ity by another 0.02. The LSW class is still 
identifiable as a salinity minimum; how-
ever, it no longer appears as a maximum 
in layer thickness. This result means that 
the salinity signature of the 1994 LSW 
class still circulates within the subpolar 
gyre as a passive tracer, but this water 
mass no longer has an impact on that 
circulation as it did in the years when it 
was abundant (e.g., Boessenkool et al., 
2007, connect the changes in the ISOW 
strength with variations in LSW).

Figure 6b shows the water masses 
of the Labrador, Irminger, and Iceland 
basins as observed along both the 
east and west segments of the WOCE 
Atlantic repeat sections during 1995. 
The strong LSW peak in layer thick-
ness appears in both the Labrador and 
Irminger seas with the Irminger peak 
being slightly less and about 0.02 more 
saline. We hypothesize that this increase 
in salinity arose through mixing as 
this LSW volume advected from the 
Labrador Sea to the Irminger Sea. There 
is no layer thickness peak in the Iceland 
Basin and the salinity minimum identi-
fies LSW, which is considerably warmer, 
more saline, and less dense than that 
observed in the western basins. This 
observation indicates that the LSW from 
the 1987–1994 convective events has not 
yet fully arrived in the Iceland Basin. 
What we are seeing in this basin are the 
remains of the weaker convection events 
of the earlier periods.

A second layer-thickness peak appears 
in the 2000 survey of the Labrador Sea 
(Figure 6a). This layer is a less-dense 
LSW variant, which replaced its denser 
and deeper predecessor in the upper 
1500-m layer. The thickness of this peak 
increases slightly from 2000 to 2004 
and its temperature and salinity also 

a

b
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increased. This thickness increase would 
suggest that convective renewal of this 
water mass occurred during some of the 
winters following 2000. The new LSW 
class can also be identified in the 2004 
section plot (Figure 5d). It took about 
four years (from 2000 to 2004) for this 
water to reach the Iceland Basin (salinity 
minima between 700 and 1300 m).

The deep waters below the LSW also 
change their properties in time and 
space. The salinity maximum in the 
potential temperature range of 2–3°C 
(representing NEADW) freshens by 
0.02 between 1994 and 20004 and then 
regains more than a half of that freshen-
ing by 2004 (Figure 6a). This pattern is 
consistent with the hypothesis that the 
freshening was largely caused by the 
entrainment of the anomalously fresh 
class of LSW as the NEADW passed 
through the Iceland Basin. The NEADW 
is most saline in the Iceland Basin, 
fresher in the Irminger Basin, and fresh-
est in the Labrador Sea (Figure 6b). The 
NEADW core occupies a slightly higher-
density range in the Iceland Basin than 
west of the Mid-Atlantic Ridge—another 
sign that the freshening of NEADW 
along its path from east to west is the 
result of entrainment of the lighter LSW.

The coldest water on this Iceland 
basin section is about 2.3°C. At these 
temperatures, the NEADW is distributed 
between two peaks. The saltier NEADW 
is trapped along the eastern flank of the 
Reykjanes Ridge. This water is the newer 
NEADW flowing around the boundary 
of the basin from its entry through the 
Faeroe Bank Channel. It will eventu-
ally enter the Irminger Basin through 
the Charlie Gibbs Fracture Zone. The 

fresher peak is found beneath the 
deep salinity maximum in the interior 
of the Iceland Basin.

The NEADW is the densest water in 
the eastern basin. In the Irminger and 
Labrador basins, the waters denser than 
this deep salinity maximum are the 
product of mixing between NEADW and 
DSOW. These waters are considerably 
fresher (0.01–0.02) in the Irminger Basin 
(Figure 6b) than in the Labrador Basin, 
and they extend to colder temperatures 
and greater densities. The DSOW enters 
the Irminger Sea as cold, fresh, dense 
water and continues to mix with warmer, 
saltier water as it moves along the west-
ern boundary of the Irminger Sea and 
around the Labrador Sea. Although the 
western Irminger Sea layer thicknesses 
on a section plot are a similar magnitude 
to those observed along the boundaries 
of the Labrador Sea (Figure 5), this water 
only appears in some of the Irminger Sea 
stations. Thus, the volumetric analysis 
(Figure 6b) shows a much stronger 
signature in the Labrador Sea than 
in the Irminger. 

Figure 6 captures the time and space 
changes of the various water masses 
of the North Atlantic across a single 
trans-Atlantic oceanographic section. 
Figure 7 provides volumetric analyses 
for the western subpolar gyre for the 
two extreme periods of the last six 
decades—the warm, salty period of the 
late 1960s and the cold, fresh period of 
the mid 1990s. Fortunately, the extensive 
regional surveys conducted during both 
periods provide good three-dimensional 
maps of the water masses of these 
periods. Figure 7 captures the extensive 
freshening of the deep subpolar basins 

from the 1970s to the 1990s. Dickson et 
al. (2002) document this freshening. It is 
important to emphasize that this figure 
illustrates the differences between the 
two extreme states of these water masses. 
The warm, saline conditions seen at 
the end of the 1960s were the result of 
several years of cumulative warming and 
increasing salinity (Yashayaev, 2007b). 
The last decade has seen a similar salin-
ity increase (Figure 4) accompanied by a 
warming of the water column.

Figure 7 shows that not only have the 
properties of the water masses changed 
between these two states, but their 
relative volumes have also changed. The 
most noticeable change in volumetric 
projections is LSW. This water was 
not just colder, fresher, and denser in 
the 1990s than before, but it also sig-
nificantly expanded in volume. For the 
most part, the LSW volume increased 
at the expense of the deeper waters, 
with the LSW taking over a part of both 
the depth and density range previously 
occupied by NEADW. Both the NEADW 
and the DSOW became less saline 
in the later period.

The volumetric method also provides 
estimates of the volume of freshwater 
accumulated in each layer during 
this freshening event. According to 
Yashayaev (2007b), the 1960s-to-1990s 
accumulation of freshwater in the LSW 
reservoir is equivalent to mixing of an 
approximately 2.5-m layer of freshwater 
into it, while the waters between the 
LSW layer and the 200-m layer gained 
the equivalent of an additional 0.4-m 
layer of freshwater. The analogous esti-
mates for the NEADW and DSOW res-
ervoirs are 0.6 m and 0.3 m, respectively. 

4 The NEADW freshening fully stopped in the Labrador Basin only in 2001 (Yashayaev et al., 2007b); however, the last annual salinity decrease (< 0.005 between 2000 and 2001) was 

smaller than those of previous years.
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The average water column of the western 
subpolar gyre of the North Atlantic 
gained, in total, about 3.9 m of fresh-
water over this (~ 25-year) time period.

iMpActs of tEMpEr AturE 
ANd sAliNity chANgEs 
iN thE lAbr Ador sEA oN 
North Atl ANtic ocEAN 
WAtEr-MAss coMpositioN 
ANd circul AtioN 
Winter convection in the Labrador Sea 
is a principal mechanism by which the 
intermediate and deep waters of the 
North Atlantic are ventilated. This venti-

lation is evidenced by convection’s role in 
transporting freshwater into these layers. 
When convection is suppressed, as dur-
ing the mild winters of the 1960s, these 
waters respond by becoming warmer and 
saltier. Likewise, strong convection leads 
to colder and less-saline conditions. 
These changes in convection lead to 
large temperature and salinity anomalies 
on annual to decadal time scales. The 
stronger of these anomalies move out 
of the Labrador Sea and can be traced 
in their passage via the North Atlantic 
Current and subpolar gyre into the 
Irminger and Iceland basins as well as 

the Rockall Trough in the eastern North 
Atlantic. These anomalies also move 
equatorward within the western bound-
ary current and can be observed down to 
the tropics (Talley and McCartney, 1982; 
Yashayaev, 2000).

Changes in the strength of winter 
convection do not just alter the physical 
properties of the water masses, they also 
affect the water masses’ relative layer 
thicknesses and volumes, and thus lead 
to changes in sea-surface height in the 
interior of the basins. The sea-surface-
height changes regulate the strength 
of the subpolar gyre and also lead to 
changes in the dynamic height gradi-
ent between the subpolar gyre and the 
subtropical gyre, possibly influencing the 
volume transport of the North Atlantic 
Current (Curry and McCartney, 2001). 
A weak gradient acts to contract the 
subpolar gyre as well as reduce the trans-
port, pulling the subpolar front eastward 
and drawing more subtropical water into 
the eastern subpolar gyre (Hakkinen and 
Rhines, 2004; Hátún et al., 2005). 

LSW contributes greatly to the forma-
tion of the water masses that eventually 
fill the deep basins of the northern North 
Atlantic and form the lower limb of the 
MOC. As ISOW and DSOW descend 
from their shallow sills in the narrow 
passages through the Greenland-Iceland-
Faroe-Shetland-Scotland ridges, they 
mix briefly with surface mode waters, 
and, in a more prolonged way, mix with 
the intermediate LSW (Dickson et al., 
2002) and increase their volumes by 
factors of four to six. If there has been 
strong convection in the Labrador Sea, 
then much of this entrained water has 
been in recent contact with the surface. 
In this case, this mixing process is an 
effective mechanism to carry substances 

figure 7. “Volumetric” potential temperature - salinity (θ-s) censuses of the western subpolar North 
Atlantic for 1964–1972 (red) and 1995–1997 (blue), from yashayaev, 2007b. The surface heights 
reflect average thickness (in meters) of the corresponding 0.1ºc x 0.01 ��θ x �s layers. The inset map�s layers. The inset maps layers. The inset map 
shows the locations of full-water-depth θ-s profiles used in the hydrographic compilations for the 
1960s and the 1990s.
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such as carbon dioxide from the atmo-
sphere into the abyssal ocean. If convec-
tion is weak, then this entrained water 
has circulated around the gyre for several 
years or more without atmospheric con-
tact, thus slowing the transfer of material 
into the deep ocean.

The thickness of the LSW layer near 
the overflow sites is also thought to 
influence the strength of the overflows 
themselves. Boessenkool et al. (2007) 
attributed changes in the strength of 
the inflow of ISOW to changes in the 
volume of LSW. Understanding the 
processes that govern the strength 
of the MOC’s lower limb remains a 
challenge to both oceanographers 
and ocean and climate modelers. The 
hydrographic observations of the last 
six decades suggest that conducting a 
regular oceanographic section across 
the Labrador, Irminger, and eastern 
basins is an effective way of observing 
the variability of these systems. Our 
group in the Ocean Sciences Division of 
the Bedford Institute of Oceanography 
hopes to maintain the annual spring 
Labrador Sea occupation indefinitely. It 
remains to be seen whether the next few 
winters will develop warmer and saltier 
conditions than those of the late 1960s 
or initiate a new cycle of LSW renewal 
and freshening.
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