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Abstract Transport of salt in the Irminger Current, the
northern branch of the Atlantic Subpolar Gyre coupling
the eastern and western subpolar North Atlantic, plays an
important role for climate variability across a wide range
of time scales. High-resolution ocean modeling and obser-
vations indicate that salinities in the eastern subpolar North
Atlantic decrease with enhanced circulation of the North
Atlantic subpolar gyre (SPG). This has led to the perception
that a stronger SPG also transports less salt westward. In this
study, we analyze a regional ocean model and a comprehen-
sive global coupled climate model, and show that a stronger
SPG transports more salt in the Irminger Current irrespec-
tive of lower salinities in its source region. The additional
salt converges in the Labrador Sea and the Irminger Basin
by eddy transports, increases surface salinity in the west-
ern SPG, and favors more intense deep convection. This is
part of a positive feedback mechanism with potentially large
implications for climate variability and predictability.
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1 Introduction

The Atlantic subpolar gyre (SPG) has repeatedly been iden-
tified as one important focal area of decadal variability in
the Atlantic Ocean, and a potential source for improved
decadal climate predictions (Delworth et al. 1993; Eden and
Willebrand 2001; Häkkinen and Rhines 2004; Spall 2008;
Yoshimori et al. 2010; Born and Mignot 2012; Robson
et al. 2012; Yeager et al. 2012). However, its importance is
attributed mostly to the passive advection of surface salinity
anomalies of remote origin. The active creation of salinity
anomalies by the anomalous SPG circulation itself is rarely
considered (Frankignoul et al. 2009).

A strong decline in the SPG circulation strength during
the 1990s was first described in observations by Häkkinen
and Rhines (2004), who quantified variations with a ‘gyre
index’, the first Empirical Orthogonal Function (EOF) of
the satellite altimeter sea surface height. Subsequent work
with a regional ocean general circulation model forced by
reanalysis data confirmed this finding and associated the
weakening of the SPG with a receding subpolar front and
high salinities in the eastern subpolar North Atlantic (Hátún
et al. 2005b). This westward shift of the subpolar front
also corresponds to more surface drifters released in sub-
tropical waters reaching the eastern subpolar North Atlantic
(Häkkinen and Rhines 2009).

In the climatological average, relatively saline surface
waters of the eastern basin are advected westward by the
Irminger Current where they enter the western subpolar
North Atlantic. Recent work suggests that when positive
salinity anomalies are created in the eastern basin by a weak
SPG, they are communicated in the same way (Häkkinen
et al. 2011). Paleoclimatic studies extended this concept and
concluded that the additional salt transport of a weak SPG
enhances Labrador Sea convection and thereby strengthen

http://crossmark.crossref.org/dialog/?doi=10.1186/10.1007/s10236-016-0970-y-x&domain=pdf
mailto:born@climate.unibe.ch


1052 Ocean Dynamics (2016) 66:1051–1064

the cyclonic circulation through thermal wind (Thornalley
et al. 2009). Thus, the SPG would stabilize itself and deep
overturning in a negative feedback mechanism. However,
this view disregards that the decrease in volume transport
counteracts the positive salinity anomaly so that the main
source of saline water for the Labrador Sea, salt transport
in the Irminger Current, potentially weakens. Thus, without
further analysis consequences for the transport of salt and
the resulting water mass in the western basin are uncertain.

In this study, we describe how the transport of salt in
the Irminger Current decreases with a weaker SPG, as part
of a positive feedback mechanism. A stronger circulation
also intensifies eddy fluxes, increasing the salinity in the
western basin. We employ a simulation of the preindus-
trial millennium (850 - 1850 AD) with the comprehensive
global climate model CCSM4, driven only by external forc-
ing, and a hindcast simulation of the years 1950 - 2002 with
a regional version of the ocean model MICOM, constrained
by observational hydrography and driven by reanalyzed air-
sea fluxes. Both models agree that salt transport in the
Irminger Current increases with a stronger SPG, because the
increase in volume transport overcompensates lower salini-
ties in its source region. This important role of variations in
volume transport was not acknowledged in previous stud-
ies although it has important consequences for the stability,
variability and thus predictability of the North Atlantic
Ocean circulation.

This paper is organized as follows. Section 2 describes
the two models used. Section 3 discusses how the SPG
changes salt transport and divergence, based mostly on the
comprehensive coupled model. Section 4 puts these find-
ings into perspective by comparing it to the regional ocean
model and observations. We summarize and conclude in the
final Section 5.

2 Description of the models

The simulation results used in this paper are obtained from
two general circulation models, the regional Nansen Cen-
tre version of the Miami Isopycnal Ocean Model (MICOM)
(Sandø and Furevik 2008) and the global coupled Commu-
nity Climate System Model version 4 (CCSM4; Gent et al.
2011). While the regional model simulates the period from
1950 to 2002 using re-analysis data for atmospheric fluxes
and the climatological surface hydrology, the coupled global
model is driven only by variations in solar irradiance and
volcanic forcing between 850 and 1850 AD.

The regional version of MICOM has a horizontal resolu-
tion of approximately 20 km in the region of interest, nested
within a global version of the same model with half the res-
olution (Furevik et al. 2002; Nilsen et al. 2003; Bentsen
et al. 2004). Both versions share a vertical resolution of

26 density levels, of which the mixed layer has a variable
density and the lower 25 levels vary in thickness defined
by fixed isopycnals. The regional refinement covers the
Atlantic Ocean between 30◦ N and 78◦ N and applies a one-
way boundary relaxation scheme toward the global model.
Daily mean NCAR/NCEP re-analysis data (Kistler et al.
2001) of fresh water, heat and momentum fluxes are used
to force the system by applying the scheme of Bentsen
and Drange (2000). In addition, in the regional sub-domain,
the mixed layer temperature and salinity fields are linearly
relaxed towards the monthly mean climatological values of
Levitus and Boyer (1994) and Levitus et al. (1994), respec-
tively. The relaxation time scale adapts to the non-constant
thickness of the mixed layer by scaling linearly from 30
days for 50 m thickness to longer times for a thicker mixed
layer. The simulation used here is the same as in Hátún et al.
(2005a, b), Eldevik et al. (2005), and Mauritzen et al. (2006)
and was found to represent hydrological records of the
North Atlantic and the southern Nordic Seas realistically.
The simulation of the global domain produces climatologi-
cal averages and variability of the Arctic freshwater and heat
transports that generally agree well with observations and an
independent high-resolution regional ocean model (Drange
et al. 2005).

The ocean component of CCSM4 is a z-coordinate rigid-
lid model that employs a curvilinear grid with poles over
Antarctica and Greenland (Danabasoglu et al. 2012a). This
increases the nominal resolution of 1◦ to approximately
50 km in the subpolar North Atlantic. The vertical is dis-
cretized with 60 levels of uniform 10 m thickness in the
upper 160 m and increasing to 250 m at a depth of 3500 m.
Several parameterizations of subgrid processes improve
the simulation of the subpolar North Atlantic, notably
a near-surface eddy flux parameterization (Danabasoglu
et al. 2008), a submesoscale mixing parameterization (Fox-
Kemper et al. 2008a, b) and an improved representation of
density-driven bottom flows across the Greenland-Scotland
Ridge (Danabasoglu et al. 2010). The model ocean is coupled
without flux adjustments to a finite volume atmosphere model
of 1◦ resolution and 26 vertical levels (Neale et al. 2013)
and a comprehensive sea ice model (Hunke and Lipscomb
2008; Holland et al. 2012). In contrast to MICOM, CCSM4
runs freely without relaxation to observed or reconstructed
climatological fields. External forcing follows the Paleocli-
mate Modelling Intercomparison Project Phase III (PMIP3)
protocol (Schmidt et al. 2011). The principal changes are
variations in total solar irradiance prescribed using recon-
structions by Vieira and Solanki (2010) and Lean et al.
(2005), and the effect of explosive volcanic eruptions
included by an estimate of the stratospheric sulfur aerosol
distribution and optical thickness (Gao et al. 2008). A
detailed description of this simulation is found in Landrum
et al. (2013).
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Temperature and salinity of the Labrador Sea, a key
region in this study, reproduce observations with good qual-
itative agreement in both models (Fig. 1). Observations
are taken from the World Ocean Atlas 2013, covering the
period from 1955 to 2012 (Locarnini et al. 2013; Zweng
et al. 2013). Warm saline waters enter the basin on the
northern side on the Greenland slope at a depth between
300 m and 1000 m. The temperature of this water mass
is about 5 ◦C in CCSM4 and 3 ◦C in MICOM. While this
is a substantial difference, both values are consistent with
the range observed between 1994 and 2005 (Straneo 2006;
Yashayaev 2007). Simulated salinities are above 35 psu in
CCSM4 and 34.5 psu in MICOM, respectively, which also
correspond to the upper and lower extremes in the observa-
tions. The very fresh and cold conditions of the Labrador
Current, on the southern side of the basin, compare well
with observed values, although the location is shifted ver-
tically. The cold water core is found at a depth of 100 m
in CCSM4, not at the surface, which could be a result of
excessive sea ice in that region (Jahn et al. 2012b). The tem-
perature difference between the models in the warm inflow
is also seen in Labrador Sea Water in the central basin
between 100 m and 1500–2000 m depth which is warmer
than the observed range between 2.7 and 3.5 ◦C in CCSM4
and about 2 ◦C colder than that in MICOM. This is density-
compensated partly by fresher than observed conditions in
MICOM and more saline waters in CCSM4. The bottom
of the basin is filled with a relatively cold water mass of
1.5 ◦C (CCSM4) or 1.2 ◦C (MICOM) and a salinity of about

34.8 psu, comparable to North East Atlantic Deep Water and
Denmark Strait Overflow Water. CCSM4 generally simu-
lates warmer and more saline waters in the Labrador Sea
than MICOM.

Both models simulate a seasonal cycle of downward
propagating surface temperature anomalies in the Labrador
Sea (Fig. 2), indicating that the effect of deep convection is
present in the region. The amplitude of temperature varia-
tions is similar to observations (Straneo 2006). Comparison
to the same observational data set shows that seasonal vari-
ations in near-surface salinity are too large in CCSM4. This
amplitude is better represented in MICOM. As a result of
this difference, deep convection appears to be much shal-
lower in CCSM4 than in MICOM. However, CCSM4 also
simulates a stronger vertical temperature gradient that com-
pensates the effect of salinity in terms of density. The
Great Salinity Anomaly of the early 1970s is represented in
MICOM as a cooling and freshening in the central Labrador
Sea, which corresponds well with observations (Dickson
et al. 1988; Belkin et al. 1998). Averaged over the study
region (black box in Fig. 3), a negligigle linear drift in
salinity of −3.3 × 10−4 psu/year (MICOM) and −4.9 ×
10−5 psu/year (CCSM4) is observed.

3 Salinity and salt transport in the subpolar gyre

To compare fields of variables associated with differences
in the intensity of the SPG, we define a robust met-
ric that has been used in previous model comparisons

Fig. 1 Temperature (left) and
salinity (right) for CCSM4 (a,
b), MICOM (c, d), and the
World Ocean Atlas (e, f), for a
section through the Labrador
Sea (see Fig. 3d), averaged over
the entire duration of the
simulations, and for 1955–2012
for the WOA
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Fig. 2 Hovmöller diagram of temperature (a, c) and salinity (b, d) at the central Labrador Sea for CCSM4 (averaged over 10 × 5 grid boxes; a,
b) and MICOM (averaged over 30 × 15 grid boxes; c, d), covering a 10-year time window of monthly data

Fig. 3 Composite differences
strong–weak SPGAV E for
MICOM (left) and CCSM4
(right); a, b: depth-integrated
stream function difference
(colors). The time-average
stream function is shown as a
reference (contours, 10 Sv
spacing, negative gray, zero
omitted); c, d: salt transport
difference in the mixed layer
(MICOM) and the upper 100 m
(CCSM4); e, f: sea surface
salinity difference. The
SPGAV E index is defined as the
average of the depth-integrated
stream function in the black box
in (b). The correlation of sea
surface salinity inside the black
rectangle in (f) and the
SPGAV E index is discussed in
the main text. Black lines in (d)
show sections analyzed in
Figs. 1 and 4
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(Born et al. 2013, 2015). The SPGAV E index is the aver-
age of the depth-integrated stream function in the subpo-
lar North Atlantic (60◦W–5◦W, 48◦N–65◦N, see Fig. 3b).
Composites are defined as exceeding ±1 standard deviation
based on annual-average data unless explicitly stated other-
wise. Since the stream function is negative for the cyclonic
circulation of the SPG, a strong SPG corresponds to a low
(negative) SPGAV E .

The time-average circulation of the SPG and patterns
of variability are similar in both models. The anoma-
lous circulation is concentrated in the western basin and
extends to the south, shifting the North Atlantic Cur-
rent (Fig. 3a, b). We define the salt transport as FS =√

(u S �y�z)2 + (v S �x�z)2, where S is the local salin-
ity, u and v are the zonal and meridional velocity compo-
nents, and �x and �y the size of one grid box in zonal
and meridional direction. In the vertical direction, �z is
100 m in CCSM4, so that the salinity and the velocities
are vertical averages over the upper 10 grid boxes. This
depth range covers the active surface layer that most directly
impacts deep convection (Fig. 2). For the same reason,
�z covers the uppermost model layer of variable depth in
MICOM. Thus, although they agree qualitatively the abso-
lute values of salt transport can not be compared between
the two models because the mixed layer is several hundred
meters thick in parts of the advection path in MICOM. This
problem is not easily amended because the mixed layer is
defined very differently in CCSM4 due to the fundamen-
tally different discretization of the vertical model coordi-
nate. Furthermore, one standard deviation of the SPGAV E

index, defining the composites in Fig. 3, is more than
twice as large in MICOM (1.56 Sv) than it is in CCSM4
(0.76 Sv).

Another consequence of the isopycncal vertical coordi-
nate is that averages over several years potentially combine
fields with large differences in layer thickness. As a result,
composites in MICOM do not have a well-defined lower
boundary in the Cartesian space. On the other hand, a fixed
vertical boundary such as that used for the analysis of
CCSM4 is not optimal either because isopycnals and thus
the interfaces of different water masses are likely to move
across it. Such vertical movement could produce a signal
that is unrelated to the lateral transport of salt. Notwith-
standing the fundamental differences in numerical design
and the resulting differences in analysis, both models agree
that as a consequence of the enhanced volume transport
in the SPG, transport of salt increases around the northern
and western rim of the gyre (Fig. 3c, d). This result can
thus be considered robust. Extending the depth in CCSM4
to 500 m produces only marginally different results (not
shown). Arctic freshwater export, which potentially has a
strong impact on the circulation in the North Atlantic (e.g.,
Kartcher et al. 2005), does not change with variations in

the SPGAV E index. Salt transport appears to be more dif-
fuse in CCSM4, partly due to the lower lateral resolution but
also because the composites are calculated from 1000 model
years with many slightly different looking occurrences of
high and low transports.

Sea surface salinities in the western basin increase by up
to 0.5 psu with a strong SPG in CCSM4. An increase in
salinity is not as clear in MICOM and limited mostly to the
boundary currents (Fig. 3e, f). To further test the representa-
tiveness of the lower limit of 100 m in CCSM4, the vertical
extent of salinity anomalies is analyzed for two represen-
tative sections in CCSM4 (Fig. 4). The maximum of the
average salinity south of Iceland is found at a depth of 200
to 1000 m, in good agreement with observed hydrography
(e.g., Våge et al. 2011). However, salinity anomalies associ-
ated with a change in the SPG strength are mostly found in
the upper 100 m and barely detectable below 200 m in both
sections. In the Labrador Sea, salinity anomalies are most
pronounced in the relatively fresh surface layer. Anomalies
in the flow, |u| = √

u2 + v2, across the Reykjanes Ridge are
also strongest near the surface but can be observed down to a
depth of 1000 m. In the Labrador Sea, anomalous velocities
also decrease with depth but remain strong almost to the bot-
tom, showing the barotropic nature of the SPG circulation
changes.

The anomalous absolute transport of salt can not directly
be associated with the changes in surface salinity, because
it does not take into account the salinity of the downstream
region. However, this first qualitative analysis illustrates that
variations in the SPG are associated with more salt transport
in the Irminger Current. No consistent changes in the rela-
tively fresh Arctic outflows east and west of Greenland are
found with the SPGAV E index.

To quantify how the observed anomaly in surface salin-
ity relates to the anomalous salt transport, we analyze
the divergence of the salt transport and its components in
CCSM4 (Fig. 5). This type of analysis is not possible in
MICOM because of the variable depth of the model lay-
ers that would introduce spurious sources and sinks of salt.
Note that while this effect is acceptable in the analysis of
the absolute transport of salt above it produces a domi-
nant signal in the calculation of spatial derivatives such as
the divergence. Interpolation to a grid fixed in space is not
possible because the interpolation of the vector field also
creates a divergence. As before, the analysis will focus on
the upper 100 m where the increase in salinity is most evi-
dent and that has the strongest impact on deep convection.
However, unlike before, we do not use the volume trans-
port (u�y�z, v �x�z) but the vector velocity U = (u, v)

because the divergence ∇ · (S U) yields the readily under-
standable unit of salinity change per unit time (psu s−1).
The results are presented as the difference of the composites
±1σ of the SPGAV E index.
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Fig. 4 Average (a, b) and composite differences SPGAV E strong–
weak (c, d) of salinity in CCSM4 for sections across the Labrador
Sea (a, c) and along the Reykjanes Ridge (b, d). Anomalous veloci-
ties (black contours, spacing 0.5 cm s−1, negative gray) and average

March mixed layer depth (green contours) are shown in the lower pan-
els. Black contours in upper panels are isohalines with a spacing of
0.125 psu. Locations of sections shown in Fig. 3d

With a strong SPG, convergence of salt is found primarily
around the southern tip of Greenland, while several smaller
regions show salinity changes of both signs (Fig. 5a). It
is clear that converging salt transport explains only part of
the anomaly observed in the salinity field. High salinities
appear to mostly result from a stronger doming of isopyc-
nals and therewith enhanced upward mixing of saline water
from deeper layers (Fig. 5b). Deeper layers in this region
are generally more saline (Figs. 1, 4) and thus a shoal-
ing of the 1028 kg m−3 isopycnal, on average located at
approximately 500 m depth in CCSM4, brings saline waters
upward. This is consistent with the lack of higher surface
salinities in the isopycnal model MICOM where shoaling
isopycnals make the surface layer thinner but do not change
its tracer composition.

The enhanced convergence of the salt transport occurs
in a region of deep convection which is thereby enhanced
(Fig. 5d). The mixed layer depth increases by approximately
700 m. Stronger deep convection and loss of heat in turn
lifts the isopycnals and mixes the more saline subsurface
water upward. So, while the observed increase in surface
salinity cannot directly be attributed to the convergence of
salt at the surface, it is indirectly caused by the enhanced
salt transport that strengthens deep convection in the region
and thereby mixes more saline waters upward. This is in
good agreement with our theoretical understanding of the
processes involved (Born and Stocker 2014). Both models
agree that these variations in the strength of the SPG do not

generally coincide with changes in the East Greenland Cur-
rent and Arctic freshwater (Fig. 3a–d). Air-sea exchanges
play a minor role (Fig. 6). Although the pattern matches
the simulated total changes in surface salinity (Figs. 3f,
5b), air-sea freshwater exchange is three orders of magni-
tude smaller than ocean transports (Fig. 5) and can thus not
explain the anomaly. The similarity of the pattern is due to
changes in evaporation.

Changes in salt transport depend both on changes in
velocity and changes in the salinity of the advected water
masses. This is formalized as

�FS = �(S · U) ∼= U · �S + S · �U

= U · �S + S · �Uadv + S · �Usg, (1)

where the first term U · �S represents changes in salt trans-
port �FS due to variations in salinity �S, scaled by the
time-average velocity U . The second term S · �U denotes
changes in velocity �U scaled by the average salinity S.
Terms of higher order (�S ·�U ) are usually small and have
been neglected here. The velocity is further divided into its
advective component Uadv and the parameterized, subgrid
part U sg , representing mesoscale eddy mixing on isopyc-
nal surfaces following Gent and McWilliams (1990) and the
restratification by submesoscale eddies in the mixed layer
by Fox-Kemper et al. (2008b).

The divergences of the individual terms in Eq. 1 shows
that the divergence of the anomalous transport of salt is
almost entirely due to changes in velocity S�U (Fig. 5c).
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Anomalous salinities transported by the climatological flow
pattern, U�S, do not yield a notable accumulation of salt
(Fig. 5d). The decomposition of the velocity into its advec-
tive and subgrid components shows that the large-scale
transport of salt from the eastern to the western basin is
primarily due to advection, while the convergence in the
deep convection region is a result of subgrid eddy transports
(Fig. 5e, f).

The divergence of salt transport is also calculated in a
meridional section through the south of Greenland (Fig. 7).
Here, the full three-dimensional fields of salinity and veloc-
ity are used. After that, the three-dimensional divergence
field is averaged over 5 grid boxes in zonal direction cov-
ering the center of the salt convergence (see Fig. 5a, c, f).
The convergence of salt transport is most pronounced at the
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Fig. 7 Divergence of the composite anomalous salt transport for
strong–weak SPGAV E in CCSM4. A meridional section is shown
extending from southern Greenland following the model grid through
the center of the region of maximum convergence (zonal average, see
Fig. 5f). Convergence of salt is visible in the center of the SPG around
56◦ N, coinciding with the horizontal pattern (Fig. 5a)

surface where salinity gradients are strongest, but extends
down to a depth of about 500 m in the center of the SPG
around 56◦ N. Salt diverges north and south of that, co-
located with strong currents perpendicular to the chosen
section. This divergence at 53◦N and 60◦N is partly balanc-
ing the convergence in the center of the SPG. The relatively
weak divergence is not visible in the horizontal divergence
(Fig. 5). At depth, below the region of salt convergence,
salt diverges. This picture is consistent with a stronger SPG
where eddies transport salt from the relatively saline upper
boundary current into the convective center of the SPG and
in the opposite direction below (Straneo 2006; Born and
Stocker 2014).

4 Comparison with MICOM and observations

Since a long integration time is required to obtain robust
results for the composites of the divergence, the previ-
ous section focusses on the simulation of the last mil-
lennium with CCSM4. In the following, we want to take
advantage of the good representation of the second half
of the last century in MICOM found in previous studies
(Hátún et al. 2005a, b) and put some of the above findings
into the perspective of recent hydrological changes in the
North Atlantic.

Our analysis follows Hátún et al. (2005b) in order to
investigate the effect of well-documented hydrographic
changes on salt transport and salinity. Therefore, EOFs have
been calculated from MICOM sea surface height data of the
subpolar North Atlantic to quantify variations in the SPG.
Both data and method are identical to the earlier study, but
extended in time by using the entire simulation period start-
ing at 1950, ten more years than in Hátún et al. (2005b).
This causes minimal changes to the shape of the first two
EOFs but inverses their order. The EOF that was dominant
for the 1960-2002 period corresponds to the second EOF
(EOF2) for the full length of the simulation with 18.9 %
explained variance. The first EOF (EOF1) explains 27.3 %
of the simulated variance. To visualize the difference, com-
posites of the depth-integrated stream function are defined
as greater and smaller than one standard deviation of the
time series (principal components, PC) associated with the
first two EOFs (Fig. 8). This takes advantage of the com-
plete velocity field simulated by the model without the need
to interpret anomalous sea surface height values. The results
can directly be compared with the time-average stream func-
tion and the composite based on the SPGAV E index in
Fig. 3a.

EOF2 does not represent a uniform circulation change
in the SPG, but rather a localized recirculation south of
Iceland in combination with a relocation of the SPG/STG
front. In contrast, the anomalous circulation associated with
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Fig. 8 Composite differences
of the depth-integrated stream
function of MICOM (colors),
based on sea surface height PC1
(a) and PC2 (b). The normalized
PC1 and PC2 are shown in the
lower panels. Contours show the
time-average stream function
(spacing 10 Sv, negative gray,
zero omitted)
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the dominant sea surface height EOF1 appears to be a bet-
ter representation of variations that involve the entire SPG,
including a notable signal in the Labrador Sea (compare
Fig. 3a). Interestingly, the anomalous circulation related
to EOF1 resembles sea surface height anomalies associ-
ated with continuously positive North Atlantic Oscillation
index (NAO) forcing in a regional version of the NEMO
model, with maxima in the Labrador Sea and the Irminger
Basin (Herbaut and Houssais 2009). EOF2 anomalies in
MICOM, focused in the northeastern SPG, are not unlike
the circulation anomalies caused by continuously posi-
tive NAO wind stress forcing (neutral buoyancy fluxes)
in NEMO.

Both EOFs are used to calculate composites of salin-
ity and freshwater transport in the subpolar basin, for the
variable-depth mixed layer (Fig. 9). The PC2 composite of
sea surface salinity, equivalent to the gyre mode of Hátún
et al. (2005b), shows the expected freshening south of
Iceland with an anomalously positive index (Fig. 9c). It is
the result of the relatively small recirculation in the north-
eastern corner of the SPG (Fig. 8b). A surface freshening
is not observed with a more general strengthening of the
SPG, the composite of PC1 (Figs. 9a and 3e). Here, salinity
anomalies are mostly found in the path of the North Atlantic
current but do not propagate into the SPG. Note, however,
that the composites are based on relatively short time series
and might therefore be contaminated by transient signals
such as meanders of the North Atlantic Current.

Anomalies in meridional freshwater transport are calcu-
lated as

Fy =
∫∫

v
S0 − S

S0
dx dz, (2)

integrated across a section in x direction and over depth z.
This is determined for each grid box of the uppermost layer
in MICOM individually, with its local salinity S and local
meridional velocity v. The reference salinity S0 is defined as

the surface salinity of the western subpolar North Atlantic.
The zonal transport of freshwater Fx is calculated analo-
gous to Eq. 2 but using the zonal velocity component u and
integrating over y and z.

In the composites based on the PC1 and PC2, most
freshwater is transported where the anomalous volume flow
is greatest (Figs. 9b, d, and 8). Both composites agree
that westward freshwater transport in the Irminger Current
decreases with a stronger circulation, irrespective of salinity
change in the eastern source region. No noteworthy changes
are found outside the SPG, with special attention to fresh-
water outflow from the Arctic. Waters from the eastern
subpolar North Atlantic are generally transported westward
in the direction of the Irminger Current and lower salinities
are seen along its path in the PC2 composite (Fig. 9c). How-
ever, the anomalously low salinity in the eastern basin does
not result in an enhanced transport of freshwater toward
the west but the causality appears to be opposite. Anoma-
lous freshwater transport is directed toward the east causing
the relatively fresh water mass in the eastern SPG. While
this appears to contradict the stronger flow of volume, it
is indeed a direct consequence. In spite of the decrease in
salinity, waters in the eastern basin continue to be more
saline than in the western basin. Thus, the additional salt
that is transported by the anomalously strong current over-
compensates the fact that this water mass is less saline than
before, resulting in an overall increased westward transport
of salt that is equivalent to a stronger eastward transport
of freshwater. This result is consistent with the composites
of PC1 that also show a freshwater transport opposite to
the direction of the mean flow of volume (Fig. 9b). It also
corroborates the analysis of divergence of salt transport in
CCSM4 (Fig. 5) and the initial analysis of salt transports
(Fig. 3c, d).

The importance for volume flux changes on freshwa-
ter transport anomalies in the Irminger Current can be
generalized as follows. Meridional Freshwater transport
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Fig. 9 Composite anomalies of
surface salinity (a, c) in the
uppermost layer in MICOM,
based on sea surface height PC1
(upper) and PC2 (lower). The
right column shows a closer
view of the same salinity data
(contours) and arrows for
freshwater transport for the
same composites

a
b

c
d

across a section of given width and depth is, according to
Eq. 2:

Fy = V
S0 − S

S0
, (3)

where V = ∫∫
v dx dz is the meridional volume transport.

The salinity S is assumed to be constant over the width and
depth of the section. Changes in Fy are

�Fy = �V · S0 − S

S0
+ V · �

(
S0 − S

S0

)
(4)

= �V · S0 − S

S0
− V

S0
· �S. (5)

We now estimate values for volume transport, salinities
and their respective variations from published observations.
The average salinity of the Irminger Current is approxi-
mately S = 35 psu (Våge et al. (2011), Fig. 4), and peak-
to-peak interdecadal near-surface variations are smaller than
�S = 0.1 psu (Hátún et al. 2005b; Häkkinen et al. 2011;
Fig. 9). The salinity of the upper central Labrador Sea, taken
as the reference salinity S0 here, is approximately 34.6 psu
(Straneo 2006). Estimates of volume transport are less well
constrained as they depend on the definition of the Irminger
Current by density, salinity or depth contours. To be consis-
tent, the estimates for time-average volume transport and its
variations have to represent the water mass corresponding to
the observed salinity variations at the near surface. Hence,
we employ estimates by Våge et al. (2011) for the northward
transport along the western flank of the Reykjanes Ridge, in
the upper 500 m: V = 7 Sv, �V = 4 Sv.

From Eq. 5 the relative magnitude of the freshwater
transport contributions from volume flux and salinity varia-
tions is:

R = (S0 − S) · �V

V · �S
≈ −2.3. (6)

Thus, typical variations in volume transport are more
than twice as effective in changing the transport of freshwa-
ter than accompanying changes in salinity. Moreover, both
contributions counteract each other.

The above results from both models and theory indi-
cate that a stronger SPG transports freshwater eastward
and concentrates salt in the western basin. However, the
strengthening of the SPG from the late 1980s and sub-
sequent weakening after 1995 is not reflected in corre-
sponding salinity changes in observations downstream in
the Labrador Sea (Yashayaev 2007), apparently contradict-
ing our findings. The same lack of salinification is observed
in the MICOM simulation (Fig. 3). A potential reason why
positive salinity anomalies were not observed in spite of
the strong SPG before 1995 is that they are relatively small
compared to other influences that are not directly associated
with the SPG strength such as Arctic freshwater outflows
or an accelerated retreat of Greenland outlet glaciers. The
observational record that contains only very few variations
of the SPG might be too short to reliably separate a salin-
ity anomaly caused by the convergence of the circulation
from independent processes. To test this hypothesis, we
again use the 1000 year simulation of CCSM4. Sea sur-
face salinity in the western basin (see black rectangle in
Fig. 3f) and the (negative) SPGAV E index show a signifi-
cant (anti-) correlation in this model (r = −0.5, Fig. 10).
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To remove information from periods longer than the satel-
lite altimetry record that is commonly used to estimate the
SPG circulation strength (∼30 years), both time series are
high-pass filtered with a cut-off at 30 years. The resulting
cross-correlation is below the 95 % significance threshold
(r = −0.16) and therefore indistinguishable from a signal
of unrelated origin. This suggests that observations of sea
surface salinity are too short to discern whether their origin
is related to enhanced salt transport and convergence in the
SPG. Similar findings have recently been reported from the
analysis of five coupled climate models including CCSM4
(Deshayes et al. 2014).

The frequency spectrum of SPGAV E has a significant
maximum at 25 years in CCSM4, in agreement with phys-
ical explanations described in other coupled models (e.g.,
Born and Mignot 2012). The significance threshold has
been estimated assuming SPG variations of 20 years cycle
duration, which gives 50 degrees of freedom for the 1000-
year simulation.

5 Summary and conclusions

We investigated the transport and convergence of salt in
two general circulation models with very different char-
acteristics, a regional isopycnal ocean model forced by
observations for the second half of the last century (1950-
2002 AD, MICOM), and a global coupled climate model
with a z-coordinate ocean driven by external forcing for the
preindustrial millennium (850–1850 AD, CCSM4). While
the regional model ensures consistency with recent obser-
vations, CCSM4 provides time series long enough for more
general and robust conclusions. Indeed, dominant variations

in the surface circulation and associated surface salinity fin-
gerprints of recent decades (Hátún et al. 2005b) differ from
long-term changes.

Our analysis confirms that a freshening of the eastern
basin was the most pronounced water mass change in the
1990s, as a result of an eastward shift of the subpolar front
brought about by a recirculation cell in the eastern SPG.
For the simulation period of MICOM between 1950 and
2002, this type of circulation anomaly explains a variance in
sea surface height of 19 %, the second mode of variability
(EOF). However, its spatial pattern does not project onto the
time-average barotropic stream function. The association
with the SPG is much clearer for the first EOF of sea sur-
face height, explaining 27 % of variance. This latter mode
of variability does not show a clear freshening of the east-
ern basin. We conclude that using the most recent decades
of observations as an analogy for past SPG variability might
lead to unreliable results (Thornalley et al. 2009).

Both models agree that a stronger SPG transports more
salt (less freshwater) along its northern rim as a result of
an increased volume transport. Anomalous salinities in the
eastern subpolar North Atlantic play a secondary role as the
effect of typical changes is smaller than for typical varia-
tions in volume transport. This basic result is indeed easily
estimated from observational data and is consistent with
earlier works that describe the importance of advection for
salinity in the Iceland Basin (Herbaut and Houssais 2009)
and the Irminger Basin (Desprès et al. 2011).

Transport of salt in the upper layers of the SPG and
the connection of the eastern and western subpolar North
Atlantic basin have repeatedly been described as impor-
tant parts of natural climate variability (Delworth et al.
1993; Yoshimori et al. 2010; Lozier 2010; Born and Mignot
2012; Kwon and Frankignoul 2012; Langehaug et al. 2012;
Danabasoglu et al. 2012b). Our results suggest that this con-
nection cannot be simplified to the mere communication of
existing anomalies from east to west but that the variable
transport itself creates substantial salinity anomalies.

The analysis of surface salt convergence adds impor-
tant detail on the respective roles of explicit advective and
parameterized subgrid transports. While advection trans-
ports salt over relatively large distances from the eastern
into the western basin, it does not converge and therefore
not increase the surface salinity in the Labrador Sea. It is the
subgrid transports, parameterized eddies, that accumulate
salt in the western basin, consistent with observations (Lilly
et al. 1999; Lilly and Rhines 2002; Prater 2002; Straneo
2006) and eddy-resolving numerical modeling (Spall 2004).
Previous work with CCSM4 found the convergence of
subgrid transports to correlate with surface density in the
deep convection region, causing changes in the AMOC
(Danabasoglu et al. 2012b). We extend these findings and
specify that these changes are linked to variations in the SPG
and an enhanced advection of salt from east to west.
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This understanding supports the concept of the positive
feedback mechanism that we presented in previous studies
(Born and Stocker 2014; Born et al. 2015): The accumu-
lation of salt in the western basin favors deep convection.
Deep convection cools the water column and makes it more
dense which strengthens the cyclonic flow of lighter waters
around it. This intensification of the SPG then carries more
salt again. If less salt was transported in a stronger SPG,
e.g., as a result of decreasing salinities in the eastern basin,
the feedback would be negative and climate variability of
the North Atlantic would arguably be of smaller amplitude
(Mengel et al. 2012). This positive advective-convective
feedback has been discussed in climate models (Levermann
and Born 2007; Born and Mignot 2012; Born et al. 2013)
and has successfully been used for the explanation of pale-
oclimate reconstructions (Born and Levermann 2010; Born
et al. 2011; Irvali et al. 2012; Moffa-Sánchez et al. 2014).
The good agreement in the time-average circulation and
the pattern of variability of the SPG in both models, one
of which is designed to resemble the second part of the
past century as realistically as possible, suggests that the
current generation of coupled climate models simulate this
important aspect of climate variability robustly and with
reasonable detail.

For the relatively stable climatic periods simulated by
the two models used in this study, variations in the SPG do
not systematically depend on changes in Arctic freshwater
export. Composites based on the strength of the SPG show
that the transport of salt within the subpolar North Atlantic
dominates over signals from neighboring regions. This sit-
uation could change if the Arctic Ocean was affected by
an independent forcing. Projected changes in Arctic pre-
cipitation, river runoff and sea ice are expected to greatly
influence the Arctic outflow of freshwater and thereby
the circulation of the North Atlantic (Karcher et al. 2005;
Holland et al. 2006; Koenigk et al. 2007; Lehner et al. 2012).
This result is robust in spite of the generally poor agree-
ment on the Arctic freshwater budget and exports among
coupled climate model (Jahn et al. 2012a). Variations in
Arctic sea ice probably also played a decisive role in past
climate change (Born et al. 2010; Jochum et al. 2012; Miller
et al. 2012; Lehner et al. 2013; Kleppin et al. 2015). How-
ever, Born et al. (2010) found that the magnitude of the
SPG-internal freshwater flux anomaly is larger than Arctic
freshwater fluxes though Denmark Straight for the arguably
rather large changes following the last interglacial period
125,000 years ago.

In summary, these findings reinforce the importance
of SPG dynamics for large-scale circulation changes. The
advection of far-field anomalies into the western subpolar
North Atlantic is modified if accompanied by a change in
the SPG circulation, which in the case of decadal AMOC
variability is observed in virtually all coupled climate

models (Yoshimori et al. 2010, Table 1). However, this
mechanism does not preclude the modulation by centennial-
scale advection of salt anomalies from afar that might be
superimposed on the decadal SPG signal (e.g. Delworth and
Zeng 2012).
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