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Abstract

The lower limb of the Atlantic meridional overturning circulation (AMOC) is the equatorward flow of dense waters that have
been transformed due to the cooling and freshening of the poleward-flowing upper limb. In the subpolar North Atlantic
(SPNA), upper limb variability is primarily set by the North Atlantic Current, whereas lower limb variability is less well
understood, particularly at subseasonal timescales. Using observations from a SPNA mooring array, we show that variability of
the AMOC’s lower limb is connected to poleward flow in the interior Irminger Sea. We identify this flow as the northward branch
of the Irminger Gyre (IG), accounting for 55% of the AMOC’s lower limb variability on monthly timescales. Further, wind
stress curl fluctuations over the Labrador and Irminger Seas drives the IG and AMOC variability on monthly timescales. On
interannual timescales, however, increasing thickness of intermediate water within the Irminger Sea coincides with decreasing

IG recirculation.
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The interior Irminger Sea, where the poleward limb of the Irminger Gyre dom-
inates, is a hotspot for the overturning’s lower limb variability

Irminger Gyre transport variability is linked to deep intermediate water masses
found in the Irminger Sea on interannual timescales

Wind stress curl over the Labrador and Irminger Seas drives Irminger Gyre and

AMOC variability on monthly timescales
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The lower limb of the Atlantic meridional overturning circulation (AMOC) is the equa-
torward ow of dense waters that have been transformed due to the cooling and fresh-
ening of the poleward- owing upper limb. In the subpolar North Atlantic (SPNA), up-
per limb variability is primarily set by the North Atlantic Current, whereas lower limb
variability is less well understood, particularly at subseasonal timescales. Using obser-
vations from a SPNA mooring array, we show that variability of the AMOC'’s lower limb
is connected to poleward ow in the interior Irminger Sea. We identify this ow as the
northward branch of the Irminger Gyre (IG), accounting for 55% of the AMOC's lower
limb variability on monthly timescales. Further, wind stress curl uctuations over the
Labrador and Irminger Seas drives the IG and AMOC variability on monthly timescales.
On interannual timescales, however, increasing thickness of intermediate water within

the Irminger Sea coincides with decreasing IG recirculation.

B

In the subpolar North Atlantic, warm salty waters get transported northwards by
the upper branch of the meridional overturning circulation. As they travel northwards,
they transform: cooling, densifying and sinking. The cooler deeper waters then get trans-
ported back southwards towards the equator in the lower branch of the overturning cir-
culation. The transformation and transport of these waters plays a critical role in our
climate system. However, the lower branch of the overturning circulation and the mech-
anisms controlling how it changes are still not well understood. Observations from a xed
array of moorings between Greenland and Scotland are used here to identify the inte-
rior (away from land boundaries) Irminger Sea as a region important for the overturn-
ing’s lower branch. Specically, we nd that a closed system of currents in the western
Irminger Sea, known as the Irminger Gyre, plays an important role in the overturning’s
variability. The circulation of this gyre is then linked to the recirculation of newly trans-
formed waters that get exported as part of the overturning’s lower branch. Finally, we
investigate the impact of the atmosphere on Irminger Sea circulation and nd that uc-

tuations of the winds are important drivers of change in this gyre and the overturning.
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The Atlantic meridional overturning circulation (AMOC) is key in regulating the
global climate system due to its role in heat and freshwater transport (Srokosz et al., 2012).
In the subpolar North Atlantic (SPNA), the light waters of the AMOC'’s upper limb are
densi ed by water mass transformation and subsequently exported equatorward in the
AMOC's lower limb (Brambilla et al., 2008; Desbruyeres et al., 2019). The formation
and ventilation of dense water within the lower limb also sequesters carbon via the sub-
duction of CO,-rich surface waters, and thus represents an important carbon sink in the
climate system (Sabine et al., 2004; Fontela et al., 2016).

The Overturning in the Subpolar North Atlantic Programme (OSNAP) is a trans-
basin ocean observing array that has been providing direct observations of the SPNA
AMOC since 2014. The array stretches across the SPNA, spanning Scotland to Green-
land (OSNAP East; Fig 1a) and Greenland to Labrador (OSNAP West). One of the key
ndings of the OSNAP project is that water mass transformation north of OSNAP East
dominates the strength and variability of the AMOC in the subpolar North Atlantic com-
pared to OSNAP West (Li et al., 2021; Lozier et al., 2019). This is contrary to previ-
ous work that suggested convection in the Labrador Sea sets the variability and strength
of the SPNA AMOC (Thornalley et al., 2018; Medhaug et al., 2012). Direct observations
have determined that monthly to interannual AMOC variability across OSNAP East is
not constrained to a single region but is spread across the western boundary current (i.e.,
East Greenland Current), as well as the Irminger and Iceland basin (Li et al., 2021). How-
ever, satellite and model [hindcast] simulations have shown that the Irminger Sea is a
key region for AMOC variability on interannual to decadal time scales (Megann et al.,
2021; Chak et al., 2022).

The Irminger Sea is a climatically important region. At the eastern boundary of
the Irminger Sea, the Irminger Current (IC; Fried and de Jong (2022)) transports warm
waters northward. As the IC progresses poleward past the OSNAP array, it splits, with
one branch continuing northward into the Nordic Seas and the other branch returning
southward and eventually joining the cooler fresher waters of the East Greenland Cur-
rent (EGC) (Pickart et al., 2005). Along the western boundary of the OSNAP East ar-
ray (Fig. 1a,b), the equatorward owing EGC advects cool and fresh Arctic-origin wa-
ters. In the interior of the Irminger Sea, a narrow cyclonic gyre, known as the Irminger

Gyre (1G), circulates in the western side of the basin (Fig. 1a; ¥ge et al., 2011; Laven-



der et al., 2000). The IG is largely barotropic and at mid-depths is found to contain Labrador
Sea Water (LSW; ¥ge et al., 2011). The origin of LSW in the Irminger Sea has been
traced to local convection (dge et al., 2011; van Aken et al., 2011) as well as remote
formation (i.e. the Labrador Sea) where the IG acts as a highway connecting the Labrador
and Irminger Sea (Talley & McCartney, 1982; Straneo et al., 2003; Faure & Speer, 2005).
The variability of the IG has been linked to cyclonic wind stress curl o the eastern coast
of Greenland (Spall & Pickart, 2003).

While the Irminger Sea has been recently highlighted as an important region for
AMOC variability on interannual to decadal timescales (e.g. Megann et al., 2021; Cha k
et al., 2022), the connection between the Irminger Sea and the AMOC is unexplored on
shorter timescales. Further, several studies have shown buoyancy forcing is an impor-
tant mechanism for the AMOC on lower frequency timescales (interannual to decadal),
but there is a gap in our understanding of driving mechanisms for short time scales (e.qg.
Jackson et al., 2022). To successfully separate high frequency variability from the longer
timescale climate signals we must better understand the drivers of this high frequency
variability. Thus, we use direct observations from the OSNAP mooring array to inves-
tigate the role of the interior Irminger Sea in the variability of the AMOC on monthly
timescales (section 3). We identify the dominant features of the interior Irminger Sea
pathways that govern AMOC variability (section 4) and examine the density and atmo-
spheric elds that potentially drive this variability of interior Irminger Sea circulation

(sections 5 and 6).
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The OSNAP array is constructed from moored temperature, salinity and current
meters, autonomous pro lers, and hydrographic sections (Li et al., 2017; Lozier et al.,
2019).

The velocity and property elds are interpolated onto a regular grid along the OS-
NAP section using monthly means from 2014 to 2020. The grid has a horizontal and ver-
tical resolution of % and 20 m, respectively. The property elds, i.e temperature, salin-
ity and density, are interpolated along the boundaries from the mooring data. In the in-
terior, property elds are estimated in the upper 2000 m via an objective analysis method

(further details in Li et al., 2017) using autonomous pro lers (i.e. Argo oats and glid-



ers), mooring data, and the WOA 2013 climatology (Locarnini et al., 2013; Zweng et al.,
2013). Below 2000 m, in the interior, hydrographic data from research expeditions in 2014
and 2016 are used. Similarly, the velocity eld is estimated from mooring velocity data
at the boundaries, while in the surface Ekman layer, ERA5 reanalysis wind stress is used
(Hersbach et al., 2020), and geostrophic velocities in the interior come from dynamic height
(moorings) and altimetry. Further details in Li et al. (2017).

Data from the OSNAP timeseries are compared to absolute dynamic topography
(ADT) data from Copernicus Marine Environment Monitoring Service gridded multi-
mission satellite altimetry, and wind stress data from ERA5 (Hersbach et al., 2020). Both

datasets have a% resolution in space and monthly in time.
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In the SPNA, density surfaces slope strongly across the basin. Because of this, the
AMOC is measured in terms of density coordinates and can be considered the transfor-
mation of light waters associated with the upper limb to denser water transported by
the lower limb. Thus, the AMOC is de ned here as the maximum of the overturning stream-
function, ( ;t), in density coordinates (Lozier et al., 2019), wherev is the volume trans-
port (per unit length in the zonal direction per unit density) perpendicular to the OS-

NAP array, integrated from west (X,y) to east (x¢) across OSNAP East, and from the

surface ( min ) through to all density surfaces:
z z,.
AMOC (t) = max[( ;t)]= max]| v(X; ;t)dxd ];(Sv) (1)

min Xw

Over the 2014-2020 period, the mean value of the isopycnal of maximum overturn-
ing ( moc ), separating the upper and lower limb, across OSNAP East is 27.5kg m 3
(Fig. 1b). The lower limb is de ned as the transport component between the sea oor
and the time-varying wmoc (t). Throughout the text, all reference to the AMOC and

the AMOC lower limb is for OSNAP East only.

3 EyRHEN

The key circulation features of the lower limb are the denser component of the south-
ward owing EGC, a northwards ow in the western interior Irminger Sea, the over ow
waters beneath the northward IC, and the southwards owing East Reykjanes Ridge Cur-

rent (ERRC; Fig. 1). An empirical orthogonal function (EOF) analysis of the OSNAP



East velocity eld shows that most of the variability across the lower limb is concentrated
in the western interior Irminger Sea, and a weaker, secondary region of variability in the
IC. The principal component (PC1) time series associated with EOF Mode 1 has a cor-
relation of r = -0.41 (statistically signi cant at the 95% level) with the AMOC.

The connection between the AMOC and circulation in the Irminger basin is fur-
ther investigated via the correlation as a function of longitude between the AMOC and
the accumulated volume transport integrated from the westernmost point of the OSNAP
East array eastward (Fig. 1d). In the region of the EGC, correlation values are r =-0.33
for the accumulated transport and the AMOC lower limb. This weak correlation between
the AMOC and the western boundary current on monthly timescales is consistent with
ndings by Li et al. (2021) who showed that the EGC accounts for only 10% of AMOC
variability at OSNAP East. Moving in the eastward direction there is an abrupt increase
in correlation within the western and central interior Irminger Sea, a region shown here
to be dominated by strong northward ow, with a correlation of up to r =-0.75 and r
= -0.67 (statistically signi cant at the 95% level) for the lower limb and the full water
column transport, respectively (Fig. 1d,e). The correlation decreases over the regions of
the IC and the ERRC. The low correlation between the AMOC and the boundary cur-
rents (i.e. the EGC or IC) may be due to di erences in the dominant frequencies of vari-
ability associated with the topography of the basin. For example, Hopkins et al. (2019)
show that the transport in the boundary currents of the western Irminger Sea varies with
a period between 2.5 { 8 days, associated with topographic Rossby waves and/or eddies,
whereas further o shore, towards the interior, the dominant periods are longer at 55
days.

A Hovnoller diagram of the vertically integrated volume transport in the lower limb
at each longitudinal grid point across OSNAP East shows a strong and highly variable
northward ow in the interior western Irminger Sea (Fig. 1e), coincident with the region
of high correlation shown in Figure 1d. The correlation between the AMOC and the time-
varying northward ow east of 40 W highlights that an increase in this northward trans-
port coincides with a weakening of the AMOC (Fig. 1e,f). We note that there is no moor-
ing data in the eastern portion of the interior Irminger Sea (Fig. 1b), so geostrophic ve-
locity is calculated from the tall moorings bounding this region. This manifests as a band
of lower magnitude variability and lower spatial resolution in this region (Fig. 1e). We

also note that after June 2018 a mooring on the western side of the interior Irminger Sea



was removed from the array, impacting the estimate of mass transport in that region,
and apparent in Fig. 1e (Fu et al., in review), hence for the correlations only the 2014-
2018 period is used.

In this section, we have shown that the western interior Irminger Sea is a hotspot
of SPNA AMOC variability on monthly timescales, set by the northward ow in this re-
gion. The circulation within the western interior Irminger Sea and its connection to the

AMOC are further explored in the next section.

4 E R

The northward transport in the interior Irminger Sea is investigated here via com-
posites of the velocity eld and absolute dynamic topography (ADT) during time pe-
riods of strong and weak AMOC (Fig. 2). During periods when the AMOC is strong (i.e.
greater than one standard deviation above the mean AMOC), there is extremely weak
northward transport in the interior Irminger Sea (Fig. 2a). The velocity eld also shows
a weak bottom-intensi ed southward velocity core east of 40W, corresponding to an east-
ward shift of the deepest core of the Deep Western Boundary Current (Hopkins et al.,
2019). Conversely, when the AMOC is weak (i.e. less than one standard deviation be-
low the mean, Fig. 2b), there is a strengthening of the northward ow in the western in-
terior Irminger Sea. Composites of the ADT during strong/weak AMOC periods show
a closed cyclonic circulation in the western Irminger Sea. When the AMOC is strong,
this gyre expands, and when the AMOC is weak, this gyre contracts (Fig. 2c,d). The
ADT across the OSNAP line also shows a steepening of its gradient in the western in-
terior Irminger Sea during the weak AMOC period (Fig. 2e), consistent with the con-
traction of this gyre and the strengthening of the northwards ow in the interior Irminger
Sea, and vice versa. We identify this cyclonic circulation in the western Irminger Sea as
the Irminger Gyre (IG), and the northwards ow in the western interior Irminger Sea
as its northwards owing branch.

The northward branch of the cyclonic IG has been previously reported as a weakly
baroclinic ow in the mean eld (Lavender et al., 2000; Kase et al., 2001; ¥ge et al.,
2011). Here, the IG is a persistent feature east of 40 and varies strongly with time
(Fig. le, 2f). The interior Irminger Sea full-depth transport, including the IG and cen-
tral Irminger interior (Fig. 1d), has a mean northward transport of 14.39 Sv and corre-

lation of r = -0.66 (statistically signi cant at 95% level) with the monthly AMOC time



series over 2014-2018, suggesting that strengthening of the IG transport coincides with
a weakening of the AMOC'’s net southward transport, and vice versa (Fig. 2), consistent
with section 3. We also note that the I1G’s correlation with the AMOC across the full
OSNAP array (i.e. OSNAP West and East) increases to r = -0.69. The IG component
alone (i.e., 40W-37.5 W) has an approximate time mean volume transport of 5.5 Sv.
This transport is consistent with values previously reported for the northward limb of
the IG (i.e. 7 Sv; Lavender et al., 2000; ¥ge et al., 2011; Fried & de Jong, 2022).

The dynamics of the IG are clearly key in setting the variability of the SPNA AMOC,
by a ecting the strength of the northward ow within the western interior Irminger Sea.
In the next section, the Irminger Sea density eld is examined as a potential driver of

IG variability.
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Labrador Sea Water (LSW) is a widespread intermediate water mass in the SPNA,
formed within the Labrador and Irminger Seas (Yashayaev et al., 2007; de Jong & de
Steur, 2016; Pickart et al., 2003). The density range of LSW is typically 27.7-27.&g m 2
in the Irminger Sea (Holliday et al., 2018) as shown across the lower limb of OSNAP East
in Fig. 3.

In the interior Irminger Sea and the IG we observe a potential vorticity (PV) min-
imum bounded by the 27.7|27.8 kg m 2 isopycnals (Fig. 3b). PV minima at this depth
in the Irminger Sea have been previously used by Pickart et al. (2003) to identify the pres-
ence of LSW. Recently, a more detailed description of the water masses in the western
Irminger Sea has identi ed Upper Irminger Sea Intermediate Water (UISIW) and Deep
Irminger Sea Intermediate water (DISIW) (Le Bras et al., 2020). UISIW forms near the
boundary current with a density range of 27.65-27.7%g m 3. DISIW is formed in the
interior (around 40 W) with a density range of 27.73-27.77kg m 3 and is associated with
a local salinity and PV minimum. Temperature-salinity (T-S) pro les within the west-
ern interior Irminger Sea highlight a salinity minimum of  35.02g kg ! with a mean
temperature of 3.4 C along the 27.74kg m 3 isopycnal (Fig. 3c), consistent with the
DISIW. The T-S properties show that the low PV DISIW is present where we observe
the northwards velocity of the IG (Fig. 3c).

Over the OSNAP period, the density and PV structure show a signi cant increase

in volume of the DISIW over time (Fig. 3d,e,f), primarily through the shoaling of the



27.74kg m 2 isopycnal (Fig. 3d). The layer thickness between the 27.74 and 27.8g m 3
isopycnal increases by 480n over 6 years (Fig. 3f). The increase in the deep interme-
diate water mass suggests that the OSNAP data capture a period of enhanced convec-
tion, consistent with de Jong and de Steur (2016). We observe a concurrent decrease in
the 1G transport over the same period, with a reduction of 4 Sv over 6 years. This is
consistent with the hypothesis of ¥ge et al. (2011) where an increase in volume of in-
termediate water masses in the interior Irminger Sea causes a decrease in IG velocity on
interannual timescales. Fried and de Jong (2022) also found that changes in the gradi-
ent of the density eld across the Irminger Sea contribute to transport variability in this
region (e.g. increases in the density gradient result in higher volume transport). Note
that we nd no statistically signi cant trend in the monthly AMOC time series over 2014-
2020 or statistically signi cant correlation between the LSW layer thickness in the Irminger
Sea and the AMOC on monthly timescales (not shown).

In this section, we examined the density eld as a potential driver of IG variabil-
ity and found a connection between the IG and the intermediate water masses on low
frequency  monthly) timescales. Next, we examine whether atmospheric forcing pro-
vides a mechanistic explanation for the correlation between the northward transport of

the IG and AMOC variability on monthly timescales.

6 fbbEi

In the subpolar gyre, strong westerly winds and increased frequency of westerly Green-
land tip jets (dge et al., 2009) are characteristic of positive North Atlantic Oscillation
(NAO) conditions (Rogers, 1990). Over the 2014-2018 OSNAP period, NAO positive con-
ditions persisted over the subpolar North Atlantic. During this period, deep convection
occurred within the Labrador Sea, south of Cape Farewell and in the Irminger Sea (Piron
et al., 2017; de Jong & de Steur, 2016; de Jong et al., 2018). This convection was coin-
cident with regions of positive wind stress curl (WSC) (Fig. 4a). Strong westerlies dom-
inate the subpolar North Atlantic while northeasterlies a ect the eastern coast of Green-
land (Fig. 4a). We observe positive WSC across most of the Labrador Sea and the east-
ern subpolar gyre, and negative WSC across the eastern North Atlantic south of 56N.

A comparison between the OSNAP-derived IG transport and the WSC in the SPNA
reveals a region of strong positive correlation (maximum value of r = 0.62 in the Irminger

Sea, statistically signi cant at 95% level) over the Labrador and Irminger Seas (Fig. 4b),



in regions where the time-mean WSC is positive (Fig. 4a). This suggests that an increase
in the WSC over the Labrador and Irminger Seas leads to a strengthening of I1G trans-
port, and vice versa. In general, strong WSC over the Labrador and Irminger Seas acts
to spin up the interior circulation, thus connecting the IG and the Labrador Sea (e.g.
Lavender et al., 2000; Faure & Speer, 2005). Spall and Pickart (2003) have previously
shown that local WSC o Greenland is the main driver of gyre variability in this region

on interannual to decadal timescales. Here, we nd that WSC over the Labrador and
Irminger Seas also drives IG variability, as calculated from OSNAP data, on monthly
timescales.

Conversely, the pattern of correlation between the AMOC and WSC across the SPNA
shows negative values over the Labrador and Irminger Seas (maximum value r = -0.60),
suggesting a strengthening of the WSC is linked to a weakening of the AMOC (Fig. 4c).
This is consistent with the mechanism suggested in section 4, i.e., where a strengthen-
ing IG drives a weaker AMOC. Thus, increased WSC east of Greenland and over the Irminger
Sea acts to strengthen the IG, increasing the northward ow within the western interior
Irminger Sea. This increased northward ow subsequently decreases the net southward
transport of the AMOC. We note that the max correlations between the WSC and the
IG or AMOC weaken (r = 0.48, 0.37, respectively) for the full OSNAP period, 2014-2020.
We postulate this is because the relationship between WSC and large-scale circulation
changes with di erent phases of the NAO. Thus, here we have determined that uctu-
ations in WSC play a key role in driving AMOC variability on monthly timescales dur-
ing a persistent positive NAO event. These results are consistent with previous studies
that have suggested that wind forcing is important on intra-annual timescales (e.g. Jack-

son et al., 2022; Buckley & Marshall, 2016).

4.

In the SPNA, the Irminger Sea has been shown to be a climatically important re-
gion and a key driver of variability for the AMOC on interannual to decadal timescales
(Chak et al., 2022; Megann et al., 2021). Observational studies have further found that
variability of the AMOC's lower limb is not constrained to a single region within the east-
ern subpolar gyre, but rather is spread over the western boundary, Irminger and Iceland

basin on monthly to interannual timescales (Li et al., 2021).



In this study, we use data from a trans-basin mooring array to show that the Irminger
Sea is a key region, or hotspot, of variability for the AMOC’s lower limb on monthly timescales.
We nd that it is the IG that dominates the variability of the AMOC’s lower limb with
a correlation of r=-0.75 (accounting for over 55% of its variability), where strengthen-
ing in the northward limb of the IG coincides with weakening of the AMOC, and vice
versa. Fluctuations in Irminger Sea density and local WSC are investigated as drivers
of IG variability. We nd that IG variability is linked to the presence and recirculation
of Irminger Sea intermediate waters (i.e. DISIW), and that IG transport and DISIW are
linked on interannual timescales. Further, it is the uctuations in WSC over the Labrador
and Irminger Seas that dominate IG and AMOC variability, where strengthening of the
WSC over the Labrador and Irminger Seas drives strengthening in the 1G but weaken-
ing in the AMOC on monthly timescales. This relationship between the 1IG-AMOC and
WSC was observed during a period of persistent positive NAO, and may not be repre-
sentative of other forcing regimes.

In brief, we have demonstrated that wind stress is important to the IG-AMOC sys-
tem on monthly timescales, while buoyancy forcing is more likely to dominate on inter-
annual and longer timescales (Jackson et al., 2022). More data and further investigation
is required to understand the relationship between the wind eld and the IG-AMOC dur-

ing NAO neutral or negative periods.
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The OSNAP data can be accessed here: https://www.o0-snap.org/data-access/ . Ab-
solute dynamic topography from the Copernicus Marine Environment Monitoring Ser-
vice gridded multimission satellite altimetry can be accessed from http://marine. coper-
nicus.eu ( product ID: SEALEVEL GLO PHY L4 REP_OBSERVATIONS 008047, last

access: 10 December 2020).
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Figure 4. (a) Wind stress (vectors) and wind stress curl (contours) over the 2014-2018 posi-
tive North Atlantic Oscillation period (December 2014 to October 2018). Correlation between the
wind stress curl and the Irminger Gyre transport at the OSNAP array (b) and the AMOC (c).
Black dotted contour (a,b,c) indicates the zero wind stress curl line. Stippling in (b,c) indicates

statistical signi cance at 95% level.
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