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Mechanisms of interannual- to decadal-scale winter Labrador

Sea ice variability

S. Close C. Herbaut M.-N. Houssais

Abstract The variability of the winter sea ice cover
of the Labrador Sea region and its links to atmospheric
and oceanic forcing are investigated using observational
data, a coupled ocean-sea ice model and a fully-coupled
model simulation drawn from the CMIP5 archive. A
consistent series of mechanisms associated with high sea
ice cover are found amongst the various data sets. The
highest values of sea ice area occur when the northern
Labrador Sea is ice covered. This region is found to be
primarily thermodynamically forced, contrasting with
the dominance of mechanical forcing along the eastern
coast of Ba n Island and Labrador, and the growth of
sea ice is associated with anomalously fresh local ocean
surface conditions. Positive fresh water anomalies are
found to propagate to the region from a source area
0 the southeast Greenland coast with a 1 month tran-
sit time. These anomalies are associated with sea ice
melt, driven by the enhanced o shore transport of sea
ice in the source region, and its subsequent westward
transport in the Irminger Current system. By combin-
ing sea ice transport through the Denmark Strait in the
preceding autumn with the Greenland Blocking Index
and the Atlantic Multidecadal Oscillation Index, strong
correlation with the Labrador Sea ice area of the fol-
lowing winter is obtained. This relationship represents
a dependence on the availability of sea ice to be melted
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in the source region, the necessary atmospheric forcing
to transport this o shore, and a further multidecadal-
scale link with the large-scale sea surface temperature
conditions.

Keywords Labrador Sea sea ice ice-ocean-

atmosphere interaction

1 Introduction

The Labrador Sea is a site of deep oceanic convec-
tion, supplying ca. 30% of the volume ux of the lower
limb of the Atlantic Meridional Overturning Circula-
tion (Talley et al, 2003) via the formation of Labrador
Sea Water associated with this process. Physical mech-
anisms in uencing the upper ocean strati cation of the
region are thus of particular interest, since they may
implicate changes in the global ocean circulation and
thus climate (e.g. Hodson and Sutton, 2012, Roberts
et al, [2013; Robson et al| 2014; Jackson et |al, 2016),
although this view is disputed by some authors (e.qg.
Pickart and Spall| 2007; Lozier,| 2012). A link between
increased Arctic freshwater ux and decreased convec-
tion in the Labrador Sea has previously been suggested
by numerical (Jungclaus et al,|2005) and analytical
(Kuhlbrodt et al,|2001) models and also by observation-
based studies|(Yang et al| 201/6). Sea ice can also mod-
ulate oceanic convection, either directly, by modifying
the air-sea uxes that are crucial to its onset (Marshall
et al, (1998;|Bitz et al,|2005%), or indirectly, by precon-
ditioning the upper water column (Visbeck et al, |1995;
Marshall and Schott,|1999; Fenty and Heimbach| 2013).
Certain authors have suggested that the \Great Salinity
Anomalies" of the 1980s and 1990s were formed in the
Labrador Sea (Belkin et al,/ 1998| Hakkinen, 2002), be-
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fore being propagated widely across the North Atlantic
(Belkin] 2004).

The sea ice cover of the Labrador Sea undergoes
strong variability at both interdecadal and interannual
time scales (e.g. Deser et al, 2002). A dipole connec-
tion with the variability of the Barents Sea, inferred
primarily from empirical orthogonal function (EOF)
analyses of the sea ice concentration of the full Arc-
tic region, has been suggested by some authors, such
that the Labrador and Barents Sea ice cover is sug-
gested to vary in antiphase (Walsh and Johnson, 1979;
Fang and Wallace,[1994; Slonosky et al, 1997; Deser
et al, |2000), driven by the North Atlantic Oscillation
(NAO). However, recent studies note that this relation-
ship is strongly dependent on the period of analysis
(Close et al,|2017), and that the Labrador Sea ice cover
varies independently of that of the other marginal seas
on both multidecadal (Close et al,/2015) and interan-
nual time scales (Chen et al! 2016; Close et [al, 2017).

The forcing of the Labrador Sea ice cover has previ-
ously been ascribed to various mechanisms, implicating
both the ocean and atmosphere over a range of spa-
tial scales. There has been much interest in the poten-
tial role of large-scale climatic modes in driving sea ice
variability: in particular, numerous authors have high-
lighted a link with the NAO (Rogers and van Loon,
1979; Walsh and Johnson, 1979; Fang and Wallate,
1994; Mysak et al,| 1996] Deser et al, 2000). However,
several studies have also stressed that the NAO is not
su cient in itself to fully describe the local climatic
variability (Moore et al,|2014| 2015), and|Peterson et al
(2015) nd that a combination of the NAO and Atlantic
Multidecadal Oscillation (AMO) indices best describes
the sea ice variability in the region.

Aside from the context of climatic modes, a gen-
eral connection between the Labrador Sea ice cover
and atmospheric variability has been inferred, linked
to (north)westerly winds that advect cold, dry conti-
nental air over the Labrador Sea and Ban Bay re-
gion. It is hypothesized that these winds drive variabil-
ity in the sea ice cover via a primarily thermodynamic
in uence, linked to the modulation of surface air tem-
perature (lkeda et al, |1988; Mysak et al,| 1996; Deser
et al, |2002;| Peterson et al| 201/5). Considering the role
of wind-driven advection, |Deser et al (2002) nd that
this is a much weaker contributor, explaining only ap-
proximately 8% of the variance, with Ikeda et al (1988)
suggesting that sea ice cover anomalies originate in the
north of the region, forced by low atmospheric temper-
atures and high wind speed, and are then carried south
by the wind and oceanic currents.

Attempts to clarify the connection between oceanic
and sea ice variability in the Labrador Sea have been

hampered by the relative paucity of data in the re-
gion. Mysak and Manak (1989); Mysak et al (1990)
and |Slonosky et al (1997) examined the link between
the great salinity anomaly of the 1970s and the sea ice
cover of the region; they noted that salinity and sea ice
tended to co-vary, but were not able to disentangle the
lag relationship with the available data. [Marsden et al
(2991) built on this work, employing observational data
alongside a simple statistical feedback model to argue
that coherent structures emerged when salinity anoma-
lies led those in sea ice, and that stable ocean strati -
cation could enhance sea ice formation. A recent study
by Fenty and Heimbach (2013) employing a regional
ocean-ice state estimate found further support for this
idea, noting that preconditioning by sea ice meltwa-
ter promoted more e cient advancement of the sea ice
edge, and was in uential in determining the overall sea
ice area.

In this work, the processes driving the winter sea
ice variability in the Labrador Sea will be examined us-
ing a combination of observational and model data; the
role of both the ocean and atmosphere will be consid-
ered. Section 2 details the data used and methodology.
In section 3, the principal pattern of sea ice variability
is presented, and the ice budget decomposed to inves-
tigate the spatial variability. Links to atmospheric and
oceanic variability are considered in section 4, and the
results placed into a longer term context in section 5.
We conclude with a discussion of the proposed mecha-
nism of variability and its implications, and a summary
of our principal conclusions in sections 6 and 7. Our pri-
mary result is that inter- to multiannual Labrador Sea
ice variability is controlled by a sequence of events that
are initiated by strong local westerly winds that melt
sea ice along the south east Greenland coast, leading
to an increased transport of freshwater to the Labrador
Sea and modulating the local strati cation and sea ice
formation. This may have implications both for oceanic
convection and local ocean-ice-atmosphere feedbacks.

2 Data and Methods

Considering rst the observational data, the sea ice
data used in this analysis are the monthly National
Snow and Ice Data Center (NSIDC) bootstrap sea ice
concentration (SIC) (Comisa, 2000, updated 2014), re-
trieved from the Nimbus-7 Scanning Multichannel Mi-
crowave Radiometer and Defense Meteorological Satel-
lite Program (-F8, -F11 and -F13) and Special Sen-
sor Microwave Imager (-F17) passive microwave mea-
surements (hereafter referred to as SSMI). The data
have a spatial resolution of 25km and cover the pe-
riod 1979-2013. Sea ice motion is analysed using the
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monthly NSIDC Polar Path nder ice motion product
(the monthly means being created from the daily tem-
poral resolution elds); the data set merges data from
in situ buoys and satellite observations, resulting in
a gridded product with a spatial resolution of 25km
(Tschudi et al| 2016). These data are available from
the autumn of 1978 onwards. Throughout, we analyse
the winter data, corresponding to the January-March
(JFM) mean; these months were selected after prior
analysis of the ice cover in the region, to obtain a pe-
riod where the sea ice cover is present and the behaviour
amongst the months is, on average, coherent.

Atmospheric elds are obtained from the European
Centre for Medium-Range Weather Forecasts' ERA in-
terim reanalysis (Dee et al,| 2011; hereafter referred to
as ERAI), covering the period 1979-present. Sea sur-
face temperature is analysed using NOAA Optimum
Interpolation Sea Surface Temperature (OISST) V2
(Reynolds et al,|2007). To examine the sea ice and at-
mospheric variability in a longer-term context, we also
analyse data from the ECMWF ERA-20C reanalysis
(Poli et al| 2016). The data are available over 1900-
2010. However, examination of the sea ice record re-
veals that sea ice concentration exhibits very low vari-
ance prior to 1953 in this analysis, perhaps due to the
very few observations that are available for assimila-
tion prior to this time; since it is unclear whether or
not this early part of the record is physically plausi-
ble, we choose to analyse only the 1953-2010 period
in this work. The sea ice product assimilated by the
reanalysis is HadISSTv2, which incorporates the Euro-
pean Organisation for the Exploitation of Meteorologi-
cal Satellites (EUMETSAT) Ocean and Sea Ice Satellite
Application Facility (OSI SAF) v1 reprocessed passive
microwave product; full details can be found in[Titch-
ner and Raynel (2014). We also employ the monthly
NAO index supplied by NOAA Climate Prediction Ser-
vice (available from: http://www.cpc.ncep.noaa.gov/
products/precip/CWIlink/pna/nao.shtml, derived from
rotated EOF analysis on the 500hPa geopotential
height) and the Atlantic Multidecadal Oscillation index
of NOAA Earth System Research Laboratory (available
from: https://www.esrl.noaa.gov/psd/data/timeseries/
AMO/,|based on SST).

In addition to the observational data, we analyse
outputs from a 34 year model run covering the period
1979-2012, performed with a regional coupled sea ice-
ocean model |(Herbaut et al, 2015) based on NEMO-
LIM2 (Madec| 2008;|Fichefet and Maqueda, 1997), to
permit examination of terms for which no observations
are available (e.g. thermodynamic components of the
sea ice budget). The domain covers the Arctic Ocean
and Atlantic region, from 30 S in the Atlantic to 50 N

in the Paci c. The grid has 46 levels in the vertical, and
a horizontal spacing that varies from 10 km in the Arctic
to 25 km at the equator. The surface forcing is based on
the daily ERA-interim reanalysis surface elds. A full
description of the simulation is given in|Herbaut et al
(2015).

Finally, again with the aim of placing the results in
a longer term context, we also analyse data from the
MIROC4h model (Sakamoto et al,{2012), made avail-
able as part of the CMIP5 project (Taylor et al] 2011).
The model output examined here is the rlilp1l historical
ensemble member (covering 1950-2005). This model is
chosen both because it provides one of the highest spa-
tial resolutions of the participating models (0.28125
zonally x 0.1875 meridionally for the eddy-permitting
oceanic component, and 0.5625for the atmosphere)
and for data availability reasons. We choose to analyse
the \historical" experiment, with the hope of obtaining
a system that responds with a variability analagous to
that found in the observational record and obtained in
our forced sea ice-ocean model simulation.

Low frequency (i.e. periods longer than interannual)
variability is strongly evident in the time series exam-
ined in this work, so that the number of degrees of
freedom of any given time series is often much smaller
than the number of samples that comprise it. The ef-
fective number of degrees of freedom is hence calcu-
lated following (Chelton| (1983) (their eq. 1) and used
here in the calculation of the signi cance level, taken
as 95%, throughout, to account for arti cial skill. Un-
less otherwise stated, correlations are signi cant where
values are given in the text. Whilst we will make much
use of composite-based analyses to illustrate the dif-
ference between high and low ice states, this choice is
made primarily to facilitate the visualisation and is not
fundamental to the inferences made; complementary
regression-based calculations that support the ndings
have been performed in all cases to assess the statis-
tical signi cance of the results but, in the interests of
brevity, are not always shown.

3 Spatial and temporal variability of the winter
sea ice

3.1 Mean state and temporal evolution

The mean state and variance of the SSMI data over
JFM 1979-2013 are shown in Figur{]la/b. In the mean
state, Ba n and Hudson Bay have an ice cover that is
close to 100%, whilst in the Labrador Sea region, the
ice coverage is high ¥ 80%) along the coast of Baf-
n Island and Labrador, but drops o rapidly towards
the east (Figure[Ja), approximately following the line
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Fig. 1 (a) Mean JFM SIC using SSMI data. The thick grey line shows the = maximum extent of the ice edge taken over the
whole period (see text). The white diamond marks the positio n of Hamilton Bank, referred to in the main text. (b) Standard
deviation of JFM SIC from SSMI data. The region outlined by th e black box de nes the area over which the regional SIA is
calculated. (c) SIA of region outlined in panel (b) using ERA  20C (thin black line / dots) and SSMI (thin grey line / circles )
data. Thick lines show EOF mode 2 PC for ERA20C (light grey) an d SSMI (dark grey). (d/e) as (a/b) but for sea ice-ocean
model outputs. (f) Black line shows model SIA of Labrador Sea region as de ned in (b), grey line shows the 5-year running
standard deviation of the model SIA.
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of the continental shelf. Whilst the SIC contours are
tightly spaced over approximately the 60-100% range,
over the 0-40% range the SIC contours are much more
widely spaced, indicating occasional large spatial ex-
pansions of the ice cover. The standard deviation pro-
vides further support for this idea: whilst the highest
standard deviations in the Labrador Sea are found o -
shelf of Ba n Island (overlying approximately the 40-
50% contours in the mean state), this pole of standard
deviation nevertheless extends southeastwards parallel
to the southwestern Greenland coast into a region of low
mean SIC. The spatial pattern of the standard devia-
tion suggests several individual poles of variability, no-
tably a stronger, northern pole spanning the northwest-
ern Labrador Sea, and a weaker, southern pole, span-
ning the southwestern Labrador Sea between Hamil-
ton Bank (white diamond in Figure [Lh) and the east-
ern Newfoundland coast} A distinct separation can be
noted between these two poles, suggesting that they do
not represent a single, coherent region of variability, but
rather two independent regions. This hypothesis will
be examined further below. Along the eastern coast of
Greenland, a train of moderately high variability can
be seen extending from the southern tip of Greenland
along the mean ice edge, towards the region of high
variability in the northeast.

The sea ice area (SIA) of the Labrador Sea region
(de ned by the black box outlined in Figure [b) is
shown in Figure[Jc for both SSMI and ERA20C. The
time series contain a strong multiannual component,
and the highest SIA states all occur as multiannual
(i.e. more than one year duration) events. This is man-
ifest over the SSMI (post-1979) period by two large-
amplitude uctuations, corresponding to increased sea
ice cover, that occur over the winters 1983-4 and 1990-5,
followed by a period characterised by a slow decreasing
trend with weaker interannual variability over approx-
imately 1996-2005. An increase in interannual variabil-
ity is again evident after approximately 2008. Figure[3f
shows the 5-year running standard deviation, highlight-
ing this period of weaker interannual variability. The
ERA20C SIA further suggests the presence of a third
large-amplitude multiannual uctuation over 1970-76,
preceded by a period characterised by relatively weak
interannual variability over 1953-1970.

In an EOF analysis of Arctic-wide winter (JFM)
SIC using either SSMI or ERA-20C, the second mode
of variability is associated with the Labrador Sea (Close

1 Further poles of variability are also evident in the Gulf of
St. Lawrence, west of Newfoundland, and in the Greenland
Sea, in the north east extreme of the domain shown in Figure
m However, these two poles will not be discussed further in
this work, as we will focus on the Labrador Sea region.

et al, [2017), and explains signi cant variability only in
this region. The loading pattern (not shown) has the
same form as the standard deviation shown in Figure
[Ib, and the principal component associated with this
mode (Figure @c) is correlated with the Labrador Sea
SIA with r = 0:97. Since the Arctic-wide mode asso-
ciated with the Labrador Sea does not explain signif-
icant variance in any other region (and, inversely, the
other modes do not explain signi cant variance in the
Labrador Sea), this suggests that the variability of the
Labrador Sea ice is independent from that of the rest
of the Arctic.

3.2 Mechanical and thermodynamical contributions to
winter sea ice variability

To evaluate the relative contributions of mechanical and
thermodynamical in uences in determining the JFM
sea ice variability, outputs from a coupled ocean-sea ice
model (see sectioff [2) are used. Validation of the model
against SSMI data shows that, overall, the model repro-
duces the spatial and temporal patterns of variability
(Figure [1) with reasonable accuracy, although the am-
plitude of the variability is underestimated in places.
In the Labrador Sea, the main discrepancy is that the
southern pole that is found in the standard deviation
using SSMI is not well reproduced, since the ice cover
is weaker in this region in the model. The distribution
of the ice cover is otherwise well reproduced, with near
100% coverage in Ba n Bay and Hudson Bay, and high
ice cover along the western side of the region that di-
minishes rapidly in the o shore direction (Figure @/e).
Because of the weaker ice cover along the Newfoundland
coast, noted above, the Labrador Sea region model SIA
has a mean o setof 0:28 10°km? ( 20%) relative to
the equivalent calculation in SSMI and ERA-20C (Fig-
ure [Tc/f). However, the interannual variability is well
reproduced, with the time series being correlated with
r = 0:93 (same for both SSMI and ERA-20C over the
periods common to each pair of time series).

Whilst observations provide a measure of the sea ice
concentration, to evaluate the contribution of the ther-
modynamic / mechanical in uences it is necessary to
consider rather the full sea ice volume budget. In the
model output, the ice in the Labrador Sea is generally
relatively thin, with a mean thickness of  30cm over
the region used to calculated the SIA, and, after com-
putation of the total sea ice volume time series over
this same region, it is found that the SIA and sea ice
volume time series are correlated withr = 0:95. We
thus assume that the ice volume variability here is also
representative of variability in SIC.
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