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ABSTRACT

Argo floats are used to investigate Labrador Sea overturning and its variability on seasonal time scales. This
is the first application of Argo floats to estimate overturning in a deep-water formation region in the North
Atlantic. Unlike hydrographic measurements, which are typically confined to the summer season, floats offer
the advantage of collecting data in all seasons. Seasonal composite potential density and absolute geostrophic
velocity sections across the mouth of the Labrador Sea assembled from float profiles and trajectories at 1000 m
are used to calculate the horizontal and overturning circulations. The overturning exhibits a pronounced
seasonal cycle; in depth space the overturning doubles throughout the course of the year, and in density space

it triples. The largest overturning [1.2 Sv (1 Sv = 10°m?

s~ 1) in depth space and 3.9 Sv in density space] occurs

in spring and corresponds to the outflow of recently formed Labrador Sea Water. The overturning decreases
through summer and reaches a minimum in winter (0.6 Sv in depth space and 1.2 Sv in density space). The
robustness of the Argo seasonal overturning is supported by a comparison to an overturning estimate based

on hydrographic data from the AR7W line.

1. Introduction

The Atlantic meridional overturning circulation
(AMOC), a key component of Earth’s climate, is char-
acterized by a northward flux of warm, saline waters in
the upper ocean and a cool, fresh return flow at depth. At
higher latitudes, air-sea fluxes extract heat from the
northward-flowing surface layer, resulting in the forma-
tion of Labrador Sea Water (LSW) and Nordic Sea
Overflow Water (NSOW; Marshall and Schott 1999);
these water masses spread equatorward at depth. Up-
welling returns these waters to the surface at lower lati-
tudes and in the Southern Ocean, completing the
overturning cell; the Southern Ocean also connects the
AMOC to overturning cells in the Indian and Pacific
Oceans (Wunsch 2002). NSOW primarily originates in
the Nordic Seas, entraining additional water as it over-
flows the Greenland-Iceland-Scotland Ridge (Mauritzen
1996). LSW, a middepth water mass, forms in the Lab-
rador Sea in winter, primarily through deep convection
(Clarke and Gascard 1983). Historically, NSOW has been
viewed as a major component of the AMOC, occupying
much of the Atlantic at a depth range of 20004000 m; the
contribution of LSW to the AMOC is less certain (Clarke
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and Gascard 1983; Dickson and Brown 1994; Quadfasel
and Kise 2007).

Even though the Labrador Sea is the most studied of
the convective basins of the subpolar North Atlantic,
many open questions remain regarding its overturning.
In particular, the connection between the Eulerian
sinking of water, which is typical of streamfunction-
based overturning estimates, such as the AMOC, and
water mass transformation, such as the formation of
LSW, is unclear and nontrivial (Straneo 2006; Lozier
2012). While studies have observed strong variability
in the rate of LSW formation (Rhein et al. 2011;
Yashayaev and Loder 2016), they have not found evi-
dence of a corresponding variability in the overturning
(Meinen et al. 2000; Straneo 2006; Pickart and Spall
2007; Lozier 2012). In this paper, overturning in density
space will be referred to as such, or as water mass for-
mation. The limitations of available observations have
made it difficult to estimate mean LSW formation or
Labrador Sea overturning, let alone assess their seasonal
variability. The Labrador Sea overturning is intrinsically
hard to measure because it is a relatively small signal
superimposed on a large horizontal circulation. Simi-
larly, it is challenging to measure LSW formation be-
cause basinwide sampling in the Labrador Sea is difficult
during winter. These factors have made it difficult to
constrain the interannual variability of the overturning

© 2017 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright

Policy (www.ametsoc.org/PUBSReuseLicenses).


mailto:jholte@whoi.edu
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses

2532

or to deduce relationships between Labrador Sea over-
turning, LSW formation, and the AMOC (Meinen et al.
2000; Lazier et al. 2002; Schott et al. 2006; Pickart and
Spall 2007; Lozier 2012).

As a result, and despite multiple efforts, overturning
and LSW formation in the Labrador Sea are poorly
constrained. Modeling and observational studies have
suggested a range of overturning values, from 1 (Boning
et al. 1996; Pickart and Spall 2007) to 7 Sv (1 Sv = 10°m>s ™ ;
Delworth et al. 1993; Talley et al. 2003). Observational
estimates of LSW formation also vary widely, rang-
ing from 2 to 10Sv. Talley et al. (2003), using Reid’s
(1994) large-scale velocity dataset, calculated a LSW
formation rate of 7Sv. Marsh (2000) used buoyancy
fluxes to deduce similarly high formation rates. Rhein
et al. (2002) used chlorofluorocarbon inventories to ar-
gue that the transformation was nearly 10 Sv during the
period of intense convection in the Labrador Sea in the
early 1990s; formation rates from the mid-2000s were
closer to 1Sv (Rhein et al. 2011). Conversely, Pickart
and Spall (2007) used absolute geostrophic velocity
sections to estimate a formation rate of 2 Sv during the
early 1990s. Yashayaev and Loder (2016) used an Argo-
based volume analysis to estimate potential LSW export
rates of 8.9 Sv during strong convection years and 3.2 Sv
in weak convection years. Data-assimilating models and
reanalysis products have yet to produce a consensus on
LSW formation rates, typically ranging from 5 to 10 Sv,
or on the strength or variability of the AMOC
(Delworth et al. 1993; Mauritzen and Hikkinen 1999;
Boning et al. 2003; Brandt et al. 2007; Cunningham and
Marsh 2010). Besides relying on many different methods
(see Pickart and Spall 2007) and assumptions regarding
the export of newly formed LSW, these estimates of
LSW formation and Labrador Sea overturning were
calculated for different periods and were potentially
biased by seasonal and interannual variability, of which
we know little.

Recent observations have revealed that the AMOC
has a strong seasonal signal in the subtropical Atlantic.
The Rapid Climate Change-Meridional Overturning
Circulation and Heatflux Array (RAPID-MOCHA)
line was established across the Atlantic along 26.5°N in
2004 to provide the first continuous measurements of the
AMOC (Cunningham et al. 2007). These observations
revealed a surprisingly strong seasonal signal of
6 Sv (Chidichimo et al. 2010; Rayner et al. 2011).
Geostrophic transport has been shown to make signifi-
cant contributions to the seasonal AMOC variability at a
range of latitudes: 26.5°N (Kanzow et al. 2010), 41°N
(Willis 2010), and 35°S (Baringer and Garzoli 2007). Xu
et al. (2014), analyzing observations and model output
at 26.5° and 41°N, found larger AMOC variability on
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seasonal time scales than on interannual and longer
time scales.

The strong seasonality in buoyancy and wind forcing
at high latitudes suggests that there could be a seasonal
signal in the Labrador Sea overturning as well; yet, no
observational studies have confirmed it. Two modeling
studies have suggested that the maximum overturning
occurs sometime between late winter and early summer.
The maximum outflowing transport of LSW in Brandt
et al.’s (2007) model simulation occurred in February/
March. Straneo (2006), using a data-constrained theo-
retical model, found that the largest overturning in
density space occurred later, in June/July. Reasoning
that spring/summer sections could capture the largest
Labrador Sea overturning after wintertime deep con-
vection, Pickart and Spall (2007) primarily used cruises
from May, June, and July in their analysis. Our limited
knowledge of the seasonal signal of Labrador Sea
overturning has complicated efforts to connect in-
terannual variability of LSW formation to the AMOC
(Meinen et al. 2000; Schott et al. 2006; Straneo 2006;
Pickart and Spall 2007; Deshayes et al. 2009; Rhein et al.
2011; Lozier 2012).

Here, we use Argo floats to quantify Labrador Sea
overturning and its variability on seasonal time scales.
Floats offer some advantages over previous observa-
tions in the Labrador Sea because, although their
sampling is spatially irregular, they have collected ob-
servations in all seasons, allowing for an examination of
the seasonal signal of the overturning. We assemble
seasonal composite geostrophic velocity sections across
the mouth of the Labrador Sea from float potential
density profiles and trajectories at 1000 m. These sec-
tions are used to calculate the seasonal overturning
circulation in depth and density space as well as the
horizontal circulation; they also provide insight into the
mechanisms driving the seasonal overturning. By cal-
culating the overturning in both depth and density
space, we are able to determine the overturning contri-
butions caused by sinking and transformation; 11 late
spring/early summer hydrographic sections across the
AR7W line support the seasonal overturning signal
identified by Argo.

We find a substantial seasonal cycle in the over-
turning; in depth space it doubles throughout the course
of the year and in density space it triples. Our mean
overturning is consistent with Pickart and Spall (2007),
which utilized primarily late spring/early summer hy-
drographic sections collected over 1990-97 and a float-
based reference velocity to estimate the mean Labrador
Sea overturning. We employ the same method as Pickart
and Spall (2007) but, by using float profiles with year-
round coverage collected over 2002-16 and an updated
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float-based reference velocity, resolve the seasonal cycle
of the overturning.

The paper is organized as follows: Section 2 describes
the data and method for estimating the overturning. The
mean Labrador Sea overturning is estimated in section 3.
The seasonal overturning signal is calculated in section 4
and compared to the AR7W section data. Section 5
summarizes and discusses the results.

2. Data and methods
a. Data

This study primarily employs Argo float profiles col-
lected in the Labrador Sea over the period March 2002-
April 2016. The profile locations are shown in Fig. 1a.
This study also utilizes trajectory data from Argo floats
and from Profiling Autonomous Lagrangian Circulation
Explorer (PALACE) floats. PALACE floats sampled
the Labrador Sea from March 1995-April 2002 as
part of the World Ocean Circulation Experiment and
the Labrador Sea Deep Convection Experiment. The
trajectory-derived float velocities are shown in Fig. 1b.
Argo and PALACE data are available online (at http://
www.usgodae.org/argo/argo.html and http://xtide.ldeo.
columbia.edu/labseacd/labseahome.html, respectively).
We also use hydrographic data from 21 occupations of the
ART7W line; this line extends from the Labrador shelf to
the West Greenland shelf (Fig. 1); 11 crossings were oc-
cupied from 2001 to 2013. The remaining 10 crossings,
occupied from 1990 to 1997, were also employed by
Pickart and Spall (2007). These data are available online
(at https://cchdo.ucsd.edu/). The AR7W data are used to
adjust the trajectory-derived float velocities to a uniform
depth and also provide a comparison to the float-based
overturning estimate.

We utilize profile data from the Argo floats and tra-
jectory data from both the Argo and PALACE floats;
PALACE profiles are too noisy to be used in the over-
turning calculation. Argo floats typically drift at a set
parking depth for approximately 10 days, briefly de-
scend to their maximum profile pressure, and then as-
cend to the surface, collecting salinity and temperature
profiles as they rise. After transmitting their data, they
descend to their parking depth and repeat the cycle. The
parking depth varies from float to float and is distributed
as follows: 1500 (30% of trajectories), 1000 (16%), 700
(35%), and <400 m (19%). All of the floats with parking
depths at 700 m or shallower are PALACE floats. Argo
floats typically profile the upper 2000 m. The vertical
sample spacing varies by float, though a growing number
of Argo floats sample at a higher vertical resolution of 5
to 10m throughout the profile.

HOLTE AND STRANEO

2533

Using each Argo profile’s reported temperature and
practical salinity, Conservative Temperature ®, Abso-
lute Salinity S, and surface-referenced potential density
anomaly oy are calculated on the International Ther-
modynamic Equation Of Seawater—2010 (TEOS-10) S4
scale (IOC et al. 2010), with S5 taken from version 3.0 of
the McDougall et al. (2012) database. The Argo profiles
are quality controlled to remove profiles with obviously
errant temperature, salinity, and potential density spikes.

The Argo and PALACE float trajectories are used
to calculate velocities at the floats’ parking pressures
(Fig. 1b). Following Palter et al. (2016), we employ
two quality-controlled Argo velocity datasets: ANDRO
(Ollitrault and Rannou 2013) and YoMaHa (Lebedev
et al. 2007). ANDRO, which carefully corrects mis-
identified parking depths, covers the Argo period through
June 2015; YoMaHa provides velocities through March
2016. As for the Argo datasets, the PALACE velocities
are calculated by dividing the displacement between the
last surface position fix before diving and the first posi-
tion fix after resurfacing by the time elapsed between
the two points. The velocity is assigned to the mid-
point between the two points. Calculating the velocity
in this manner introduces some errors; floats drift for
an unknown period at the surface before descent
and after ascent and the current shear during ascent and
descent is also not known. These errors are generally
thought to be an order of magnitude smaller than the
estimated velocities (Lebedev et al. 2007; Ollitrault
and Rannou 2013). Both ANDRO and YoMaHa at-
tempt to correct for the current shear during ascent and
descent.

b. Composite sections

Working in an across-mouth coordinate frame, 1157
Argo profiles within 75km of the AR7W line (Fig. 2a)
are fit into composite temperature and salinity sections
using a Laplacian spline interpolation scheme. This
boundary encompasses most of the deep mixed layers in
the Labrador Sea (Fig. 1a), suggesting that the composite
section should capture most of the overturning and LSW
formation. By design, the location of the composite
section matches the AR7W line. The composite section
grid is spaced 10km in the horizontal between the
2000-m isobaths and 25m in the vertical;, x increases
northward, and z is positive upward. The interpolation
scheme is also used to process station data from the
AR7W hydrographic cruises onto the same grid.

The composite sections are used to construct an av-
erage thermal wind field; this field is referenced to the
Argo and PALACE float velocities at 1000m (Fig. 3)
to produce a section of absolute geostrophic velocity
(Fig. 2d). The 1000-m reference velocity is derived
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FIG. 1. Maps of (a) Argo float mixed layer depths and (b) Argo and PALACE float trajectories in the Labrador
Sea. The thick black line denotes the AR7W repeat hydrography line, along which the float composite sections are
constructed; the thin black lines denote distances of 75 km from the AR7W line. The bathymetry is contoured at 700

(red), 1000, and 2000 m (black).

from a fit to 2120 float-derived velocity estimates within
75km of the AR7W line. The float velocities are ad-
justed to a uniform 1000-m depth using a thermal wind
field calculated from the 21 AR7W crossings. Thermal
wind gives us an independent shear estimate, allowing
the velocities to be adjusted to a common level.

¢. Overturning calculation

To estimate the overturning circulation in the Lab-
rador Sea, we calculate the zonally averaged over-
turning streamfunction by averaging the velocity section
zonally. This averaging is first performed in depth space
to diagnose the sinking and then in density space to re-
solve the LSW formation. In considering LSW forma-
tion, there is an important distinction to be made
between water mass transformation, for example, the
formation of LSW, and Eulerian sinking of water, which
is more directly tied to typical streamfunction-based
overturning estimates like the AMOC. In the Labrador
Sea, deep convection drives LSW formation (Lazier
1980). This dense water formation (a diapycnal mass
flux) occurs primarily in the interior, whereas sinking
(a vertical mass flux) occurs primarily along the bound-
ary; the sinking of LSW and other water masses is mea-
sured in traditional AMOC estimates. No net sinking
accompanies deep convection, as the sinking of dense
fluid within the plume cores is balanced by upwelling
around them (Send and Marshall 1995; Spall and Pickart
2003; Spall 2004). Studies have suggested that the local
formation of LSW and AMOC strength are not as closely
tied as previously thought (Meinen et al. 2000; Lazier
et al. 2002; Schott et al. 2006).

Different iterations of the overturning calculation are
performed to estimate the mean and seasonal over-
turning, each using different subsets of the profile and
trajectory data. This is the same method employed by
Pickart and Spall (2007), who used mean temperature
and salinity fields derived from 10 hydrographic sections
across the AR7W line to estimate Labrador Sea over-
turning. Two recent studies used Argo to investigate the
AMOC outside of the Labrador Sea, at 24° and 36°N
(Hernandez-Guerra et al. 2010) and at 41°N (Willis
2010), supporting the general idea that Argo floats can
be used to calculate overturning.

To obtain the overturning, the velocity is decomposed
following Fanning and Weaver (1997) and Pickart and
Spall (2007):

v(x,2) =v(z) +V(x,2), 1)

where v is the velocity, v/ is the deviation velocity,
and ~* represents an average across the section; @X is
the overturning. The deviation velocity is then averaged
vertically to obtain the horizontal circulation v/(x)
and a residual 9(x, z):

V(x,2) =V (x) +0(x,2). @)

Sinking and LSW formation are distinguished by
computing the overturning first in depth space and
subsequently in density space. The overturning in
density space is calculated by integrating within dis-
crete density bins in the depth framework. The over-
turning in density space is mapped back into depth
space using the average depth—density relationship of
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FIG. 2. (a) Locations of 1157 Argo profiles (blue circles) within
75km of the AR7W line and mean composite sections of
(b) Conservative Temperature, (c) Absolute Salinity, and (d) absolute
geostrophic velocity. In (a), the 1000- and 2000-m isobaths are also
plotted (black lines) as well as the x coordinate for the composite
sections (red stars). In (b), (c), and (d), potential density is con-
toured at 0.02kgm ™~ intervals (black lines); the 27.8kgm ™ iso-
pycnal is thick. In (d), the white lines denote 0.1 ms™ ! velocity
contours.

profiles within 50 km of the northern end of the com-
posite section.

The overturning is calculated above the 27.8kgm >
isopycnal and between the 2000-m isobaths. This iso-
pycnal is shallower than 2000 m in the boundary current
but reaches a depth of approximately 2200 m in the in-
terior, 200 m deeper than Argo observations. However,
the contribution of this unobserved region to the over-
turning is likely small, as it is relatively quiescent and
uniform compared to the boundary currents. Using ob-
servations from a period of enhanced deep convection,
Pickart and Spall (2007) found that 95% of the over-
turning occurred in the boundary currents (within ap-
proximately 100km of the boundaries) and that very
little overturning occurred below 1700 m. Another lim-
itation of Argo floats is their inability to observe the
overturning over the continental slope. However, the
Labrador Sea bathymetry is quite steep (on the northern
boundary the bathymetry shoals from 2000 to 700 m
over a distance of approximately 6.5km), so this
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FI1G. 3. Downstream velocity at 1000 m (gray circles) from 2120
Argo and PALACE float trajectories collected within 75 km of the
AR7W line. The velocities have been rotated into a downstream
reference frame normal to the AR7W line. A thermal wind field
derived from the 21 AR7W sections was used to adjust the velocities
to a uniform depth of 1000 m. The black vertical lines denote the
location of the 2000-m isobaths along the AR7W line. The ref-
erence velocity fit to the float velocities (black line) is also
plotted.

unsampled region is quite small; using the AR7W section
data, we estimate that approximately 0.1 to 0.2Sv of
overturning occurs between the 700- and 2000-m isobaths.
Stepanov et al. (2016) attributed phase discrepancies
between modeled and observed AMOC seasonal cycles
at 41°N to a lack of Argo observations over the conti-
nental slope, which is much broader at this latitude.

3. Mean Argo overturning

Argo floats provide thorough coverage between the
2000-m isobaths near the AR7W line (Fig. 2a). In cal-
culating the composite section’s mean geostrophic
velocity, we use a reference velocity that draws from
all available float trajectories (PALACE and Argo
floats; Fig. 3). Including PALACE trajectories more
than doubles the number of available trajectories for
calculating the reference velocity. Palter et al. (2016)
found a 1cmdecade ' slowdown in the circulation of
the Labrador Sea at 1000m over the PALACE and
Argo periods, so including the PALACE trajectories
makes the reference velocity slightly faster than if we
had used Argo trajectories alone.

The hydrographic and velocity structures in the mean
composite sections largely echo previous observations
of the Labrador Sea (Lavender et al. 2000; Cuny et al.
2002; Lazier et al. 2002; Pickart and Spall 2007; Hall
et al. 2013; Yashayaev and Loder 2016). The composite
temperature and salinity sections reveal that the inte-
rior of the Labrador Sea is fairly homogeneous, par-
ticularly between 250 and 550km (Figs. 2b.c); this
region, which is relatively cold and fresh compared to
the boundary currents, corresponds to the region of
deepest winter mixed layers associated with LSW
formation (Fig. la). On the eastern boundary, the



2536

inflowing West Greenland Current system (WGCS)
advects warm, saline waters into the Labrador Sea.
These waters circulate around the Labrador Sea in the
boundary current and are modified by lateral exchange
(Cuny et al. 2002) and air-sea fluxes (Pickart et al.
2002). The outflowing Labrador Current on the western
boundary is much fresher and cooler. The surface layer
in the central Labrador Sea is warm because of solar
heating and fresh because of exchange with low-salinity
water on the eastern shelf.

The strong boundary currents are the primary feature
of the mean geostrophic velocity section (Fig. 2d). The
interior is much more quiescent, with weak flow
reversals offshore of the strong boundary currents. The
velocity is generally barotropic throughout the section,
the velocity shear is relatively large in the boundary
currents, and the eastern boundary current is stronger
than the western boundary current; these features were
also noted in lowered ADCP sections in Hall et al.
(2013). Pickart and Spall (2007) found a flow reversal at
depth in the eastern boundary current. Our mean sec-
tion does not contain this feature, likely because the
magnitudes of our boundary current reference velocities
are larger than in Pickart and Spall (2007).

We find maximum transports of 14 Sv in the western
boundary current and 17Sv in the eastern boundary
current (Fig. 4); the remaining 3 Sv of southward trans-
port are spread across the section. The transport across
the composite section balances to within —0.1 Sv (more
southward flow). The transport is expected to nearly
balance, for although the Davis Strait outflow enters the
northern end of the Labrador Sea, this flow remains
inshore of the 700-m isobath and so, as noted by Pickart
and Spall (2007), does not contribute to the overturning
or to the horizontal circulation. The horizontal circula-
tion is not symmetric but rather features a broad region
of slow, generally southward flow from 375 to 780 km.
The transport in the eastern boundary current is larger
than in the western boundary current, similar to Hall
et al. (2013). Our transport is smaller than the transports
in Pickart and Spall (2007) and Hall et al. (2013) because
of the smaller region over which the transports are in-
tegrated in our study.

In depth space, we find a mean Labrador Sea over-
turning of 0.9 = 0.5 Sv (Fig. 5a); the justification for the
error estimate of 0.5 Sv is discussed below. The maxi-
mum overturning occurs at a depth of 675m. In den-
sity space, the maximum overturning of 2.5 = 0.75Sv
(Fig. 5b) occurs at a density of 27.68kgm™; this is at
the lighter end of what is generally considered upper
LSW (Rhein et al. 2011) and is likely reflective of the
warming, freshening, and weak deep convection of the
Labrador Sea over much of the study period. The depth
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FIG. 4. Mean horizontal transport across the composite section
above the 27.8 kg m > isopycnal and between the 2000-m isobaths.
The transport is imbalanced by 0.1 Sv (more southward flow).

of this isopycnal varies from approximately 750 m at the
eastern edge of the composite section to 200m in the
interior. The density overturning arises from warm,
saline waters that flow into the Labrador Sea in the
WGCS (Fig. 6); these waters are modified by eddies
and air-sea fluxes as they circulate around the Labra-
dor Sea, so that the waters in the outflowing Labrador
Current are much fresher and cooler. There appears to
be much less along-current modification below the
27.78kgm > isopycnal, as the property differences be-
tween the WGCS and Labrador Current are minimal
below this isopycnal. The net northward-flowing portion
of the density overturning occurs above the 27.68kgm >
isopycnal, whereas the southward return flow occurs
primarily between the 27.68 and 27.74kgm > isopycnals
(Fig. 5b). These two isopycnals are generally deemed to
represent the potential density range of upper LSW
(Rhein et al. 2011). This mean overturning is similar to
Pickart and Spall (2007), who found a mean overturning
of 1 Sv centered at a depth of 800 m in depth space and an
overturning of 2 Sv at a density of 27.71 kgm ™~ in density
space; the higher density of their maximum overturning
is due to the higher density of the Labrador Sea during
the 1990s.

To gauge the error in our mean overturning we cal-
culate 10000 bootstrap overturning estimates from
random subsamples of the profiles and trajectories
within 75 km of the AR7W line (Fig. 7). Each bootstrap
estimate is created by sampling the available Argo
profiles and Argo and PALACE trajectories with re-
placement; each estimate uses 1157 random profiles and
2120 random trajectories. No requirements are imposed
regarding the locations of the profiles, so some of the
estimates have poor sampling coverage near the bound-
aries and correspondingly large and unrealistic horizon-
tal transport imbalances. A group of 6994 estimates
have horizontal transport imbalances smaller than =2 Sv.
In depth space, the mean overturning for this group
is 0.93 Sv, and the standard deviation is 0.45Sv; in
density space, the mean and standard deviation are
2.56 £ 0.5Sv.
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FIG. 5. Mean overturning (black) in (a) depth and (b) density space. The error bars are derived from the bootstrap
simulations detailed in Fig. 7; the mean overturning from the bootstrap simulations is also plotted (gray).

To assess whether the overturning estimate is more
sensitive to the reference velocity or to the density
structure we run two additional sets of calculations. One
uses all of the profiles and subsets of trajectories; the
other uses all of the trajectories and subsets of profiles.
The standard deviation is more than twice as large when
using subsets of trajectories (1.05Sv) than subsets of
profiles (0.5 Sv). This suggests that accurately measuring
the reference velocity is particularly important when
calculating the overturning in this manner, validating
our inclusion of the PALACE trajectories.

4. Seasonal overturning

The strong seasonality in buoyancy and wind forcing
in the Labrador Sea is reflected in a time series of the
potential density of the Labrador Sea interior (Fig. 8).
Warm and fresh summer mixed layers deepen through
fall and winter, typically reaching maximum depths and
densities in March. The float observations highlight the
sporadic nature of deep convection; in many winters,
such as 2009-13, floats observed relatively shallow
mixed layers, whereas the recent 2014 and 2015 winters
featured the return of strong deep convection, as noted
by Yashayaev and Loder (2016). Other data also suggest
that the water column has warmed and that deep
convection has decreased in the Labrador Sea since the
mid-1990s (Yashayaev 2007; Lazier et al. 2002), co-
inciding with a slowdown of the subpolar gyre (Hakkinen
and Rhines 2009).

To assess the seasonal signal of the overturning in the
Labrador Sea, we break the year into three seasons
(Fig. 9). Winter (December—-March) corresponds to
mixed layer deepening. Spring (April-June) corresponds
to restratification. During summer (July-November)
the mixed layer depth remains relatively shallow and

constant. For each season we calculate 10 000 bootstrap
overturning estimates from random subsamples of
the profiles and trajectories within 75 km of the AR7TW
line from the given season. Each estimate is created
by sampling the available Argo profiles and Argo and
PALACE trajectories from each season with re-
placement; as with the mean overturning estimate, no
requirements are imposed regarding the locations of the
profiles, so some of the estimates have poor sampling
coverage near the boundaries and correspondingly large
and unrealistic horizontal transport imbalances. To
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FIG. 6. Volume transport into (yellow squares) and out of (blue
squares) the Labrador Sea binned by temperature and salinity
characteristics for the mean composite section. Only bins with
absolute transports larger than 0.05Sv are plotted. The mean
temperature-salinity profiles for the West Greenland Current
system (red line), Labrador Current (blue line), and the central
Labrador Sea (black line) are also plotted. The potential density
(thin black lines) is contoured at 0.02kgm ™ intervals; the 27.68
and 27.74kgm > isopycnals are thick.
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FIG. 7. The 10000 bootstrap overturning estimates (gray lines) in (a) depth and (b) density space calculated by
taking random subsamples with replacement of the Argo profiles and Argo and PALACE trajectories within 75 km
of the AR7W line. The mean and standard deviation of the overturning for the 6994 estimates with horizontal
transport imbalances of less than 2 Sv (dashed red and red lines) are plotted; the standard deviation at the depth of
the maximum mean overturning is used as the error bar in Fig. 5. Also plotted are the mean and standard deviation
of the overturning for the 10 000 bootstrap estimates (thick and thin black lines, respectively).
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calculate the horizontal circulation and the overturning
for each season, we average the estimates with hori-
zontal transport imbalances smaller than *2Sv: 3697
estimates for winter, 3742 estimates for spring, and 4969
estimates for summer.

The largest maximum horizontal transports in the
boundary currents occur in winter and spring, whereas
the smallest horizontal transport is in summer (Fig. 10a).
The Labrador Current transport peaks in spring and
winter (15.3 and 15.0 Sv, respectively) and is slightly
smaller in summer (14.1Sv). The WGCS transport is
maximum in spring (18.4Sv) and winter (17.8Sv) and
smaller in summer (16.6 Sv). At 1000 m, the WGCS has
the highest velocities in winter (20.3cms ™ ') and spring
(20.4cms ') and the slowest in summer (18.7cms ™).
The Labrador Current exhibits less seasonality; at
1000m, it is fastest in winter and summer (19.2 and

z

Number of
profiles per month
N A O ®

20.0cms ') and slightly slower in spring (18.3cms ™).
This seasonal pattern of the horizontal circulation
shares a number of features with other studies of the
Labrador Sea boundary currents (e.g., Han and Tang
1999; Daniault et al. 2011; Rykova et al. 2015).

In depth space, the largest overturning, 1.2 = 0.6 Svata
depth of 900m, occurs in spring (Fig. 10b). The over-
turning shrinks and shoals through summer (1.1 *= 0.4 Sv
at a depth of 650m), reaching a minimum in winter
(0.6 = 0.7 Sv at a depth of 1050 m). In density space, the
largest overturning again occurs in spring (3.9 = 0.7 Sv
at a density of 27.695 kgm >; Fig. 10c). The overturning
in summer (2.3 = 0.5Sv at 27.66kgm >) and the
overturning in winter (1.2 + 1Sv at 27.68kgm ") are
smaller and are centered at lighter densities.

There are very few studies of the seasonal signal of
overturning in the Labrador Sea. Our results are in
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FIG. 8. Time series of (a) number of profiles and (b) potential density in the central Labrador
Sea (profiles collected over bathymetry deeper than 2200 m) from PALACE and Argo float
profiles. The mixed layer depth (white line) is plotted in (b) as well as the 27.6 and 27.7 kgm >
isopycnals (black lines).
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fairly shallow).

agreement with predictions from a number of models,
which generally show a maximum overturning/LSW
export 1-3 months after the point of maximum buoy-
ancy flux/LSW formation (Straneo 2006; Brandt et al.
2007). In these simulations, the LSW export also slowly
decreases over subsequent months. Other datasets also
support this seasonal cycle. Yashayaev and Loder
(2016) concluded that similarities between the prop-
erties at 1000m in the central Labrador Sea and the
near-bottom temperature record from the 1000-m iso-
bath on the Labrador slope suggested a regular export
of LSW by the Labrador Current during winter and
spring shortly after its formation. As Spall and Pickart
(2003) note, one important circulation feature revealed
by Lavender et al. (2000) is an eastward flow just south
of Greenland that could potentially advect recently
formed LSW into the Irminger Sea. Our circulation and
overturning generally suggest a similar southeastward
flow immediately west of the WGCS. The strongest
southeastward flow occurs in spring, and the flow is
weakest in fall; this is the same seasonality identified by
Spall and Pickart (2003).

What changes in the density and velocity structure
lead to this seasonal pattern in the overturning? The
large spring overturning is tied to the density structures
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of the WGCS and the Labrador Current. In spring the
outflowing Labrador Current is much denser than the
inflowing WGCS (Fig. 11); the Labrador Current’s
density structure closely resembles the Labrador Sea
interior’s density structure. This suggests that the large
spring overturning is due to the export of recently
formed LSW in the Labrador Current. The export de-
creases through summer and reaches a minimum in
winter, when the density structures of the WGCS and
the Labrador Current are most similar. LSW is sub-
sequently again replenished in the interior throughout
the winter, as well as potentially formed directly in the
boundary current, to be exported in spring. This sea-
sonal variability primarily occurs above 1000-m depth
and above the 27.74kgm ° isopycnal (Fig. 11). In
modeling results similar to our findings, Pickart and
Spall (2007) noted that the largest heat fluxes associated
with the horizontal circulation occurred near the end of
the cooling period and persisted for approximately
2 months after the cooling ended, corresponding to the
export of LSW.

Opverturning estimates calculated with hydrographic
data from 11 late spring/early summer AR7W crossings
generally bolster the Argo seasonal overturning esti-
mate (Fig. 12). These AR7W sections were occupied
during the 2000s and so are coincident with the Argo
observations. The AR7W crossings were collected
during May, June, or July, so the overturning esti-
mate is representative of late spring/early summer. For
comparison, we calculate an overturning estimate with
Argo observations from May, June, and July; the esti-
mates both use the same reference velocity derived
from May, June, and July float trajectories. The maxi-
mum Argo overturning, 1.07Sv in depth space and
3.1Sv in density space, is in agreement with the sea-
sonal cycle (Fig. 10). In depth space, the maximums of
the Argo and AR7W overturning estimates are within
0.15Sv. In density space, the overturning maximums
are within 0.4 Sv. Considering that one of the over-
turning estimates derives from discrete synoptic sec-
tions and that the other derives from a long record of
float observations, these two overturning estimates are
quite similar, suggesting that both floats and hydro-
graphic section data can be used to calculate the
overturning in this manner.

We also calculate an overturning estimate with the
1990s AR7W hydrographic data used by Pickart and
Spall (2007). Our method reproduces their results when
using all 10 sections (eight late spring/early summer and
two fall sections). However, when using only the late
spring/early summer data, we find an overturning that is
more than 1 Sv smaller than the Argo and 2000s AR7W
overturning estimates. As expected, the maximum
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simulations.

overturning occurs at a higher density (27.2kgm )
than the datasets from the 2000s, reflecting the density
changes in the Labrador Sea between the 1990s and
2000s. With only six complete CTD sections, one bottle-
based section, and one partial section, it could be that
this dataset does not resolve a representative late spring/
early summer section; Pickart and Spall (2007) noted
that eight or more sections were needed to produce ro-
bust results.

5. Discussion and summary

In this study we use Argo floats to examine Labrador
Sea overturning and its variability on seasonal time
scales, providing perhaps the first observational esti-
mate of the seasonal cycle of Labrador Sea over-
turning. Whereas cruise data are typically limited to
temperate months, Argo floats have sampled the
Labrador Sea in all seasons since the early 2000s.

Their potential to resolve the seasonal cycle of
Labrador Sea overturning, and possibly shed light on
the connections between Labrador Sea overturning,
Labrador Sea Water (LSW) formation, and the Atlantic
meridional overturning circulation (AMOC), motivated
this work.

To estimate the overturning, we assemble seasonal
composite geostrophic velocity sections across the
mouth of the Labrador Sea from float potential density
profiles and float trajectories at 1000 m. These sections
are used to calculate the seasonal overturning circula-
tion in depth and density space, allowing us to distin-
guish between sinking and transformation.

The Labrador Sea overturning exhibits a substantial
seasonal signal. The overturning is largest in spring
(3.9Sv in density space), shrinks through summer, and
reaches a minimum in winter (1.2 Sv in density space). In
depth space, the overturning varies from a maximum of
1.2Sv at a depth of 900m in spring to a minimum of
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FIG. 11. Average seasonal potential density profiles for inflowing water in the West Greenland Current system (red), outflowing water in
the Labrador Current (blue), and in the Labrador Sea interior (black) for (a) winter, (b) spring, and (c) summer. The composite sections
are averaged within 50 km of the 2000-m isobaths to produce the WGCS profiles and the Labrador Current profiles; the central region
profiles are calculated by averaging 200 km to the east of the Labrador Current.

0.6 Sv in winter. The large spring overturning is associ-
ated with the export of LSW in the Labrador Current.
This is in contrast to the seasonal cycle of the AMOC at
lower latitudes, which is dominated by wind-driven
density fluctuations at the eastern boundary of the
North Atlantic Subtropical Gyre (Kanzow et al. 2010;
Chidichimo et al. 2010). Recent studies have similarly
illustrated the lack of coherence between the AMOC in
the subpolar and subtropical gyres (Bingham et al. 2007;
Biastoch et al. 2008; Lozier 2010, 2012); 11 late spring/
early summer hydrographic sections across the AR7TW
line support the seasonal overturning signal identified
by Argo.

The mean overturning in the Labrador Sea is 0.9 =
0.5 Sv. In density space, the mean overturning is 2.5 *
0.75 Sv. This result suggests that, over the course of a

year, there is relatively limited overturning in the
Labrador Sea. Pickart and Spall (2007), whose method
we have utilized, reached a similar conclusion with a
very different (and seasonally limited) dataset from a
different decade.

What do our results imply for efforts to observe in-
terannual and decadal variability of the overturning?
The large seasonality in the overturning, particularly for
density, implies that it might be difficult to accurately
estimate the overturning’s mean strength, let alone
assess its interannual variability, using a handful of
synoptic sections. As the overturning is not particularly
large and interannual variations seem likely to be small,
sustained observations that resolve the seasonal signal
will likely be needed to monitor long-term changes in
the overturning.
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FI1G. 12. Overturning in (a) depth and (b) density space and (c) mean density profiles in the boundary currents for AR7W crossings from

the 2000s (black) and Argo (red). The Argo overturning is calculated for May, June, and July, as the 11 AR7W crossings were collected
during these 3 months. The error bars are in (c), dashed lines represent the West Greenland Current system, and solid lines represent the
Labrador Current; the mean profiles are calculated by averaging within 60 km of the boundary.
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