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ABSTRACT

Objectively analyzed surface hydrographic fields and NCEP–NCAR reanalysis fluxes are used to esti-
mate water mass transformation and formation rates in the Labrador Sea, focusing on Labrador Sea Water
(LSW). The authors estimate a mean long-term transformation of between 2.1 � 0.2 and 3.9 � 0.3 Sv
(Sv � 106 m3 s�1) over the years 1960–99 to water with densities greater than � � 27.65 kg m�3, depending
on the correction used for the latent and sensible heat fluxes. Mean long-term formation rates are found
between 0.9 � 0.2 and 1.7 � 0.3 Sv for � � 27.675 � 27.725 kg m�3 and 1.2 � 0.2 and 2.0 � 0.3 Sv for
� � 27.725 kg m�3. There is tremendous variability associated with these formation rates with years of
strong water formation (5.7–6.6 � 0.5–0.7 or 9.5–10.8 � 0.7–1.1 Sv) mixed with years of little or no
formation in the given density ranges. The North Atlantic Oscillation (NAO) is linked (correlation co-
efficient of 0.45, significant at the 99% level) with the overall formation rate for � � 27.625 kg m�3. The
observed long-term increase in net precipitation over the Labrador Sea does not seem to have had any
significant effect on LSW, potentially reducing LSW transformation rates by 0.1 Sv. A reduction in surface
salinity leads to formation occurring at a reduced density, but with little change in the amount of water
transformed.

1. Introduction

Located between eastern Canada, the Canadian Arc-
tic, and Greenland, the Labrador Sea is a northern arm
of the North Atlantic Ocean (Fig. 1). Shaped as a large
bowl open to the south, it is flanked by continental
shelves, narrow along Greenland and wider along the
Labrador coast. Along these shelves and over the shelf
breaks flow the West Greenland Current, the Baffin
Island Current, and the Labrador Current, linking the
large-scale cyclonic circulation of the region. Associ-
ated with cold winds blowing off the continent, convec-
tion and deep sinking to 1500–2000 m occur in many
winters, offshore of the Labrador Current around 56°–

58°N, 52°–55°W (Clarke and Gascard 1983). The result-
ing water mass is Labrador Sea Water (LSW), which is
dispersed through the North Atlantic and whose for-
mation plays a role in the lower limb of the global
overturning circulation (The Lab Sea Group 1998).
Haine et al. (2008) have recently summarized studies
and estimates of LSW formation using a number of
approaches. As they discuss (Haine et al. 2008), de-
pending on the period studied, the approach used
(hydrography, surface fluxes, tracers, models), as well
as the definitions used for LSW and formation rate, the
estimates vary widely.

One method used to estimate water formation rates
(whether for LSW or other water masses) is based upon
a water mass diagnostic approach and the surface buoy-
ancy fluxes. These fluxes help determine the surface
density as well as producing water masses of given
properties. Thus, given the surface properties as well as
buoyancy fluxes, one can determine the formation rate
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of a given water mass in a specified density range. This
idea was first expounded upon by Walin (1982) in terms
of temperature and heat fluxes and then expanded
more generally in terms of density by Tziperman
(1986).

Speer and Tziperman (1992) used this approach to
estimate the conversion rates of North Atlantic water
masses from several air–sea flux sources. They sug-
gested that about 32.2 Sv (Sv � 106 m3 s�1) of water are
transformed to densities greater than � � 26.1 kg m�3

each year, associated with a strong subtropical to sub-
polar gyre transfer. By then looking at the distribution
over density of the water mass transformation rate, they
showed a peak in formation rate associated with Sub-
Polar Mode Water, although the density maximum was
low for LSW (traditionally � � 27.74 � 27.80 kg m�3).
Speer et al. (1995) then extended this work to use fluxes
from the Comprehensive Ocean–Atmosphere Dataset.
Focusing on the marginal North Atlantic seas, they

found only weak wintertime formation section of �1 Sv
in the Labrador Sea, mainly driven by thermal forcing.
Using the same method, National Centers for Environ-
mental Prediction–National Center for Atmospheric
Research (NCEP–NCAR) reanalysis fluxes and Levi-
tus climatological surface water properties, Khatiwala
et al. (2002) suggested that the maximum transforma-
tion of LSW has varied between 1.3 and 6.1 Sv (their
Fig. 16) with mean formation rates over the density
range � � 27.7 � 27.9 kg m�3 of 2.7 Sv [although sen-
sitive to the surface fluxes used, e.g., they found a mean
formation rate of 1.7 Sv using da Silva et al. (1994)
fluxes]. This method has also been used in the Medi-
terranean by Lascaratos (1993) and Tziperman and
Speer (1994) and the Nordic seas by Isachsen et al.
(2007). Marsh (2000) diagnosed an annual-mean surface-
forced streamfunction for the North Atlantic thermo-
haline circulation and estimated a mean formation for
LSW of 3.4 Sv for 1980–97.

FIG. 1. A map of the Labrador Sea, our study region. The abbreviations used are EGC: East
Greenland Current, WGC: West Greenland Current, LC: Labrador Current, and IW:
Irminger Water.
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Part of the reason for the discrepancy between esti-
mates of LSW formation rates may be that the Labra-
dor Sea has undergone significant variability on inter-
annual to interdecadal time scales and different authors
analyzed different regions and periods. Temporal vari-
ability may be linked to atmospheric forcing such as
changes in heat fluxes due to the North Atlantic Oscil-
lation (NAO; Dickson et al. 1996; Greatbatch 2000;
Curry and McCartney 2001), as well as precipitation
changes (Josey and Marsh 2005; Myers et al. 2007a),
terrestrial effects such as changes in river runoff (Déry
et al. 2005), melt from Greenland (Steffen et al. 2004),
and oceanic advection events such as Great Salinity
Anomalies (GSA; Dickson et al. 1988; Belkin et al.
1998). Additionally, a long-term freshening has been
observed for the Labrador Sea, as well as the rest of the
subpolar gyre (Dickson et al. 2002; Curry et al. 2003;
Curry and Mauritzen 2005). A summary of the recent
changes to the Labrador Sea can be found in Yasha-
yaev (2007). Some, but not all authors, in fact argue that
the variability in LSW properties is large enough to
make it worthwhile to break down the continuum of
LSW into two types associated with different density
classes [see Haine et al. (2008) for a more detailed dis-
cussion of this issue]. This includes the “historical”
LSW definition with density of � � 27.74 � 27.80 kg
m�3 (even if the formation of this dense mode is now
known to be an occasional event) as well as an upper
LSW, first named by Pickart et al. (1996), with density
of � � 27.68 � 27.74 kg m�3 (note that a lower limit of
27.72 was used by Pickart et al. when they first defined
this water mass).

Although, as discussed above, formation rates of
LSW based upon water mass diagnostics have been ex-
amined in previous studies, we decided to reexamine
this question for a number of reasons. As Haine et al.
(2008) discuss, great progress has been made over the
past decade in providing improved estimates of LSW
formation rate and its variability: yet the discrepancies
between many of these estimates suggest that further
work is needed on this topic. Other than the study of
Khatiwala et al. (2002), none of the previous studies
using this approach focused on the Labrador Sea. In
their study, Khatiwala et al. used sea surface density
computed from the global climatology of Levitus (Levi-
tus and Boyer 1994; Levitus et al. 1994), whose fields
are quite smooth. As accurate surface density fields are
as important to estimates of water mass transformation

rates as the surface fluxes, we wanted to be able to take
into account the detailed hydrography of this basin,
including the sharp division of properties from the fresh
and cold boundary currents and the warm and rela-
tively salty interior that was not possible in previous
studies.

The importance of being able to clearly differentiate
between the boundary currents and the interior was
shown in a detailed study of processes in the Labrador
Sea by Straneo (2006). Considering two periods for
which she had sufficient data, Straneo showed that lat-
eral exchanges play a key role in balancing the surface
fluxes. She also showed that interannual variations in
the export of LSW is linked to changes in the interior
boundary current density gradient, which governs the
lateral exchange. Besides using higher-resolution oce-
anic fields, we also wanted to consider their variability,
by being the first to include time-varying surface den-
sity fields (rather than using climatological surface
properties) so that all of the variability is not driven
purely by the surface fluxes, which are known to be
closely correlated with the NAO (Hurrell et al. 2003).
To provide a greater understanding of the variability,
we provide detailed uncertainty estimates of LSW
transformation/formation, as well as examining the role
played by each of the components in the buoyancy flux.
We also consider the sensitivity of LSW transforma-
tion/formation to several facets of recently observed
Labrador Sea variability, such as the increased precipi-
tation and long-term freshening. Finally, with the un-
derstanding that the density of LSW varies with time,
we also provide formation estimates for several differ-
ent density ranges.

Section 2 thus discusses the method that we use, as
well as the data. Mean water mass transformations rates
and their sensitivity are examined in section 3, while
their long-term variability is dealt with in section 4.
Finally, a summary and discussion is presented in sec-
tion 5.

2. Methods and data

As this method has been presented in a number
of papers previously (Speer and Tziperman 1992;
Tziperman and Speer 1994; Speer et al. 1995), we shall
only summarize it here. Following the above refer-
ences, the instantaneous cross-isopycnal volume flux
due to buoyancy forcing in the surface layer, F(�	), is
given by

F 
��� � �
year

dt�
A

dx dy � �

Cp
H 
x, y, t� � ��S
x, y, t�Q 
x, y, t�����
x, y, t� � ��
, 
1�
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where H(x, y, t) and Q(x, y, t) are the surface fluxes of
heat and freshwater, A is the area over which the calcu-
lation is performed; Cp is the specific heat capacity of
water while � and � are the derivatives of density with
respect to temperature and salinity respectively, S(x, y, t)
is the surface salinity, and �(x, y, t) is the surface den-
sity. The delta function in the integral means that for
any given surface density the surface buoyancy fluxes
only produce transformations when the surface density
is of that given value. Note that we define F in terms
of buoyancy forcing, rather than in terms of the density
flux, and thus negative F can be associated with a trans-
formation of water to a given density.

In practice, the data fields used are not continuous, and
a discrete formulation is used. This replaces the delta
function with a boxcar function that is equal to one when
the surface density is in the range (�	 � 1

2
��, �	 � 1

2
��)

and is zero otherwise. We use �� � 0.05 kg m�3 as a com-
promise between resolution and noise (Tziperman and
Speer 1994). The area for which we perform the calcu-
lation over is 50°–64°N, 45°–60°W, while the time inte-
gration is done monthly. To provide an estimate of the
uncertainty, we use a Monte Carlo simulation with 1000
draws. For each draw, we perturb the fluxes (heat and
freshwater) and the surface density by drawing ran-
domly from three different normal distributions, each
one with a width (standard deviation) given by the spa-
tial mean of the standard deviation of the correspond-
ing field (34.9 W m�2, 8 cm yr�1, and 0.009 kg m�3).
These uncertainty estimates agree well with those used
by Isachsen et al. (2007) in the Nordic seas.

We use surface fluxes of heat and freshwater from
the NCEP–NCAR model reanalysis, described in Kist-
ler et al. (2001). The NCEP–NCAR reanalysis is based
on the 1995 version of the NCEP model and has a
horizontal resolution of about 210 km, which is linearly
interpolated to 1⁄3° to match the resolution of the ocean
surface fields. We use the data for the period 1949–99
but focus on 1960–99, as the earlier fields are less reli-
able due to reductions in the amount and type of data
available for assimilations (Kistler et al. 2001).

We use the daily fluxes and monthly average them as
that is the temporal resolution of the ocean surface data
we use. We examined directly using the daily fluxes
with no monthly averaging and found no difference in
our results, as the ocean is responding to the total buoy-
ancy loss applied over each month. We note this would
not hold if we were able to consider the more realistic
situation of the ocean surface density varying over the
course of the month in response to the surface fluxes.
Isachsen et al. (2007) discuss the issue of daily versus
monthly fluxes in more detail. They show that surface
transformation rates estimated from monthly mean

data match the large-scale diapcynal overturning circu-
lation, at least in the Nordic seas, to lowest order even
if other studies (Cerovecki and Marshall 2008; Tandon
and Zhao 2004) suggest that using monthly instead of
daily data will significantly overestimate the net trans-
formation.

The NCEP–NCAR heat fluxes are known to have
some issues in the Labrador Sea. Renfrew et al. (2002)
showed that the NCEP–NCAR reanalysis data signifi-
cantly overestimate the latent (by 27%) and sensible
(by 51%) heat loss in the Labrador Sea. To examine the
significance of these errors, we also recompute our
transformation and formation rates using fluxes re-
duced by the size of the overestimates given by Ren-
frew et al. (2002), again using 1000 draws in the Monte
Carlo simulation. Previous works (Josey and Marsh
2005; Myers et al. 2007a) suggest that there is not a
significant discrepancy between temporal variability of
precipitation estimates derived from NCEP–NCAR
and the ECMWF reanalysis, as well as with a limited
comparison of gauge data around the subpolar gyre.

The ocean data (temperature and salinity) used are
based on a series of climatologies of the Labrador Sea
produced using all available stations with both tem-
perature and salinity measurements that were in the
Fisheries and Oceans Canada hydrographic climate
database (Gregory 2004) prior to 2000. Our “base”
state is the monthly geopotential climatology of Kulan
and Myers (2007, manuscript submitted to Atmos.–
Ocean). We choose the geopotential climatology even
though Kulan and Myers considered their isopycnal cli-
matology better represented the large-scale water mass
structure of the Labrador Sea because of issues with the
interpolation of the shallowest isopycnal surface to the
ocean’s surface. Additionally, the data were mapped
into overlapping 3-yr running mean triads, covering the
period 1949–99 (Kulan 2007). Each triad was defined to
include all data collected in a given year, as well as all
available data in the preceding and following year. The
triad data was binned into 2.5° (south of 55°N) or 5.0°
boxes (north of 55°N) to provide a first guess for an
objective analysis procedure that used three passes with
decreasing correlation lengths of 600, 400, and 200 km,
weighted by a severe topographic constraint to mini-
mize mixing of waters across the shelf break. The use of
larger correlation lengths than for the climatological
analysis (Kulan and Myers 2007, manuscript submitted
to Atmos.–Ocean) was to deal with issues of data scar-
city in the central and northern parts of the domain in
some years. The mapping was carried out in an isopyc-
nal framework using 44 density layers and 1⁄3° spatial
resolution.
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We then computed the mean and anomalies for the
temperature and salinity for each grid point over the
period 1949–99. These anomalies were then added to
the base monthly climatology for each year to give us
monthly and interannually varying surface fields of
temperature and salinity. We choose this approach as
the triad fields were biased toward the summer when
the majority of the observations were taken. Our as-
sumption is that interannual variations in the hydrog-
raphy are fairly independent of season (i.e., fresh years
will be fresher than average in all seasons, e.g., during
GSA events). Density was determined using the
UNESCO formula (Fofonoff and Millard 1983). As
with the surface fluxes, the triads from the earlier years
have more issues than for the later years when more
data exist.

We show the annual and winter, January–March
(JFM), averages of the heat and freshwater fluxes ex-
pressed as buoyancy flux (Fig. 2), as well as the stan-
dard deviation for the winter fields (Fig. 3), over 1949–
99. The main component of the buoyancy flux is due to
the heat loss, which is focused over the north-central
part of the domain, with an extension of the strong heat
losses down the Labrador side of the basin in winter.
Precipitation is generally largest in the coastal regions
and the net buoyancy flux due to this term is generally
smaller than from the heat fluxes (by one order of mag-
nitude), although we note a nonzero buoyancy loss due
to evaporation in the interior in winter. Both flux
components exhibit strong variability in the northern
Labrador Sea, decreasing toward the south (Fig. 3). But
greater insight into the variability can be seen by com-
paring the fluxes between two pentads, one when the
NAO was low (1963–67) and another when the NAO
index was high and significant LSW formation occurred
(1988–92) (Haine et al. 2008). Although the maximum
value of the buoyancy loss has changed little between
the pentads, the region of maximum loss has enlarged
and shifted to the south during 1988–92. We note that
this shift places it almost directly on top of the main site
where LSW is believed to form (Clarke and Gascard
1983). A greater buoyancy loss also occurs over most of
the south-central part of the basin in the high NAO
pentad as well. There is also more variation between
years in this later period (Fig. 4) in the northern part of
the domain. Increased winter evaporation over the in-
terior of the Labrador Sea is also seen in the pentad
associated with a strong NAO (1988–92).

To consider the impact of any net supply of freshwa-
ter through the net advection of sea ice into the Labra-
dor Sea on water mass transformation, we use the 1°
monthly Northern Hemisphere dataset of Walsh

(1978). We determine the month with the maximum ice
concentration in each grid cell and extract the mean
concentration for that month over the period 1950–99.
We also extract the single maximum concentration in
each grid cell over the entire 50-yr period to investigate
the maximum possible impact of ice melt. We obtain
thickness from a 13-yr simulation of an eddy-permitting
simulation of the North Atlantic Ocean using the
Nucleus for European Modelling of the Ocean
(NEMO) model (Madec 2008), which includes a com-
ponent based upon the Louvain-la-Neuve sea ice model
(Fichefet and Morales Maqueda 1997). Where there is
a mismatch between the model and the climatology
concentration fields, we use a thickness of 10 cm. For
simplicity, we assume that all of the ice forms and then
melts within the given grid point and consider the as-
sociated freshwater flux as a buoyancy flux. Examining
that flux (Fig. 2), we see that it is quite significant along
the Labrador coast but does not play a significant role
in the interior, which has little sea ice (and what exists
is very thin). Whether a higher-resolution Labrador Sea
ice climatology might produce a more significant im-
pact is an open question since, at the very least, the
presence of sea ice in the West Greenland Current is
missing from the climatological analysis used. In any
event, we use these results to justify not including the
impact of the sea ice in any further calculations.

The maximum surface density (and its variability) is
given in Fig. 5. Low densities are found in the boundary
currents, while highest densities are found in a broad
horseshoelike pattern around the northern part of the
basin. Long-term mean density anomalies stay below
27.70 due to (i) inclusion of data from different years
with significantly different conditions in the objective
analysis and (ii) the lack of wintertime data, especially
during the actual convective events, when the surface
density reaches its maximum. Using data from a winter
cruise in 1997, Pickart et al. (2002) showed that surface
densities reached 27.78 kg m�3 in the western Labrador
Sea. Additionally, since the method only considers the
surface densities and surface fluxes, the impact of the
entrainment of salty Irminger Water into LSW is not
taken into account, which has been shown to be impor-
tant by Straneo (2006). Variability is fairly consistent
throughout the entire interior and, in fact, varies little
over our entire study region (Fig. 5). We also note that
the region where convection is known to occur (Clarke
and Gascard 1983) is not a location of a maximum in
the long-term mean surface density. Instead, years of
strong convection are associated with a southward dis-
placement of the maximum surface density into this
area (as well as an increase in the actual maximum
density).
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3. Mean water mass transformations

We first present the mean annual transformation rate
(Fig. 6), with uncertainty. It is determined by comput-
ing the transformation rate for each density class each
year and then averaging over a given time period. Very
little transformation occurs at low densities (not shown)

with weak peaks of 0.15 � 0.06 Sv at � � 24.6 kg m�3

and 0.15 � 0.05 at � � 25.6 kg m�3. The peak at around
� � 26.7 kg m�3 of close to 1.1 � 0.2 Sv is associated
with the transformation of more dense water to lighter
during the restratification process through heating by
shortwave radiation and freshwater gain from the
boundary currents/atmosphere in spring/summer.

FIG. 2. Long-term (1949–99) (a) annually averaged
heat flux, (b) winter (JFM) averaged heat flux, (c) annu-
ally averaged freshwater flux, (d) winter (JFM) averaged
freshwater flux, and (e) freshwater flux from ice melt
(see text for further details). All fluxes are expressed in
terms of a buoyancy flux (m2 s�3). Note the different
scales for the heat, freshwater, and ice fluxes. In all plots,
the 1000-m isobath is contoured with a dashed line. The
white box gives an approximation of the main site of
deep convection in the Labrador Sea (Clarke and Gas-
card 1983).
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Wintertime cooling leads to a mean long-term transfor-
mation rate of 3.9 � 0.3 Sv of water to densities greater
than � � 27.65 kg m�3. Our uncertainty estimates of
0.2–0.3 Sv from the Monte Carlo analysis are smaller
than those of Isachsen et al. (2007). Besides being for a
different region, this difference in error magnitude is
probably because they randomly choose between two
different surface flux climatologies in their analysis,
which we suspect would lead to much greater variability
in the heat flux forcing and thus transformation rate.
All three components of the outgoing fluxes play a non-
negligible role in the transformation process at greater
densities, with the sensible and latent components the
largest. The sensible heat flux is the largest contribu-
tor because of a region of very high buoyancy losses
in the northwest corner of the basin where the sen-
sible heat loss is up to 60% larger than the latent heat
loss. Using reductions based upon Renfrew et al. (2002)
for the latent and sensible heat fluxes, we find a

mean transformation rate to densities greater than � �
27.65 kg m�3 of 2.1 � 0.2 Sv, which we can use as a
lower bound on the transformation rate.

Our estimate of 3.9 � 0.3 Sv is much larger than the
1.5 Sv estimated by Speer et al. (1995) but closer to the
estimates of 2.7 Sv by Khatiwala et al. (2002) and 3.4 Sv
by Marsh (2000). As Speer et al. (1995) used data from
the 1980s and before, they could not include the intense
convection periods of the late 1980s and early 1990s.
Although the Marsh estimate is closer, we note that he
found the mean year-round surface density maximum
of � � 27.65 kg m�3 extended widely into the Irminger
Sea. We note also that the estimate of Marsh (2000) is
based upon a shorter period that is mainly associated
with high NAO index (Greatbatch 2000) and thus
stronger convection (Curry and McCartney 2001).
Meanwhile, our estimate over 1960–99 includes the pe-
riod of the original GSA of the late 1960s that was
associated with an extended period of weak LSW for-

FIG. 3. Standard deviation (1949–99) of (a) winter (JFM) heat flux and (b) winter (JFM) freshwater flux, expressed as
a buoyancy flux. Standard deviation of winter (JFM) heat fluxes for pentads (c) 1963–67 and (d) 1988–92. All fluxes are
expressed in terms of a buoyancy flux (m2 s�3). The white box gives an approximation of the main site of deep convection
in the Labrador Sea (Clarke and Gascard 1983). Note that the scale for (b) differs by an order of magnitude.
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mation (Dickson et al. 1988). One factor in our estimate
being larger is the higher resolution of ocean surface
data. If we degrade our fields to a resolution of 1° and
repeat our analysis, our maximum transformation rate
decreases to 3.5 Sv as the region with maximum density
decreases. Beyond the direct resolution difference, the
use of global climatologies leads to broad regions of low
surface density throughout the western Labrador Sea,
which probably explains the lower estimates found by
Khatiwala et al. (2002) using the same fluxes.

Comparing with estimates from hydrographic
sources, 3.9 � 0.3 Sv falls well within the broad range
discussed by Haine et al. (2008) and is not that much
lower than Rhein et al.’s (2002) estimate of 4.4–5.6 Sv.
However, this is only the formation rate of classical
LSW, and Kieke et al. (2006) found that the formation
of a lighter component of upper LSW was 3.2–3.3 Sv
over 1970–97, for a combined LSW formation rate of
7.6–8.9 Sv. The above estimates may include formation

outside of the Labrador Sea, which is not considered in
this study. Kieke et al. (2006) suggest that, at least in the
late 1990s, all of the upper LSW could not be formed in
the Labrador Sea, while Pickart et al. (2003) and Falina
et al. (2007) have discussed the potential for LSW for-
mation in the Irminger Sea, potentially explaining part
of the difference between our estimates and those of
Kieke et al. (2006), although the difference may be also
because of the difference in approaches used (water
mass transformation versus tracers). If we include the
years before 1960 (1949–59), we find a smaller forma-
tion rate of 3.2 � 0.3 Sv. Further investigation suggests
this is an artifact of the data in those early years since
Curry et al. (1998) showed that thickness of LSW was
much greater in the first half of the 1950s than in the
second half, which points to convective renewal.

As was found by Speer and Tziperman (1992), basi-
cally all of the mean transformation is driven by the
heat fluxes with the precipitation only weakly acting to

FIG. 4. Buoyancy flux associated with wintertime heat flux for the pentads (a) 1963–67 and (b) 1988–92. Buoyancy flux
associated with wintertime freshwater flux for the pentads (c) 1963–67 and (d) 1988–92. All fluxes are expressed in terms
of a buoyancy flux (m2 s�3). The white box gives an approximation of the main site of deep convection in the Labrador
Sea (Clarke and Gascard 1983).
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oppose formation of water at high densities. Despite
this, we were still curious whether the long-term ob-
served increases in precipitation might be impacting on
LSW formation. Myers et al. (2007a) found that excess
precipitation over the interior of the Labrador Sea had
increased from 22 cm yr�1 for the period of 1960–74 to
31 cm yr�1 for 1975–2000. To examine any possible
sensitivity to this increase, we take our net precipitation
for each month and year and modify it (both positively
and negatively) by 5, 10, or 25 cm yr�1 (Fig. 7a). This
shows that these changes in atmospheric forcing have
had little impact on the transformation process in the
Labrador Sea. With an increase in net precipitation of
10 cm yr�1, the amount closest to the observed in-
crease, we find a decrease in the maximum transforma-
tion rate of only 0.1 Sv.

As seen in our buoyancy fluxes plots (Fig. 4), there
can be large variations in wintertime heat loss over the

Labrador Sea, with average heat losses varying by up to
100 W m�2 between high and low NAO years (Pickart
et al. 2002). We thus consider the case when our heat
fluxes are modified for each month and year (both posi-
tively and negatively) by 10, 25, and 100 W m�2 (Fig.
7b). As might be expected, this shows a much larger
sensitivity with variations in the maximum transforma-
tion flux of 2.6 Sv between extreme and normal years.

As well as the surface fluxes, the surface water prop-
erties will change with time, and, because of the way
that the water mass diagnostic approach is formulated,
one must also consider changes in surface temperature
and salinity and thus density. We first vary the surface
water temperatures (both positively and negatively) by
0.5° and 1.0°C (Fig. 8a). We see two interesting pro-
cesses occurring here. As surface temperatures are in-
creased, transformation rate maxima and minima gen-
erally shift to lower density. Although this might be
expected, there is also a general decrease in the trans-
formation rate at highest density as temperatures are
decreased, while the transformation rate minimum at
high densities becomes more negative with increasing
temperatures. This later effect may arise because, as the
maximum density decreases, the peak in the transfor-
mation shifts to less dense water classes, which are
transformed at a higher rate as the surface area with
those densities increases. The seemingly contradictory
decrease in transformation with cooler surface tem-
peratures is a function of how changes in temperature
affect density. As the relationship between temperature
and density is nonlinear, a constant decrease in tem-
perature will not always lead to the same increase in
density. Thus all of the water at the maximum density
may not end up in the bin associated with the new
maximum in density.

Since the effects of salinity on density are more linear
than temperature, we might expect variability in sur-
face salinity to have a more straightforward effect on
transformation. Thus we allow the surface salinity to
vary (both positively and negatively) by 0.02, 0.05, 0.1,
and 0.2 (Figs. 8b,c). Here we see that changes in salinity
lead to an increase or decrease in the densities of the
transformed waters in the Labrador Sea, but no appre-
ciable change in the volume of transformation. So, it is
the pairs of temperature and salinity that determine the
surface density and hence the type/class of LSW
formed, while it is the heat fluxes that determine the
transformation rate.

4. Interannual variability

To look at interannual variability, we use formation
rather than transformation. This is done to clearly high-

FIG. 5. (a) Mean (1949–99) annual maximum winter density
anomaly and (b) standard deviation (1949–99) of maximum win-
ter anomaly density. Units are kg m�3. The white box gives an
approximation of the main site of deep convection in the Labra-
dor Sea (Clarke and Gascard 1983).
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FIG. 6. Cross-isopycnal volume fluxes as a function of surface density, computed for 1960–
99: (a) using both components of the buoyancy flux, with uncertainty, using the full NCEP
fluxes (solid line, dark gray shading) and the NCEP latent and sensible heat fluxes reduced
based upon Renfrew et al. (2002) (dashed line and light gray shading); (b) cross-isopycnal
mass fluxes for each of the heat flux components separately (using the full NCEP fluxes).
Positive values represent an input of buoyancy, while negative values point to a removal of
buoyancy.
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FIG. 7. The sensitivity of the cross-isopycnal volume fluxes (for 1960–99) to variability in
the (a) freshwater component of the buoyancy fluxes and (b) the heat component of the
buoyancy fluxes.
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light the year to year variability in formation and dif-
ferent densities, considering the significant variability
in both surface water properties and forcing with time
and the sensitivity of variability to temperature and sa-
linity discussed above. The formation is the rate of
change of transformation per unit mass,

M
�� �
�dF

d�
,

and was first examined by Speer and Tziperman (1992).
We thus calculate the formation rate, with error bars,

for three density ranges for the years 1960–99 (Fig. 9).
For two ranges, we focus on LSW with densities of
� � 27.675 � 27.725 kg m�3 and � � 27.725 kg m�3.
Although the densities ranges are not exactly consistent
with those for upper and classical LSW, we may be able
to consider the two time series as roughly analogous to
those two types of LSW. Additionally, we consider a
broad range of densities, � � 27.625 kg m�3, which
includes subpolar mode water as well as LSW but is
maybe indicative of all the dense water products that
are being produced in the Labrador Sea.

We find mean formation rates of 1.7 � 0.3 Sv for � �
27.675 � 27.725 kg m�3 and 2.0 � 0.3 Sv for � � 27.725
kg m�3 using unmodified NCEP fluxes and 0.9 � 0.2 Sv
and 1.2 � 0.2 Sv, respectively, correcting the fluxes as
per Renfrew et al. (2002). The smaller uncertainty as-
sociated with the corrected fluxes is a function of the
reduced fluxes having smaller means, and thus a nar-
rower distribution in the Monte Carlo analysis. Our
combined category, � � 27.625 kg m�3, has a mean
consistent with the long-term transformation rate,
3.9 � 0.3 Sv (2.1 � 0.2 Sv with the reduced fluxes).

However, more than any interannual or interdecadal
variability, the most striking feature is the off/on struc-
ture of LSW formation in our time series. We see that
the years with actual formation are generally associated
with much more formation than the long-term means,
which are then averaged over years of strong water
formation and no water formation. Uncertainties reach
0.7–1.8 Sv in years of strong water formation but are
always small compared to the actual formation in a
given year, suggesting the variability represented is
real.

Five strong formations events are observed over the
40 yr (Fig. 9c). The events in the 1970s and early 1980s
were quite short in duration (1–2 yr), while the other
events were each at least half a decade in length. This
would be consistent with the idea of Yashayaev et al.
(2007) that LSW can be defined in terms of classes
associated with a common development history over a

FIG. 8. The sensitivity of the cross-isopycnal volume fluxes (for
1960–99) to variability in the (a) surface temperature and (b), (c)
surface salinity. Note that (b) and (c) are otherwise the same
except for different magnitudes of salinity change.
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limited number of years. Looking at the most dense
class, four strong formation events for densities greater
than � � 27.725 kg m�3 are observed, each lasting 2 to
4 yr, except during the 1960s when there were seven
consecutive years with formation. The maximum for-
mation rate for these events is remarkably consistent
for all four episodes (8.5–11.4 or 5.0–7.1 Sv, depending
on the version of the fluxes used). In general, if forma-
tion occurs for densities of � � 27.725 kg m�3, it does
not also occur at lighter densities (� � 27.675 � 27.725
kg m�3), although in a few years (1964, 1967, 1991,
1992, and 1995) formation of greater than 2 Sv occurs
for both density ranges. During these years, the forma-
tion at the lighter densities occurs in the southern half
of the Labrador Sea, south of the region of maximum
surface density (Fig. 5). Other than a period of strong
formation during the second half of the 1960s, forma-
tion for densities � � 27.675 � 27.725 kg m�3 has
tended to increase with time, especially during the later

half of the 1990s. In between are years of little or no
formation, associated with low surface densities. These
include the periods associated with the first two GSAs
(1970–71 and 1982–84). The impact of the low salinity
water of the first GSA may be overemphasized in our
analysis. Yashayaev (2007) and Clarke and Gascard
(1983) have discussed convection events that occurred
during the 1970s, whereby the low salinity water of
the GSA was flushed down into the interior of the
Labrador Sea. If we look at those years in more detail,
we do find strong formation of 12 Sv in 1973, but only
if we look at a more broad range of densities (� �
27.625 kg m�3).

The variability otherwise compares well with other
estimates of LSW formation in both phase and ampli-
tude (e.g., Haine et al. 2008). Considering our two den-
sity ranges that may be considered LSW, we find a
maximum formation rate of 9.5–10.8 � 0.7–1.1 Sv for
1991–93 (5.7–6.6 � 0.5–0.7 Sv using the modified

FIG. 9. Formation rates, plotted as a function of time with
error bars, for two density ranges: � � 27.675 � 27.725 kg m�3

(dashed line) and � � 27.725 kg m�3 (solid line). (a) The full
NCEP fluxes; (b) reduced latent and sensible heat fluxes based
upon Renfrew et al. (2002). (c) Formation rate as a function of
time for � � 27.625 kg m�3 for the full (solid line) and reduced
fluxes (dashed line) with the 3-yr running mean of the winter
(JFM) NAO index (dash–dot line). Error bars are not plotted on
this subplot to reduce clutter.
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fluxes), consistent with the estimate of Marsh (2000) of
�10 Sv in 1990. Lazier et al. (2002) point out that in-
tense convection occurred during 1990–93, while Rhein
et al. (2002) show the LSW formation reached a maxi-
mum of 8.1–10.8 Sv between 1988 and 1994. Yashayaev
et al. (2007) also defined a 1988–94 LSW class. We see
fairly high formation rates in our plots, although our
averages for 1988–94 are 2.3 � 0.3 and 2.7 � 0.2 Sv,
respectively, for a total formation rate of 5.0 � 0.5 Sv
during this period (1.5 � 0.2, 1.6 � 0.1, and 3.1 � 0.3 Sv,
respectively, using the modified fluxes). We also see a
fall off in formation for densities of � � 27.725 kg m�3

in the later part of the 1990s, as found by Rhein et al.
(2002). During this period, our formation in the lighter
density range, possible upper LSW, is 9.3 � 0.5 Sv over
1995–98, 7.5 � 0.4 Sv over 1995–99, and 4.8 � 0.4 Sv
over 1998–99, both of which compare favorably with
the estimate of Kieke et al. (2006) who found a forma-
tion rate of 6.9–9.2 in 1998–99. Even using the reduced
fluxes, estimates of 6.3 � 0.5 Sv for 1995–98 and 5.1 �
0.5 Sv for 1995–99 do not compare unfavorably.

Looking at what is driving the variability, we exam-
ine links between our formation rate estimates and the
NAO. To represent the NAO, we use an index pro-
duced by the NOAA/National Weather Service Cli-
mate Prediction Center (CPC). The index is obtained
from a method described by Barnston and Livezey
(1987) consisting of a rotated principal component
analysis of observed 700-mb height anomalies. Surpris-
ingly we find little link between the NAO and our time
series of formation rate in our two LSW classes (cor-
relation coefficient 0.12 and 0.04, neither of which are
significant). Instead, the NAO is linked (correlation co-
efficient of 0.45, significant at the 99% level) with the
overall formation rate for � � 27.625 kg m�3. In Fig. 9c
we see that, except for during the early 1980s, each
peak in the NAO index is linked with a peak in water
formation rate. The lack of a water formation peak
during the early 1980s when the NAO was strong is
because of the input of low salinity water associated
with the second GSA (Belkin et al. 1998). This confirms
other studies (e.g., Haine et al. 2008) that showed that
the NAO strength governs the formation rate. That we
need to consider densities as low as � � 27.625 kg m�3

to see this correlation is probably a function of two
factors. One is almost certainly data related, with the
lack of winter data biasing our surface densities to
lower values. Additionally, it suggests that since the
NAO changes the heat fluxes over much of the Labra-
dor Sea, it is the entirety of water formation (rather
than just LSW formation) that is being modulated by
this forcing.

Additionally, Yashayaev et al.’s (2007) idea that Labra-
dor Sea Water formation can be broken down into
classes with a common formation history over a number
of years is supported by this analysis. We find five
classes of water formation in the Labrador Sea: 1962–
68, 1971–74, 1977–81, 1986–92, and 1995–99. The period
(3–5 yr) between the events is consistent with estimates
of the flushing time scale of the Labrador Sea (Lazier et
al. 2002), suggesting that eroding the stratification from
the previous event may be necessary before the next
event can occur. Although three of the events include
formation of LSW in our most dense category, two (the
early 1970s and the late 1990s) only involve formation
in the lighter density categories. Since during both of
these events the NAO is reasonably high (even if it is
not approaching a maximum during the late 1990s), this
suggests that, while the NAO may play a role in gov-
erning the formation rate, other factors, such as fresh-
water input, govern the class of LSW produced. The
early 1970s event is associated with the flushing down
of the freshwater associated with the first GSA
(Houghton and Visbeck 2002), while the second oc-
curred during a period when the long-term freshening
of the Labrador Sea had reached a maximum
(Yashayaev 2007). Since both salinity and temperature
of the Labrador Sea have started to increase again over
the last few years (Yashayaev 2007), possibly associated
with an increase in the input of Irminger Water (Myers
et al. 2007b), the question of whether we can expect
future convection events to include LSW formation in
the denser categories is open.

5. Summary and discussion

Objectively analyzed surface hydrographic fields and
NCEP–NCAR reanalysis fluxes are used to estimate
water mass transformation and formation rates in the
Labrador Sea, focusing on LSW. We estimate a mean
long-term transformation of between 2.1 � 0.2 and
3.9 � 0.3 Sv over the years 1960–99 to water with den-
sities greater than � � 27.65 kg m�3, depending on
whether we correct the latent and sensible heat fluxes
based upon the work of Renfrew et al. (2002) or not.
This suggests the importance of further work to im-
prove measurements and bulk formula to give im-
proved flux estimates over the Labrador Sea. We also
show that these estimates are sensitive to the resolution
of the ocean data used (degrading the resolution re-
duces the estimate by approximately 9%).

Breaking this down further, we find mean long-term
formation rates of between 0.9 � 0.2 and 1.7 � 0.3 Sv
for � � 27.675 � 27.725 kg m�3 and 1.2 � 0.2 and
2.0 � 0.3 Sv for � � 27.725 kg m�3. There is tremen-
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dous variability associated with these formation rates
with years of strong water formation (5.7–6.6 � 0.5–0.7
or 9.5–10.8 � 0.7–1.1 Sv) mixed with years of little or no
formation in the given density range. We also find a
shift from strong convection in the denser of our two
ranges during the early 1990s to convection in the less
dense range during the later part of the 1990s, consis-
tent with the observed shift from the formation of clas-
sical to upper LSW (Kieke et al. 2006). These values fit
into the range suggested for LSW formation from a
number of observational studies. Additionally, the
strong convection of the early 1990s seems to be
associated with a shift of the center of buoyancy loss
southward to the main site of deep-water formation
combined with the increase in overall buoyancy loss
due to the NAO being in the high phase.

As known from previous studies (Tziperman and
Speer 1994), basically all of the mean transformation is
driven by surface heat fluxes. The observed long-term
increase in net precipitation over the Labrador Sea
does not seem to have had any significant effect on
LSW, only reducing the LSW transformation rate by
0.1 Sv. The impact of sea ice melt in the interior of the
Labrador Sea seems also to be negligible. However, the
calculated transformation rates are sensitive to the sur-
face water properties. A reduction in surface salinity
leads to formation occurring at a reduced density, but
with little change in the amount of water transformed.
A decrease in surface temperature leads to a shift in the
transformation rate maxima and minima to higher den-
sities, as well as a general decrease in the transforma-
tion rate at highest densities. Our sensitivity analysis
also suggests that changes in the heat fluxes can signifi-
cantly impact the volume of water transformed but
have little direct impact on the density of the trans-
formed water mass. Although it is the heat fluxes that
increase the surface density through fall and winter and
our analysis is biased in that we use fixed surface water
properties that cannot be changed by the fluxes, we do
not think such a statement is unreasonable. The maxi-
mum density in the surface mixed layer is as much a
function of oceanic advection and stratification as the
air–sea fluxes, with increased surface heat loss leading
at some point in time to mixed layer deepening rather
than further increases in surface density. We also note
that our analysis completely misses the impact of the
entrainment of salty Irminger Water from below, which
has been shown to be important (Straneo 2006).

Thus, as is widely accepted, variability in the amount
of LSW formed is strongly linked to variability in the
surface heat fluxes, which are strongly linked to atmo-
spheric variability, such as the NAO (Curry and Mc-
Cartney 2001). However, how the long-term freshening

of the subpolar gyre is going to influence water mass
formation in the Labrador Sea is by reducing the den-
sity of the convective products. We thus wonder if the
recent shift from classical LSW formation to upper
LSW is a sign of this freshening. As discussed by Kieke
et al. (2006), in 1998–99, strong upper LSW formation
was almost compensated for by a lack of classical LSW
formation. Additionally, Kieke et al.’s (2006) time se-
ries of layer thicknesses for LSW suggests that the total
thickness of both LSW water masses remains relatively
constant and just the relative importance of each varies
with time. Kieke et al. (2006) noted reduced upper
LSW formation in 2000–01, but this may be just due to
weaker air–sea fluxes that year. If the Labrador Sea
continues to freshen, then we wonder if the lighter
convective products will continue to dominate in the
Labrador Sea, although the amount of these products
formed will continue to vary with the surface fluxes.
However, we note that Yashayaev (2007) reported an
increase in salinity over the top 2000 m over the past
decade in the Labrador Sea. Additionally, one could
speculate that, if the general freshening of the subpolar
gyre continued, a decrease in the densities of deeper
classes of subpolar mode water formed in the eastern
parts of the gyre would follow. However, such mode
waters are also sensitive to other processes, and Hátún
et al. (2005) have discussed circulation changes in the
eastern part of the gyre that have led to record high
salinities at the entrance to the Nordic seas. In fact,
these changes were probably the trigger for the in-
creased salinity seen by Yashayaev (2007) in the Labra-
dor Sea.

If the climate continues to warm, as most studies
presently predict (Watson et al. 2001), and more fresh-
water is provided to the North Atlantic from the Arctic,
Greenland, and/or an enhanced hydrological cycle, this
will lead to a decrease in the density of the convective
products being formed (although the question of how
this freshwater gets from the coastal region and bound-
ary currents into the convective gyres must also be con-
sidered). This change in density may potentially be
without a significant change in the amounts of those
products ventilated. Many studies regarding the impact
of freshwater link increased provision of freshwater to
the convective regions of the North Atlantic to a weak-
ening or collapse of the global overturning circulation
(e.g., Vellinga and Wood 2002; Stouffer et al. 2007).
But, if the primary impact of decreased surface salini-
ties (and thus density) is to reduce the density of the
water being formed, rather than the amount, the long-
term behavior may be more complicated. Unless the
salinity drops so drastically that no ventilation of the
intermediate layers occurs (such as during the GSA
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events), some sort of convective product will always be
produced in the northern North Atlantic and then ex-
ported southward in the lower limb of the overturning
circulation.

Additionally as a caveat to this study, we must re-
member that variability of the surface fluxes is not the
only mechanism that influences LSW formation. Lazier
et al. (2002) discuss that the Labrador Sea has a
memory of previous convection events. In addition,
winter stratification as well as the advection of warm
and saline anomalies of Irminger Water from the West
Greenland Current will impact LSW formation.
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