Ocean Sci., 8, 9102, 2012 A ]
Www.ocean-sci.net/8/91/2012/ <€5’ Ocean Science
doi:10.5194/0s-8-91-2012 _

© Author(s) 2012. CC Attribution 3.0 License.

A multi-decadal meridional displacement of the Subpolar Front in
the Newfoundland Basin

I. Nufiez-Riboni™", M. Bersch?, H. Haak?, J. H. Jungclaug', and K. Lohmann?

IMax-Planck-Institut fir Meteorologie, Bundesstr. 53, 20146 Hamburg, Germany
2Institut fur Meereskunde, Universit Hamburg, Bundesstr. 53, 20146 Hamburg, Germany
“now at: Johann Heinrich von Tinen-Institut &ir Seefischerei, Palmaille 9, 22767, Hamburg, Germany

Correspondence td:. Nlfez-Riboni (ismael.nunez-riboni@vti.bund.de)

Received: 9 February 2011 — Published in Ocean Sci. Discuss.: 28 February 2011
Revised: 23 January 2012 — Accepted: 4 February 2012 — Published: 15 February 2012

Abstract. Observations since the 1950s show a multi- 1 Introduction

decadal cycle of a meridional displacement of the Subpolar

Front (SPF) in the Newfoundland Basin (NFB) in the North The Subpolar Front (SPF) separates the cold and less saline
Atlantic. The SPF displacement is associated with corre-waters of the subpolar gyre (SPG) from the subtropical wa-
sponding variations in the path of the North Atlantic Cur- ters. It is associated with the North Atlantic Current (NAC),
rent. We use the ocean general circulation model MPIOMwhich transports warm and saline waters from the subtropics
with enhanced horizontal and vertical resolutions and forcedo the subpolar region. The SPG is a region of strong interac-
with NCEP/NCAR reanalysis data to study the relation of tion between ocean and atmosphere that includes the forma-
the SPF displacement to atmospheric forcing, intensities otion of Labrador Sea Water (LSW) in the Labrador Sea. Mix-
the subpolar gyre (SPG) and Meridional Overturning Cir- ing of LSW with dense Nordic Seas overflows forms North
culation (MOC), and Labrador Sea Water (LSW) volume. Atlantic Deep Water (NADW), feeding the lower branch of
The simulations indicate that the SPF displacement is asthe Atlantic Meridional Overturning Circulation (MOC). Ad-
sociated with a circulation anomaly between the SPG andjitionally, increased production of LSW intensifies the SPG
the subtropical gyre (STG), an inter-gyre gyre with a multi- strength and, therefore, an index of SPG variations could be
decadal time scale. A sensitivity experiment indicates thatysed to monitor the overturning circulation in the subtropics
both wind stress curl (WSC) and heat fluxes (which match(Boning et al., 2006).

LSW changes) contribute to the circulation anomalies in the At the decadal and longer time scales, the variability of the
frontal region and to the SPF displacement. An anticyclonicspg has been found to be mainly driven by buoyancy fluxes
inter-gyre gyre is related to negative WSC and LSW anomanqqulated by the North Atlantic Oscillation (NAO; Eden and
lies and to a SPF north of its climatological position, indi- Jung, 2001): Changes from periods of lower to higher NAO
cating an expanding STG. A cyclonic inter-gyre gyre is re- jnqex are associated with stronger westerlies and increase of
lated to positive WSC and LSW anomalies and a SPF soutliyient and sensible heat fluxes from the ocean to the atmo-
of its climatological position, indicating an expanding SPG. sphere over the SPG in winter (Cayan, 1992). This cool-
Therefore, the mean latitudinal position of the SPF in theing intensifies the deep convection, forming LSW, and in-
NFB (a “SPF index”) could be an indicator of the amount ¢reasing the volume of intermediate water in the gyre’s in-
of LSW in the inter-gyre region. Spreading of LSW anoma- (erior. Owing to these density changes, acceleration of the
lies intensifies the MOC, suggesting our SPF index as predicparqclinic component of the SPG has been observed one to
tor qf .the MQC intensity at multi-decadal time scales. The two years after a switch to positive NAO (Curry and McCart-
meridional displacement of the SPF has a pronounced 'nﬂu'ney, 2001). Lagging the change to positive NAO by three
ence on.the meridional heat transport, both on its gyre a”q/ears, the change of density structure of the SPG has been
overturning components. simulated to intensify also its barotropic component, due to
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coupling of the baroclinic structure and the barotropic mode
(Eden and Willebrand, 2001). In agreement with these no-
tions, Hakkinen and Rhines, 2004, state that weakening of
the SPG in the 1990s is not attributable to wind stress cur
(WSC) changes but to decreasing buoyancy fluxes in the sut
polar region.

While there is a rough agreement about the mechanism
ruling the SPG intensity, there is still ambiguity about the in-
fluence of these mechanisms on the SPG geometry, i.e. o
displacements of the Subpolar Front. In response to a de
creasing NAQ, the isoline of zero WSC displaces southward
yielding a cyclonic circulation anomaly between the SPG and
subtropical gyre (STG): an inter-gyre gyre (Marshall et al.,
2001). Eden and Greatbatch, 2003, agree on the influence ¢
the WSC on the formation of the inter-gyre gyre and state tha
it dominates the variability at interannual time scales. This
circulation anomaly advects more cold subpolar water into .
the subtropical region in the Newfoundland Basin (NFB), 0 60 40 20 80 60 40 20 80 -60 40 20
displacing the SPF southwards, and more warm subtropi bonghis et HATRHlE
cal water into the subpolar region in the eastern North At-
lantic, displacing the SPF north-westwards (Eden and Wille-Fig. 1. Data distribution in the study area. Bins df & 1° with at
brand, 2001). Consistently, Bersch et al., 1999, observed #ast one observation of the CliSAP data set in the period shown at
westward displacement of the SPF in the eastern North Atthe top of _each panel are marked black. The panels correspond to
lantic during the 1990s as the NAO decreased. The impact10se of Fig. 3a below.
of this front displacement on the volume transport of sub-
tropical waters at the interannual to inter-decadal time scale§ Observations
has been discussed byafin et al., 2005. In the western
North Atlantic, a southward shift of the SPF ab3§ was ob- e gpservational data set from the CIiSAP (Integrated Cli-
served between 1976 and 1977 when the NAO index droppeg}, (e System Analysis and Prediction) data center used in this
(McCartney et al., 1980). Displacements of the Gulf Streamgy,,qy consists of about 800000 hydrographic stations with
axis between 50 and 70V have been found to be in phase ater samples and/or CTD measurements between 1950 and
with the NAO (Joyce et al., 2000) or to follow it by 11t0 18 5405 in the region of 35 to PN and 85 W to 10° E (Fig. 1).
months (Frankignoul et al., 2001). Bersch, 2002, observed g ta sources are WODO5 (World Ocean Database 2005;
similar south-eastward displacement of the SPF in the NFBBoyer et al., 2006), HydroBase2 (Curry, 2002), ICES (In-
1.5 years after the drop of the NAO index during the 1990S. tornational Council for the Exploration of the Sea), WOCE

SPF displacements at longer time scales, their causes anghorid Ocean Circulation Experiment), CLIVAR (Climate
theirimpact on the meridional heat transport (MHT) have, SOy, iapility and Predictability Programme), and others. Ad-
far, not been investigated in detail. The present study tries t%litionally, about 30,000 float profiles from the Argo project

fill this gap focusing on the multi-decadal variability in the (pilot program of the Global Ocean Observing System) be-
subpolar region of the North Atlantic by using an extended,een 1998 and 2006 were used.

database of hydrographic observations and ocean model Sim- ¢ temperature and salinity data were inspected for erro-
ulations. This paper is structured as follows: In Sect. 2 Wepgq s data, then selected at 82 pressure levels and averaged
present the observational data and in Sect. 3 the model sinyy; a5ch year in 1x 1° geographical boxes. Each box time
ulations and analysis methods. The simulated and observegies was then filtered with a 3-year running mean, yielding
multi-decadal SPF displacements during the last five decadegg 3-year intervals between 1950 and 2006, which increases
are presented in Sect. 4. In Sect. 5.1 we contrast LSW spreéaghe gpatial data density in each interval. For this study, the
ing and changes of WSC to explain the multi-decadal SPFy415 at 500 m depth, where the seasonal signal is relatively

displacement in the NFB. In the following we discuss the ré-gn5) \vere selected and objectively interpolated horizon-
lation between the meridional position of the SPF in the NFBtaIIy for each 3-year interval. The observations were finally

and LSW volume (Sect. 5.2), MOC intensity (Sect. 5.3) and getrended and filtered with a Lanczos filter with a cut-off pe-
MHT (Sect. 5.4). In Sect. 6 we present a summary and thgiqq of 25 years to extract the multi-decadal signal, which is
conclusions. dominant in the subpolar region.

Latitude

Latitude

Latitude
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3 Model pressure anomalies over the Atlantic sector (20 toN8@nd
90° W to 40 E) from December to March (Hurrell, 1995;
3.1 Model set-up and analysis methods data provided by the Climate Analysis Section of the Na-

tional Center for Atmospheric Research, Boulder, USA).

The model used in the present study is the ocean general cir- 1o define LSW in the model we study first the salinity
culation model MPIOM of the Max Planck Institute for Me-  minimum with ©/S-diagrams and vertical sections of salin-
teorology (Marsland et al., 2003) with global domain. Itis jty From these plots, several isopycnals above and below
a primitive equation model with hydrostatic and Boussinesdnhe salinity minimum are chosen and tracked during the last
approximations, Arakawa-C grid, z-coordinate, free surfaceNCEP experiment. We choose as LSW bounds the isopy-
bottom boundary layer scheme and embedded sea-ice dymals closest to the salinity minimum but that diverge dur-
namics and thermodynamics. The model has been used ifhg winter in the Labrador basin (potential density anomalies
a number of previous studies (Haak et al., 2003; Jungclaus €}, = 27.60 kg n3 ando, = 36.96 kg nT3).
al., 2006; Olsen et al., 2008; Zhu and Jungclaus, 2008). As the observations, we detrend and then filter the indices

The applied model set-up features quasi-homogenous hogng the spatially interpolated model data with a Lanczos fil-
izontal resolution of 0.2and 80 vertical layers. We startthe ter and a cut-off period of 25 years. The variance of the
model with climatology conditions from Levitus, 1994, and yearly averaged indices explained by the filtered indices is
spin it up for 700 years, using a climatological annual com-39 94 for the MOC, 51 % for the SPG and 54 % for the SPF.

posite of sea surface fluxes and wind stress (OMIBSK®, || anomalies shown in the figures are referred to the 1958—
2010) and surface salinity restoring of 35 days. There-o2006 mean.

after, we force the ocean using 24-hourly NCEP/NCAR data
(Kalnay et al., 1996) from 1948 to 2008 subsequently for3 2 Model evaluation
three times. Short wave radiation of the NCEP data are
scaled by a factor of 0.89 (Haak et al., 2003). The last cy-The global ocean model features an eddy-permitting res-
cle of these simulations is discussed in this paper. Becauselution of 0.4 that allows for a good representation of
model and observations differ strongly in the 1950s as theopographic features, such as the Florida Strait and the
simulation adjusts to the forcing, we discuss only the resultsGreenland-Scotland Ridge with its overflow conduits. How-
from 1958 onward. ever, resolution issues remain in the proper representation of
We interpolate simulated salinity, temperature, and streanMediterranean Overflow Water (MOW), which is too warm
function onto a 1 x 1° regular grid and average them to and too salty in the model. Another persisting deficit is a
annual means. To analyse these data, the usual approaeho zonally-oriented NAC. Notwithstanding these deficien-
of characterising oceanic and atmospheric variables with incies, MPIOM is able to reproduce correctly the mean state
dices is followed: We define an index for the intensity of the of the subpolar North Atlantic, as shown by comparing
SPG with the mean barotropic stream function between 45model output with CliISAP data, as well as with previous
and 65 N and 20 to 60 W. We multiply this index by minus  studies: The time-average simulated SPG spans from 44 to
one to obtain a strong SPG related to a positive index and #5° N and reaches maximum annual strength of about 30 Sv
weak SPG to a negative index. (1Sv = 1Sverdrup = fom®s™1). This value is inside the
We define the intensity of the MOC in the subpolar re- range of previous estimates from observations, from 27 to
gion as the strength of the zonally integrated stream func34 Sv (Clarke, 1984; Bersch, 1995; Bacon, 1997). Vertical
tion at 47 N and 1400m depth. A similar index for the sections of salinity feature a well defined salinity minimum
MOC has been chosen by Eden and Willebrand, 200162 related to LSW (not shown), yet shallower than the clima-
and 1500 m) and by Eden and Greatbatch, 2003 (4¥&nd  tological depth from observations. The mean zonal stream
1270 m). function shows that the MOC strength at*26and 1000 m
For every time step, we define the SPF at 500 m depth aglepth is approximately 12.8 Sv, which is weaker than the ob-
the region with the magnitude of the horizontal density gra-served estimates of 18475.6 Sv (Cunningham et al., 2007)
dient larger than its space mean plus 1/4 of its standard deer 18.5+ 4.9 Sv (Kanzow et al., 2010). However, our MOC
viation. Only data between 30 to 5& and 35 to 585N are  intensity is not particularly weak in comparison to other
considered. Varying the size of this box in meridional direc- models: From the seven models compared by Griffies et al.,
tion gave similar results. We call the mean latitude of the SPF2009, only two show a stronger MOC than MPIOM.
the SPF index. Increase of the SPF index indicates a general Further comparison of the model output with previous
northward displacement of the SPF in the NFB, decrease o§tudies and with CIiSAP observations indicates that the
the index indicates southward displacement. A SPF index fomodel represents the interannual and decadal variability of
the observations has been computed in the same way. the SPG reasonably good: e.g., for the stratification of the
We study the atmospheric forcing with the NAO index SPG (Bersch et al., 2007), for the potential energy anomaly
which is calculated as the principal component time series of PEA; Curry and McCartney, 2001, Kieke et al., 2007; upper
the leading empirical orthogonal function (EOF) of sea levelleft panel in Fig. 2), and for the simulated Sea Surface Height
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PEA Kelolal200T Tal QRSB Sy i it differs in amplitude sometimes like in 1965 or in the 1970s
(lower middle panel in Fig. 2). The intensity of the MOC
(lower right panel in Fig. 2) is in good agreement with the
MOC index of Frankignoul et al., 2010. The mismatch in
the 1980s could be also due to the absence of the large salin-
ity anomaly, convection suppression and the corresponding
negative LSW volume anomaly. Sea ice concentration and
extension (not shown) match observations of the British Me-
teorological Office (Rayner et al., 2003).
LSW thickness SPF latitude MOC intensity . .
Cury et al 1998 clisAP Frankignou et l 2010 Finally, the overall relations between SPG, STG, MOC
i and NAO are in agreement with previous studies: SPG and
STG intensities are nearly in phase (Curry and McCartney,
2001). A few years after a change to positive NAO, SPG
(Eden and Willebrand, 2001) and MOC (Eden and Great-
batch, 2003; Brauch and Gerdes, 2006nlBg et al., 2006)
intensify, indicating that both are nearly in phase (Frankig-

1960 1970 1980 1980 2000 1960 1970 1980 1990 2000 1960 1970 1980 1990 2000
Time Time Time nOU| et al, 2010)

N

Index / std(Index)
o

o

~

Index / std(Index)
)

S

Fig. 2. Comparison between our simulated (solid lines) and ob-

served or previously simulated (dashed lines) indices derived fromd Results

non-filtered annual data of PEA (upper left panel), gyre intensity

index as first EOF of SSH (upper middle panel), mean salinity atFigure 3 shows the low-pass filtered observed (panel a) and
500 m depth in the subpolar region (upper right panel), LSW thick- modelled (panel b) salinity anomalies at 500 m depth for se-
ness in its formation area (lower left panel), mean latitudinal posi-|acted years, which are representative for the upper layer of

e 1e N2 (ower Tidle pare) ad OC niensly the SPG. Temperature anomaies ae no shown here since
tion between the corresponding solid and dashed curves. they are strongly correlated to salinity anomalies. The evo-

lution of the salinity anomalies in the simulation and obser-
vations from the 1960s to 2000s is the following: There is
an almost full cycle from anomalously high salinity in the

(SSH) (Hatin et al., 2005; upper middle panel in Fig. 2). gntire SPG region in the 1960s to much fresher conditions
Modelled salinity at 500 m depth in the subpolar region (av-j, the 1970s and 1980s and back to more saline conditions

eraged between 60 and“W and between 45 and B8) i, the 1990s. More regionally, in the NFB, a negative salin-
matches the CIiSAP observations well (upper right panel Nity anomaly during the 1950s and 1960s, centred neaN45
Fig. 2), but the arrival of low salinity waters of the 1980s as g4 46 W becomes positive from the middle 1970s on to
reported by Belkin et al., 1998, is unfortunately missed by pecome negative again in the middle 1990s. Thus, salinity
the model. in the subpolar region evolves out of phase to the one in the
The model roughly reproduces observations from Curry etNFB.
al., 1998 (lower left panel in Fig. 2): decrease of LSW from  The general agreement between simulation and observa-
the 1960 until reaching a minimum in 1970 and an increaseijons is reasonable but there are obvious differences in cer-
towards the 1990s. However, and despite our efforts to objectain regions. E.g. the discrepancies in the Iceland and West
tively choose the isopycnals defining LSW (Subsect. 3.1), theeuropean Basins (upper right panels in Fig. 3a and b) can
match is poor during the 1980s. This could be due to the abpe related to the too zonal NAC in the model. The resem-
sence in the model of the large salinity anomaly in the 1980slance between observed and modelled salinity in the NFB
and the corresponding convection suppression. LSW thickand the western SPG region is reasonably good. Therefore,
ness has been calculated in the region of maximum winteve concentrate in this study on the SPF displacement in the
convection (which is not necessarily the same in model and\FB.
observations). On the other hand, it is also possible that the To study the time evolution of the anomalies, we show in
negative LSW thickness anomaly in the 1980s from Curry etrig. 4 the indices for NAO and our modelled oceanic vari-
al., 1998, is overestimated: it is considerably larger than thegples. A complete multi-decadal cycle of the indices is found
negative anomaly of the 1970s, while the PEA anomalies Ofin the last 50 years of the experiment: The NAO (pane] a) in-
the 1970s and the 1980s are of similar magnitude. The SPG@reases from anomalously low values in the 1960s to its max-
intensity and subpolar salinity show even a larger negativmum in 1991 and finally decreases to the end of the record.
anomaly in 1970s than in the 1980s. The MOC (panel b) is anomalously slow until 1975, when it
Our modelled mean meridional position of the SPF in thestarts to increase to its maximum in 1988, to slow down to
NFB is roughly in phase with the observed one, even thoughthe end of the record. The SPG intensity (panel ¢) decreases

Ocean Sci., 8, 91102 2012 WwWw.ocean-sci.net/8/91/2012/
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Fig. 3. Low-pass filtered observe@) and simulatedb) salinity pp— prose P, P -

anomalies (referred to the 1958—2006 mean) at 500 m depth for var Time

ious time lags around 1981 (central panel in each figure), the year ir

which the SPF in the NFB reaches maximum northern latitude. The

observations have been filtered spatially with a boxcar windéw (5 Fig. 4. Anomalies of annual averaged (grey curves) and low-pass

in the zonal direction and°3n the meridional one). The colour bars filtered (black curves) indices used in the present study: NAO (panel

indicate the magnitude of the anomalies. The grey dashed curves; no units), MOC intensity at #&N (panel b; Sv), SPG intensity

show the position of the SPF for each year. (panel c; Sv), SPF index of full forcing experiment (panel d; degrees
of latitude), mean salinity in the frontal region of the NFB (panel e;
no units), SPF index of WSC component (panel f; degrees of lati-

to its minimum in 1975, increases to its maximum in 1992 tude) and SPF index calculated with the isoline of zero stream func-

and then decreases again to the end of the record. The SP2" for the full forcing experiment (panel g), WSC (panel h) and

. . - . . HFL components (panel i; degrees of latitude in the three cases).

in the NFB (panel d) is south of its mean latitude during the . . : ) _

1960 it Shif hward . - latitude i The thick dashed curve in panel d is the low-pass filtered SPF index
s as it shifts northwards to its maximum atitude in 19,81from the observations.

(before NAO, MOC and SPG maxima). Then, the front dis-

places southwards to the end of the record.

These salinity and temperature changes in the subpolar resf the isolines indicates southward propagation of anoma-
gion are associated with MHT changes. The temporal evoluiies north of the SPF and northward propagation south of the
tion of the total MHT is characterised by pronounced varia- SPF. A decomposition of the MHT into gyre and overturn-
tions with the largest amplitudes in the SPF region (Fig. 5a).ing components (Fig. 5b and c) reveals that these propaga-
Generally, negative anomalies prevail during the 1970s andions result mainly from the gyre MHT. Overturning MHT
early 1980s and positive anomalies can be seen through th@nomalies occur most pronounced directly at the SPF and are
1950s and for the 1990s for all latitude bands. The slopealmost out of phase with the gyre MHT anomalies. South of

Www.ocean-sci.net/8/91/2012/ Ocean Sci., 8, 902 2012
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Fig. 5. Hovmbller diagrams of anomalous tot@), gyre (b) and
overturning(c) MHT (watts) against latitude. The mean latitude of g 5cp W: Fig. 4e) confirms that the salinity anomalies from
the SPF in the NFB (44N) is shown with a dashed line in all the Fig. 3 are related to the front displacement. The low-pass
panels. Red indicates northward heat transport, blue southwards. ’ﬁltered SPF index from observations (Fig. 4d, dashed curve)
colour bar shows the magnitude of the MHT anomalies. . o .
roughly matching the modelled one (solid curve) confirms
that the model correctly reproduces the multi-decadal dis-
placement of the front. In the following subsections we dis-
cuss possible causes for this displacement and its relation to
SPG, LSW, MOC and MHT in the subpolar North Atlantic.

40° N, overturning and gyre MHT anomalies seem to con-
tribute with similar amounts to the total MHT variations,
while the gyre MHT anomalies dominate the total MHT vari-

ations north of the SPF. .
5.1 Causes of the SPF displacement

5 Discussion The multi-decadal displacement of the SPF and, thus, the
NAC are associated with anomalies of the barotropic stream

The salinity changes in the NFB (Fig. 3) correspond to afunction (Fig. 6). A SPF south of its climatological position
multi-decadal displacement of the SPF: Positive temperaturgi.e. before 1967 and after 1995; Fig. 4d) is characterised
and salinity anomalies arise due to advection of warm saltyby a cyclonic anomaly overlying the SPF, while a SPF north
subtropical water as the SPF shifts northwards, while negaef its climatological position (between 1967 and 1995) is
tive anomalies arise due to cold fresh subpolar water as theharacterised by an anticyclonic anomaly. This circulation
SPF shifts southwards. Figures 3 and 4d show a completenomaly is similar to the inter-gyre gyre proposed by Mar-
multi-decadal cycle of the SPF displacement in the NFB: Theshall et al., 2001, and discussed by Eden and Greatbatch,
front displaces northwards from its southernmost position at2003, and, therefore, we will also use the term inter-gyre
the beginning of the experiment, passing its mean latitudi-gyre here. Additionally, we note that our circulation anoma-
nal position around 1967 and reaching maximum northwardies propagate from the north towards the south. Analysing
position in 1981 as the salinity in the NFB increases to alocal trends between snapshots of Fig. 6 (not shown) indi-
maximum. Then, the SPF retracts southwards to its mearate that the northward displacement of the SPF is related
latitudinal position as the salinity anomaly in the NFB re- to an increasing anticyclonic inter-gyre circulation indicat-
duces to zero. The front keeps displacing southwards untilng a northward expansion of the STG in this region, while
reaching its most southward position in 2005 as the salinitythe southward displacement of the front occurs during peri-
reduces to a minimum. The cycle length of the SPF merid-ods of increasing cyclonic inter-gyre circulation, indicating a
ional oscillation is on the order of 50 years. southward expansion of the SPG. The maximum northward

A comparison between the SPF index and the mean salinposition of the SPF occurs when the rate of change of the
ity at 500 m depth in the in the NFB (42 to 98 and 30  multi-decadal inter-gyre gyre is at minimum.

Ocean Sci., 8, 91102 2012 WwWw.ocean-sci.net/8/91/2012/
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Fig. 7. As Fig. 6, but for barotropic stream function anomalies (Sv) Fig. 8. As Fig. 6 but for transport anomalies derived from the Sver-
of a sensitivity experiment with variable wind and climatological drup relation (Sv).
heat fluxes (WSC circulation component).

forcing experiment (Fig. 6), particularly in the inter-gyre re-
We turn now our attention to the mechanisms driving gion (between 35 and 8]): Positive circulation anomalies

these circulation changes. akkinen and Rhines, 2004, in the 1960s (upper left and upper middle panels) and after
compare the dynamic consequences of buoyancy forcing an#i996 (lower middle panel), as the SPF is south of its clima-
barotropic and baroclinic response to local WSC changestological position, and negative anomalies from 1971 (upper
They state that an increase of SSH in the subpolar regioriight panel) to 1991 (lower left panel), as the SPF is north
during the second half of the 1990s parallels the warmingof its climatological position. This clearly indicates that the
in the central SPG as a result of the relaxation of the wateMWSC has a large effect on the multi-decadal displacement
column after shut-down of intense winter convection in the of the SPF. This notion is supported by a large similarity
previous years. Similarly, Eden and Jung, 2001, have showmwith circulation anomalies from the zonally integrated WSC
with sensitivity experiments that the multi-decadal variabil- (Sverdrup, 1947) from NCEP data (Fig. 8), considering the
ity of the SPG would be driven by heat fluxes rather thanlimitations of the theory near the boundaries: The circulation
by changes of WSC. On the other hand, Bersch et al., 1999 nomalies in both cases have the same amplitude and phase
Frankignoul et al., 2001, and Bersch, 2002, have suggesteih the inter-gyre region. Additional support of the large WSC
changes of WSC modulated by the NAO at interannual timeinfluence on the SPF displacement is obtained with the SPF
scales as cause for the SPF displacement during the 1990&dex from the sensitivity experiment (SRkc, Fig. 4f):
In the specific case of the eastern North Atlantic, the frontWhile SPRysc lags the SPF index of the full forcing exper-
displacement has been attributed to a WSC-generated inteiment (Fig. 4d) by some years, its overall behaviour at the
gyre gyre by Eden and Willebrand, 2001, and Herbaut andnulti-decadal time-scale is similar.
Houssais, 2009. At the decadal time scalékkinen et al., Assuming a linear response of the driving mechanisms, the
2011, stress also the importance of WSC changes on the SResidual between the WSC contribution and the barotropic
shift in the eastern North Atlantic. Therefore, the two main stream function of the full forcing experiment would rep-
candidates responsible for the circulation changes of Fig. Gesent the contribution by the heat fluxes (HFL). We call
are WSC and heat-flux changes, the latter being reflected byhis residual circulation the “HFL component”. Circulation
changes in convection and amount of LSW. anomalies of the HFL component (Fig. 9) differ from those

To study the influence of possible multi-decadal changes°f the WSC component (Fig. 7) in the subpolar region (more
of WSC on the SPF displacement, we have performed about this in Sect. 5.2), but they have similar amplitude and
sensitivity experiment with variable wind and climatologi- Phase in the SPF region. Therefore, both circulation com-
cal heat fluxes (similar to Eden and Willebrand, 2001). Weponents play a similar role on the variability of the SPF dis-
call the stream function of this experiment the “WSC compo- pPlacement.
nent” of the circulation. Circulation anomalies of the WSC  Unfortunately it is not possible to calculate a SPF index
component (Fig. 7) have similar amplitudes (with differencesfrom density for the HFL component, because it is the resid-
of around 1 Sv) and are in phase with the anomalies of the fullual between two experiments. Hence, to try to quantify the
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Fig. 9. As Fig. 6 but for anomalies of the residual barotropic stream Fig. 10. As Fig. 3 but for modelled LSW thickness anomaly (m).
function (“heat flux” circulation component), which is the differ-

ence between the WSC contribution and the full forcing experiment
(Sv). to those due to HFL changes (a few Sv). This notion is dif-

ferent to results of Eden and Jung, 2001, who stress mainly
the importance of heat fluxes on the multi-decadal variability

contribution of the HFL component to the SPF displacementOf the SPG, but similar to &kkinen et al.,, 2011, who state

we introduce proxy SPHR() indices defined by the position :hat trl]f_jh'ﬁ gf ltk\]/ssscP Fhm the eastern North Atlantic is due
of the zero isoline of the barotropic stream function for each 0 multi-decada changes.

circulation component (Fig. 4g to i). Such a proxy index is
justified by the great similarity between the SPF index of the
full forcing experiment (SPR§s ), Fig. 4g) and its density

counterpart (Fig. 4d). The SPF index of the HFL compo- \jyti-decadal changes of LSW are shown in Fig. 10. The
nent (SPR¢HrL), Fig. 4i) lags the WSC one (SPBsc),  non-filtered changes of LSW thickness between the 1960s
Fig. 4h) by ap_proxmately 5 years. .Desplte this time lag thegng 1990s (not shown) roughly match observations of
overall behaviour of the SP#( indices of both the WSC  yashayaev, 2007 (his Fig. 4) in the central Labrador Sea
and the HFL components matches the SPF index (Fig. 4d)600 m and more) and all along the Labrador coast up to the
Additionally, both circulation components drive a front dis- Newfoundland Basin (around 300 m).
placement of similar amplitude, i.e. ca. 0.5 degree latitude. A negative anomaly of LSW thickness is beginning to de-
This suggests that the variability induced by the HFL COM-yelop in the Labrador Basin in the 1960s (Fig. 10) when
ponent is of similar magnitude as the variability driven by he NAO is growing negative (Fig. 4a) and convection is
the WSC component. Moreover, it also suggests the appealynomalously weak. This negative LSW thickness anomaly
ing idea that the sum of both indices yields the SPF index ofgjsp|aces from north-west to south-east, spreading along the
the full forcing experiment (note displacement of ca. 1 de-gpf and further into the STG and SPG interiors, following a
gree latitude, Fig. 4d and g). Finally, the SR(0fthe HFL 3t similar to the one diagnosed for positive anomalies by
component being more similar to the observed SPF |nde>gy etal., 1997.
(Fig. 4d, dashed curve), with maximum in the mid-1980s, "\whijle hydrographic changes driving SPG circulation
supports the notion that the HFL component plays an impornanges (Curry and McCartney, 2001; Eden and Willebrand,
tant role on the SPF displacement. 2001) could arise due to other reasons, our modelled LSW
Therefore, the overall multi-decadal meridional displace-changes match well the circulation anomalies due to HFL in
ment of the SPF in the NFB can be interpreted as the resuljeneral (Fig. 9), and particularly in the SPF region: A neg-
of both WSC and HFL changes of similar magnitudes, em-ative LSW anomaly in the inter-gyre region is related to an
phasising the importance of long-term variations of WSC onanticyclonic inter-gyre gyre and to a SPF north of its clima-
the dynamics of the multi-decadal variability of the SPG. In tological position as in the 1970s and 1980s, while a positive
fact, the multi-decadal variations of the WSC (not shown) areLSW anomaly is related to a cyclonic inter-gyre gyre and a
only one order of magnitude smaller than the long-term mearSPF south of its climatological position as in the second half
WSC, yielding thus transport anomalies of magnitude similarof the 1990s and 2000s. The LSW thickness in the frontal
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5.2 The SPF position as indicator for LSW volume
changes
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region is at minimum roughly in 1981 when the SPF is north- 1961 1966 1971

ernmost. A close relationship between LSW and SPF in the ., A o Wl
NFB is also indicated by observations in the 1990s and early £ zo0 m p? y
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2000s (Bersch et al., 2007). Therefore, the mean latitudinal & 300
position of the SPF in the NFB (SPF index; Fig. 4d) could be ~ **
used as an indicator of the amount of LSW in this basin on a 1976 1981
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polar region up to 1976 is related to an anomalously weak & ao00
MOC, while the positive LSW thickness anomaly after 1976 ~ “"Hild oM NlJ (oM | LS
is related to an anomalously strong MOC. This is in agree- Latiude Latituoe Latiude
ment with LSW volume changing the zonal density gradient

and' in turn, the MOC intensity (Eden and Grea‘[batch, 2003F|g 11. Circulation anomaly of the MOC stream function (SV)
Boning et al., 2006). Positive anomalies (red) are clockwise and negative anomalies
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We study these variations of the MOC intensity in the
North Atlantic analysing circulation anomalies of the MOC
stream funcnon_(Flg. 11). '_I'he MOC is divided by the SPEIN jngex (Fig. 4c) and is, therefore, roughly simultaneous with
two regimes, with the regime in the subpolar region show-y,e \oC'in the subpolar region (Fig. 4b), conciliating our
ing larger variability. A similar MOC anomaly spanning yoq it with Bning et al., 2006: the intensification of the
comparable latitudes and depths inside the subpolar regiop\vBC volume transport in the 1980s and 1990s would be

is found by Eden and Greatbatch, 2003, and by Gulev et al.;o 310 to more LSW in the west, larger zonal density gradi-
2003, while multi-decadal gyre-specific changes of the MOCgpt and MOC intensification.

have been simulated by Lozier et al., 2010. The MOC in the
subpolar region is at maximum in 1986 as also indicated by5 4 SPF displacement and MHT
our MOC index at 47N, while the MOC intensity-changes
in the subtropics are delayed approximately by five yearsAs the SPF displaces northwards the total MHT (Fig. 5a)
with maximum in 1991. Following Eden and Greatbatch, reduces because the SPG is weak. When the SPF starts to
2003, and Bning et al., 2006, anomalies in the MOC would displace southwards the positive overturning MHT (Fig. 5¢)
propagate from the SPF region towards the south followingplays a larger role at the frontal region than the gyre MHT
changes of the zonal density gradient due to spreading ofFig. 5b) and the total MHT reaches maximum in 1990s.
LSW anomalies. Our time period between the intensifica-Thus, changes of overturning MHT partially cancel with
tion of the MOC at the frontal region and in the subtropics changes of gyre MHT in the frontal region: The reduction
is in agreement with Eden and Greatbatch, 2003, who simuef gyre MHT near the SPF (Fig. 5b) due to the anti-cyclonic
lated an intensification of the MOC in the subtropics 4 yearsinter-gyre anomaly in the mid-1980s (Fig. 6) is compensated
after the MOC maximum at the frontal region. by the related northward displacement of the SPF (Fig. 5c¢).
The relation between MOC, LSW and SPF in the NFB The resulting total MHT anomaly at the frontal region is al-
suggests the SPF index as an indicator of intensity changesost zero at this time (Fig. 5a); similar compensations hap-
of the MOC in the subtropics with a lead time of roughly pened in the end of the 1950s and the earlier 1960s and the
10 years: The southward displacement of the SPF after 1982000s.
indicates the arrival of a positive LSW anomaly in the NFB  The gyre MHT anomalies (Fig. 5b) propagating south-
(Fig. 10, central panel), which then intensifies the MOC in wards from ca. 55N to the frontal region are a conse-
the subtropics to its maximum in 1991 (Fig. 11, lower left quence of the southward propagation of circulation anoma-
panel) as it flows with the DWBC. The SPF index, obtainedlies (Fig. 6). The overturning MHT anomalies (Fig. 5c)
from satellite altimetry or hydrographic measurements, carpropagating southwards from the frontal region untit B4
be used as complementary or alternative to the SPG intensit{Sect. 4) are in agreement with the southward propagation of
index (Fig. 4c) or DWBC transport at 38! (Boning et al.,  circulation anomalies of the MOC due to the flow of LSW
2006). The latter is confirmed by comparing the SPF to thewith the DWBC. The overturning MHT at the front's latitude
volume transport of our modelled DWBC atG8 (south- is roughly simultaneous with the SPF index (Fig. 4d): Neg-
ward transport across a section next to the coast, depths largative values until the 1970s, maximum value in the 1980s
than 2472 m; not shown): This transport matches the SPG@Gnd negative again from the middle 1990s. This is consistent
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with warm subtropical water displacing northwards in the climatological position, indicating a southward expansion of
NFB. Part of the anomalous heat in the frontal region seemshe SPG. A sensitivity experiment with variable wind and
to propagate northwards with the overturning circulation to climatological heat fluxes yields the WSC component of the
51° N in a period of 8 years. Eden and Willebrand, 2001, circulation (Fig. 7), while the residual between this experi-
simulate an increase of MHT at the frontal region at decadaiment and the full forcing experiment yields the HFL com-
time scales, due to enhanced gyre and overturning circulaponent (Fig. 9). The contributions of WSC and HFL to
tions. Eden and Greatbatch, 2003, state that their MHT in-circulation anomalies in the SPF region (grey dashed curve
creases with positive NAO is mainly due to an MOC circula- in Figs. 7 and 9) are of similar magnitude and seem to ex-
tion anomaly in the subpolar North Atlantic. They argue that plain similar amounts of variability of the SPF displacement
this MHT anomaly changes the sign of the SST dipole in the(Fig. 4h and i).
ocean and, thus, is responsible for the negative feedback with Sverdrup transport (Fig. 8) resembles the WSC compo-
the atmosphere. However, the time evolution and magnitudeent, supporting the notion of the WSC having an important
of our total MHT (Fig. 5a) matches the gyre MHT (Fig. 5b) effect on the SPF displacement also at the multi-decadal time
rather than the overturning MHT (Fig. 5c), suggesting thatscale. An anticyclonic WSC anomaly shifts the SPF north-
the contribution of the MOC to the total MHT anomalies in ward, while a cyclonic anomaly leads to southward displace-
the subpolar region (excluding the frontal region) is minor atment. Spreading of LSW (Fig. 10) cause circulation anoma-
the multi-decadal time scale. This is the consequence of sulblies in the SPF region (Fig. 9), suggesting an important role
polar waters flowing southwards with a strengthened SPG. of LSW on the SPF displacement. A negative LSW thick-
However, the importance of horizontal circulation changesness anomaly is related to a SPF north of its climatological
for the MHT anomalies revealed by our model could be ex-position, while a positive LSW thickness anomaly is related
aggerated. For instance, our gyre MHT in the subpolar reto a SPF south of its climatological position. Therefore, the
gion is considerably larger compared to model simulationsmean latitudinal position of the SPF in the NFB (SPF index)
by Gulev et al., 2003, while overturning and gyre MHT com- could be an indicator of the amount of LSW in the inter-gyre
ponents are similar south of the SPF. If our gyre MHT in the region.
SPG region is overestimated, this could be a consequence of The MOC is divided by the SPF in two regimes, with the
the too zonal NAC in our model and/or simulated MOW be- subpolar regime having larger variability. The MOC intensi-
ing warmer and saltier than in the observations, which makesies as LSW flows with the DWBC into the NFB and beyond
the modelled zonal temperature differences in the subpolathe SPF, increasing the zonal density gradient. The MOC has
region larger than the real ones. a maximum in the subpolar region five years after the SPF
reaches its northernmost position, while, in the subtropical
region, it lags by about 10 years. Therefore, the SPF index
6 Summary and conclusions can be used as an index to predict the intensity of the MOC
in the subpolar and subtropical regions at multi-decadal time
A novel data set (CIiSAP data center) spanning 57 years okcgle.
hydrographic observations in the North Atlantic evidences Between 30 and 6N, the shift of the SPF is associated
salinity anomalies related to a multi-decadal meridional dis-yith the strongest signals in the gyre and overturning MHTS.
placement of the SPF in the NFB (Fig. 3a). While interannualthe temperature anomalies linked to the SPF displacement
displacements of the front in the western North Atlantic havej, the NFB are associated with nearly opposite effects of
been documented, the main contribution of the present studyyre and overturning MHT (Fig. 5): while the gyre MHT
is the observation and modelling ofacqmplete mum'decadablecreases with an anticyclonic inter-gyre gyre (i.e. reduc-
displacement cycle of the front, with minimum in the 1960S tjon of the cyclonic circulation north of the SPF) leading
and 2000s and maximum around 1981. Since we have ana, a total MHT minimum in the late 1970s, the overturning
ysed only one complete front displacement, we would like tOpMHT increases together with the intrinsically related north-
stress that ours is a case study with results reflecting the dyyarq displacement of the front, leading to a maximum of the
namics of the last 50 years only. Further research is needeghta| MHT in the early 1990s. In the subpolar region, MHT
to prove if the shown relations between WSC, LSW and thechanges are dominated by the gyre component at the multi-
latitudinal position of the SPF at the multi-decadal time scalegecadal time scale. This study emphasises that SPG strength
are of general nature. and shape are the dominant factors for the MHT and thus

Model results with MPIOM show that the SPF and as- gcean climate changes in the subpolar region of the North
sociated NAC displacement is reflected by changes of aat|antic.

multi-decadal inter-gyre gyre, i.e. a circulation anomaly be-
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