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Surface-Forced Variability in the Nordic Seas Overturning
Circulation and Overflows
Marius Arthun'

!Geophysical Institute, University of Bergen, and Bjerknes Centre for Climate Research, Bergen, Norway

Abstract Water mass transformation in the Nordic Seas and the associated overflow of dense waters across
the Greenland-Scotland Ridge (GSR) acts to maintain the lower limb of the Atlantic meridional overturning
circulation. Here, we use ocean and atmospheric reanalysis to assess the temporal variability in the Nordic
Seas overturning circulation between 1950 and 2020 and its relation to surface buoyancy forcing. We find that
variable surface-forced transformation of Atlantic waters in the eastern Nordic Seas can explain variations in
overflow transport across the GSR. The production of dense water masses in the Greenland and Iceland Seas

is of minor importance to overflow variability. The Nordic Seas overturning circulation shows pronounced
multidecadal variability that is in phase with the Atlantic Multidecadal Variability (AMV) index, but no
long-term trend. As the AMV is currently transitioning into its negative phase, the next decades could see a
decreased overflow from the Nordic Seas.

Plain Language Summary In the Nordic Seas, warm, light waters are transformed into cold, dense
waters. This dense-water formation is important to the global ocean circulation. In this study, we quantify the
role of surface heat and freshwater fluxes in this dense-water formation. We find that variable surface fluxes

in the eastern Nordic Seas can largely explain variations in dense-water formation since 1950. The formation

of dense waters in the Nordic Seas and the subsequent export of these waters into the North Atlantic show no
long-term trend. We nevertheless predict that the dense-water formation will decrease during the next decade as
a result of multidecadal variability.

1. Introduction

In the Nordic Seas, warm waters of Gulf Stream origin releases its heat to the atmosphere and returns south to
the North Atlantic as a cold, dense current at depth (Brakstad et al., 2023; Chafik & Rossby, 2019; Eldevik &
Nilsen, 2013; Smedsrud et al., 2022) (Figure 1a). This dense overflow water feeds the lower limb of the Atlantic
Meridional Overturning Circulation (AMOC) (Dickson & Brown, 1994; Swift et al., 1980) and is therefore an
important component of the global ocean circulation. The North Atlantic and Nordic Seas are separated by the
Greenland-Scotland Ridge (GSR) and the main exchange of water masses takes place through the Denmark Strait
(DS), the Iceland-Faroe Ridge, and the Faroe-Shetland Channel (FSC) (Hansen & @sterhus, 2000; @sterhus
et al., 2019).

The overflows across the GSR are composed of two distinct types of overflow water: an “Atlantic-origin” over-
flow water that is formed by ocean heat loss to the atmosphere along the cyclonic boundary current system of
the Nordic Seas (Eldevik et al., 2009; Mauritzen, 1996), and an “Arctic-origin” overflow water that is produced
by open-ocean convection in the interior basins of the western Nordic Seas (Huang et al., 2020; Swift &
Aagaard, 1981). The volume transport associated with the two components of overflow water is comparable
(Hansen & @sterhus, 2000; Vage et al., 2011). However, it is not established whether the two types of overflow
water contributes equally to changes in overflow transport on interannual to decadal time scales.

Common for both Atlantic-origin and Arctic-origin overflow water is the importance of surface buoyancy forcing.
Using observed hydrography and an inverse model of oceanic transports, Isachsen et al. (2007) identified a close
correspondence between the surface transformation in the Nordic Seas and the average strength of the overturn-
ing circulation. Similarly, a clear link has been found between surface-forced water mass transformation and the
North Atlantic overturning circulation (Desbruyeres et al., 2019; Marsh, 2000; Megann et al., 2021). However,
temporal variability in the Nordic Seas overturning circulation and its relation to surface forcing has not yet been
assessed. In this study, we accordingly use observations, and ocean and atmospheric reanalysis to investigate the
Nordic Seas overturning circulation in recent decades (1950-2020). We will in particular assess to what extent
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Figure 1. (a) Map showing the main ocean currents into and out of the Nordic Seas. Red arrows indicate warm surface
waters, while green arrows indicate cold dense waters that eventually leave the Nordic Seas as overflow waters predominantly
through the Faroe Shetland Channel and Denmark Strait. The blue arrow shows the cold, fresh East Greenland Current. The
background color shows the mean surface density (o,; kg m=*) in March 2009-2018. The yellow contour shows where the
mixed-layer depth in March exceeds 1,500 m. NwAC: Norwegian Atlantic Current. (b) Surface current speed (cms™!) in
March 2018. The black lines show the boundaries of the Nordic Seas as used in this study. BSO, Barents Sea Opening.

variable surface-forced water mass transformation by heat and freshwater fluxes can explain variations in over-
flow transport across the GSR. This will improve our understanding of how the Nordic Seas overflows respond to
changes in surface forcing, which is important in order to predict potential future changes in a warming climate.

2. Data and Methods
2.1. Observations of Overflow Transports

Transports of overflow water (6, > 27.80 kg m~?) across the GSR is provided by the AtlantOS consortium
(OceanSITES, 2022). We consider data from the Faroe Bank Channel (Hansen et al., 2016) and the DS (Jochumsen
et al., 2017). The combined time series covers the period 1997 to 2015. Holes in the time series were filled by
linear interpolation.

2.2. ORASS

To investigate circulation changes in the Nordic Seas we use the global ocean and sea ice reanalysis ORASS
(Ocean Reanalysis System 5; Zuo et al., 2019) covering the time period 1979-2018. The ORASS system uses
the Nucleus for European Modeling of the Ocean (NEMO) ocean model, the LIM2 sea ice model, and the
NEMOVAR ocean assimilation system. The horizontal resolution is 1/4° X 1/4° (approximately 12 km in the
Nordic Seas) and there are 75 vertical levels (level spacing increasing from 1 m at the surface to 200 m in
the deep ocean). The atmospheric forcing of ORASS is from ERA-40 (before 1979), ERA-Interim (1979-2015),
and ECMWF NWP (2015—present). ORASS consists of five ensemble members generated by the perturbation of
initial conditions, observations and forcings. Here we mainly use the first unperturbed member. In addition, we
make use of the ORASS backward extension (ORAS5-BE) covering the period 1958-1978 with one ensemble
member (Zuo et al., 2019).

ORASS has previously been evaluated for the Nordic Seas and Arctic Ocean and shown to perform well (Carton
et al., 2019; Li et al., 2022; Shu et al., 2021). The horizontal resolution is sufficient to adequately resolve the
different branches of Atlantic water (Orvik & Niiler, 2002) and the southward flow east of Greenland (Figure 1b).
Consistent with observations (e.g., Eldevik & Nilsen, 2013), three distinct water masses are present at the GSR
(Figure 2a; vertical profiles shown in Figure S1 of Supporting Information S1); warm and saline Atlantic Water
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Figure 2. (a) Observed (gray dots) and simulated (ORASS; colored dots) temperature-salinity (TS) characteristics of waters at the Greenland-Scotland Ridge (GSR).
The color corresponds to volume transport (in 10~ Sv) per TS-class (bin size of 0.2°C and 0.05 g kg™"). Positive transports are into the Nordic Seas. The observations
are from Eldevik and Nilsen (2013). (b) Time series of overflow transport from observations and ORASS5 between 1997 and 2015. (c) Mean streamfunctions of the
density-space overturning at the GSR (¥,) and of the surface-forced overturning in the Nordic Seas (¥,) between 1979 and 2018 from ORASS. The gray shading is
the ORASS ensemble spread for ¥,. (d) Overflow transport anomalies between 1993 and 2018 in four ocean reanalyses. Mean value and standard deviation for each

reanalysis are provided.

(AW; 0 > 4°C, 6, < 27.75 kg m~3), cold and fresh Polar Water (PW; 6 < 4°C, ¢, < 27.75 kg m~>), and cold, dense
Overflow Water (OW; ¢, > 27.75 kg m~3). Note that OW in ORASS is defined by ¢, > 27.75 kg m~3 whereas
observations use 6, > 27.8 kg m~>. This is based on the overturning streamfunction, which for ORASS5 reaches
its maximum at 27.75 kg m~> (Figure 2b). For the time period when observations of volume transport across
the GSR exist (1997-2015), the mean transport of these water masses consists of a net AW inflow of 6.1 Sv
(1 Sv=10°m3s7!), and an outflow of 4.9 Sv of OW (2.5 and 2.4 Sv east and west of Iceland, respectively) and
1.2 Sv of PW. These values are in broad agreement with available observations (@sterhus et al., 2019). Inter-
annual variability in OW transport from ORASS is also similar to observations (Figure 2c; r = 0.53, p = 0.01)
and to that in three other commonly used ocean reanalyses (Figure 2d); C-GLORSvV7 (Storto & Masina, 2016),
GLORYS2V4 (Ferry et al., 2012), and GloSea5 (MacLachlan et al., 2015). In agreement with observations
(Brakstad et al., 2019), deep mixed-layers, reflecting open-ocean convection, are found in the Greenland Sea
(Figure 1a).
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2.3. Surface-Forced Overturning Circulation

The meridional overturning circulation involves the transformation of warm northward-flowing surface waters
into cold, dense waters flowing southwards at depth. The AMOC is thus directly associated with water mass
transformation, and previous studies have shown that the density-space overturning circulation can be well repre-
sented by water mass transformations from surface buoyancy fluxes (e.g., Desbruyeres et al., 2019; Marsh, 2000;
Petit et al., 2020). The calculation of the surface-forced component of the overturning circulation detailed below
follows these studies.

The surface-forced overturning streamfunction relates the rate of density transformation in a given density class
to the surface buoyancy fluxes into that density class over its outcrop area, neglecting the effects of subsurface
mixing and local changes in storage (Speer & Tziperman, 1992; Walin, 1982). The surface-forced overturning
streamfunction (¥ ; in units of Sv) across an isopycnal, o, was calculated as (e.g., Marsh, 2000):

o L _%0u 5 S
W0 = o //M[ S 4 B2 0w [N A, ()

where

1 ifoc —Ac/2 <0 <0+ Ac/2
(o) =
0 elsewhere

a is the thermal expansion coefficient, f is the haline contraction coefficient, C, is the specific heat capacity of
seawater, Q,, net surface heat flux into the ocean, S is surface salinity, and Q,, is the net freshwater flux into
the ocean that includes evaporation, precipitation, sea ice melting/freezing, and river runoff. ¥_was calculated
for each month and each isopycnal ¢ (spaced by Ac = 0.1 kg m~3) and then averaged into annual and regional
fields. If o did not outcrop within this region in a given month, ¥_was set to zero. Maps of ¥ were obtained by
accumulating the integrand over outcrops (Desbruyeres et al., 2019; Petit et al., 2020).

The surface-forced overturning in the Nordic Seas (Figure 1b) was calculated based on buoyancy fluxes and
surface hydrography from ORASS5 (1979-2018) and its backward extension ORAS5-BE (1958-1978). For
ORASS, the ensemble spread provides an estimate of uncertainty for the monthly ¥ . In addition, we calculate
P, based on surface heat fluxes (SHF) from the atmospheric reanalysis products ERAS (1959-2020) (Hersbach
et al., 2020), NOAA-20C (1900-2015) (Compo et al., 2011), and the Objectively Analyzed Air-Sea Fluxes for
the Global Ocean (OAFlux, 1958-2020) (Yu et al., 2008). For OAFlux, only turbulent heat fluxes are available
which leads to higher values of annual ¥ . When plotting ¥, from OAFlux, values are thus reduced by 1.5 Sv
(based on sensitivity calculations from ORASS5 and NOAA-20C). Salinity is also not available for ERAS, NOAA-
20C, and OAFlux and this was set to 35.2 (corresponding to AW salinities; Figure 2a). This is justified as surface
density in the Atlantic domain of the Nordic Seas, which is the focus region of the calculations of ¥_based on
atmospheric reanalysis data, is predominantly determined by temperature. Calculating ¥ with constant salinity
in ORASS leads to minor changes (not shown). To accentuate multi-year variability a 2-year low-pass triangular
filter (4-year filter width) was applied to the time series of surface-forced overturning and overflow transport.

The overturning streamfunction in density-space, ¥ , across the GSR is calculated by summing the
zonally-integrated transports from the densest levels to the lightest levels (e.g., Menary et al., 2020):

Y, = —/ / v(x,0)dodx )

‘max

The overturning strength, defined as the maximum streamfunction, closely corresponds to the transport of over-
flow waters across the GSR (Figure S2 in Supporting Information S1).

3. Overflow Variability Determined by Surface Forcing in the Norwegian Sea

The mean streamfunction of the surface-forced Nordic Seas overturning circulation () closely resembles the
time-averaged overturning stream function in density space (¥ _; Figure 2b), supporting a clear link between the
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Nordic Seas overturning and water mass transformation due to surface forcing. The surface-forced overturning
reaches its maximum at o, = 27.60 kg m~3, which is slightly lighter than the density level of maximum overturn-
ing (27.75 kg m~3). This suggests that additional transformation takes place that is not driven by surface buoyancy
forcing, for example, through lateral exchange (mixing) between the boundary currents and the interior of the
Nordic Seas (Evans et al., 2023; Huang et al., 2023; Isachsen et al., 2012).

As the aim of this study is to assess how variable surface-forced overturning manifests in the dense overflows
across the GSR, we next compare the time series of ¥ at each density level with the time series of overflow
transport. We find that ¥ at ¢, = 27.50 kg m~> (hereafter referred to as W?"°) can account for a large fraction
(r = 0.81) of the multi-annual overflow variability (Figures 3a and 3b). In contrast, overflow variability is not
associated with W at overflow densities (>27.80 kg m~?) or with the time series of maximum ¥_ (r = 0.08
for detrended time series). The high correlation between W27 and total overflow transport across the GSR is
reflected in both the DS and Iceland-Scotland overflow branch (» = 0.83 and r = 0.53, respectively).

There is no time lag between the surface-forced overturning and overflow transports, and higher correlations
are not obtained if SHF are integrated over previous years. This is somewhat in contrast with findings of Tooth
et al. (2023) who found that Nordic Seas overflow pathways integrate several decades of water mass transforma-
tion before crossing the GSR. However, a substantial part of the DS overflow is supplied by intermediate-depth
Atlantic-origin overflow water (Harden et al., 2016; Havik et al., 2019), which has a shorter residence time in the
Nordic Seas and, hence, can contribute more directly to overflow variability (Eldevik et al., 2009). Considering
the DS overflow separately, the overflow lags the surface-forced overturning by 1 year. No lag is found for the
FSC, reflecting a shorter circulation loop within the Norwegian Sea (Chafik et al., 2020; Eldevik et al., 2009).

The concurrent relationship between W?”*° and overflow transport could be a result of large scale atmospheric
forcing that can influence both water mass transformation in the Nordic Seas and the overflow across the GSR.
Specifically, it is well documented that the North Atlantic Oscillation (NAO), the leading mode of sea level
pressure variability in the North Atlantic, influences the exchanges across the GSR (e.g., Bringedal et al., 2018;
Sandg et al., 2012). However, neither W2”-° nor the overflow transport is significantly correlated with the winter
NAO index (p-value > 0.05). In line with observations (Bringedal et al., 2018), significant co-variability exists
between the NAO and the overflow through the Faroe Bank Channel, but not with the total overflow transport
which is analyzed here. A limited role of atmospheric forcing on total overflow variability is further supported by
regressing the time series of overflow transport onto sea level pressure, showing a weak pattern with low corre-
lations (Figure S3 in Supporting Information S1).

The spatial pattern of transformation across 27.50 kg m~3 (Figure 3c; calculated as described in Section 2.3)
shows that water mass transformation into this density class predominantly occurs along the Atlantic water path-
ways in the eastern subpolar North Atlantic and Nordic Seas (Figure 1a). In the Nordic Seas, this corresponds
to the Norwegian Atlantic Current (NWAC) and the West Spitsbergen Current flowing northwards along the
coast of Norway and Svalbard, respectively. Integrating the water mass transformation over four different regions
shows that 87% of W?"- takes place in the Norwegian Sea (Figure 3d). Consistent with observations (Brakstad
et al., 2023; Huang et al., 2020), the transformation into denser water masses shifts progressively toward the
Fram Strait and Greenland Sea. These results imply that although the densest overflow waters are produced in
the Greenland Sea, this is not the main source region for multi-annual variability in overflow waters across GSR.

Surface transformation of Atlantic waters also takes place in the Arctic Ocean, and especially in the Barents
Sea (Arthun et al.,, 2011; Rudels et al., 1999). However, no significant correlations are found between the
surface-forced overturning in the Arctic Ocean (bounded by the Fram Strait, Barents Sea Opening, and Bering
Strait) and the overflow transport across the GSR (Figure S4 in Supporting Information S1). Including the Arctic
Ocean in the calculation of surface-forced overturning does also not have a notable influence on W2’ and its
relationship to overflow. It also does not lead to any other density levels becoming significantly related to over-
flow transport.

4. Multidecadal Variability of the Surface-Forced Overturning Circulation

Motivated by the strong correlation between overflow variability and W?”* we calculate the surface-forced
overturning circulation over an extended time period using three different reanalyses products (ERAS, NOAA-
20C and OAFlux; Methods), as well as the backward extension of ORASS5 (ORAS5-BE). The surface-forced
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Figure 3. (a) Standardized time series of overflow transport (OW) and surface-forced overturning at 6, = 27.50 kg m=
(W) in ORASS. The gray shading is the ORAS5 ensemble spread for ¥27°, Time series were standardized by

removing the mean and dividing by the standard deviation. (b) Correlations between overflow transport and ¥, at different
density levels. Gray (orange) bars show correlations for linearly detrended (full) data. Significant correlations at the 95%
confidence level (Ebisuzaki, 1997) are indicated by filled circles. (c) Spatial pattern of mean surface-forced overturning at
6,=27.50 kg m~ (units: 10 Sv) in ORASS between 1979 and 2018. Positive values correspond to densification to this
isopycnal. Gray dots indicate where the isopycnal outcropped less than, on average, once per year. NS, Norwegian Sea; FS,
Fram Strait; GS, Greenland Sea; IS, Iceland Sea. (d) The mean contribution to surface-forced overturning at different density
levels by different regions. Vertical lines show standard deviation of the corresponding detrended time series.
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Figure 4. (a and b) Surface-forced overturning at 6, = 27.50 kg m~> in the Nordic Seas (‘I‘f“o) for different reanalysis products. Thick black line shows the
multi-model mean for 19602018 when there is at least three products available. The thick red line shows W27 calculated from the NorESM OMIP2 simulation. (¢
and d) Multidecadal sea-surface temperature (SST) variability in the North Atlantic represented by the AMV-index (Omrani et al., 2022; Trenberth & Shea, 2006),

and SST and surface heat fluxes (SHF) from NOAA-20C averaged over the surface area of ¥27*°. Time series have been linearly detrended, standardized and 10-year
low-pass filtered to highlight multidecadal variability. Positive SHF indicates oceanic heat loss. Projections of Atlantic Multidecadal Variability in (d) are from Omrani
et al. (2022) and are used to infer future ¥27*° plotted in (b) through linear regression of the multi-model mean surface-forced overturning against the AMV-index
between 1960 and 2018. Solid line is the ensemble mean and shading represents the interquartile range based on different statistical projections (see Omrani

etal., 2022).

overturning at 6, = 27.50 kg m~ based on these reanalyses shows good agreement with ORASS for the recent
decades (Figure 4a), providing confidence in the results. Considering the extended period since 1950, it is seen
that the increased W27 after the 1980s was preceded by a notable decrease. These reconstructions thus suggest
pronounced multidecadal variability in Nordic Seas surface-forced overturning circulation, and, hence, overflow
transport. The temporal evolution of this multidecadal reconstruction of 270 is further supported by a simula-
tion by the Norwegian Earth System Model (NorESM2-LM; Seland et al., 2020) forced by the Japanese atmos-
pheric reanalysis product JRAS55-do (Tsujino et al., 2018) as part of the Ocean Model Intercomparison Project
Phase 2 (OMIP-2; Griffies et al., 2016).

Variations in surface-forced overturning can be driven by both air-sea fluxes and by the area covered by a particu-
lar surface density range (Equation 1). All the reanalyses considered here suggest that the surface area is most
important to $27° (r = 0.70 — 0.85; Figure S5 in Supporting Information S1). The finding that the variance in
Atlantic water transformation is mainly influenced by the variance in density at the ocean surface is in agreement
with results from the subpolar North Atlantic (Petit et al., 2021).

The multidecadal signal in Nordic Seas surface-forced overturning circulation closely resembles that found in North
Atlantic sea-surface temperatures, that is, the Atlantic Multidecadal Variability (AMV; Trenberth & Shea, 2006)
(Figure 4c¢). Similar variations of Iceland-Scotland overflow strength and the AMV in palaeo-reconstructions and
preindustrial control simulations were also noted by Lohmann et al. (2015). In agreement with our results, they
argued that the similar variation of Iceland-Scotland overflow strength and AMV index is due to changes in the
density structure of the Nordic Seas, which is positively correlated with the AMV index. However, whereas we
find surface density to influence overflow transport by affecting the transformation of surface water, Lohmann
et al. (2015) found AMV-related surface density changes to affect the pressure gradient, and, hence, the transport
across the GSR.
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Following Olsen et al. (2008) and Bringedal et al. (2018), we calculate the pressure gradient across the GSR
using the difference in sea-surface height (barotropic component) and density at 700-m depth (baroclinic compo-
nent) between an area north (64—66°N, 0-4°W) and south (60-61°N, 16-18°W) of the ridge. Consistent with
observations (Bringedal et al., 2018), the relation between overflow transport and pressure differences is mainly
determined by the barotropic component (r = 0.55). The baroclinic pressure difference (r = 0.31) still contributes
to the total pressure gradient (r = 0.71), but predominantly as a result of density changes south of the GSR. The
co-variability between ¥27° and overflow transport across GSR can therefore not be ascribed to density changes
in the Nordic Seas driving both W?”** and baroclinic transports.

A quantitative analysis of the mechanisms driving variable surface hydrography in the Nordic Seas, and how this
is related to the AMYV, is not preformed here. Previous studies have, however, shown that anomalous advection
of Atlantic Water into the Nordic Seas plays a key role (/&rthun et al., 2017; Asbjgrnsen et al., 2019; Carton
etal., 2011). A dominant role of ocean advection in driving surface density changes is furthermore supported by
higher sea-surface temperatures being associated with anomalous heat fluxes out of the ocean (Figure 4c; shown
for NOAA-20C but also true for ORASS5 and OAFlux). A connection between the Nordic Seas and the North
Atlantic is further supported by recent reconstructions of the Atlantic inflow across the GSR (Rossby et al., 2020)
that also shows clear multidecadal variability.

The finding that the overturning circulation in the Nordic Seas displays pronounced multidecadal variability
in connection with hydrographic variations in the upper ocean is in line with some observation-based recon-
structions of the overturning circulation in the subpolar North Atlantic (Fraser & Cunningham, 2021; Jackson
et al., 2022). Other estimates, however, find that the North Atlantic overturning strength shows no clear connec-
tivity to upper-ocean density changes and no distinct decadal to multidecadal variability (Fu et al., 2020).
Uncertainty thus remains about multidecadal trends in the North Atlantic overturning circulation and to what
extent these are influenced by long-term variations in Nordic Seas overturning and overflow waters (Figure 4a).

Observation-based projections of the AMV suggest that it is currently transitioning into its negative phase
(Frajka-Williams et al., 2017; Omrani et al., 2022) (Figures 4c and 4d). Considering the identified link between
the AMYV and Nordic Seas overturning circulation, this implies the next decades could see a decreased overturn-
ing circulation in the Nordic Seas. Based on the linear sensitivity of the 10-year low-pass filtered W27 to changes
in the AMV (averaged over the different data sets), the AMV-decline toward 2040 corresponds to a 0.8 Sv reduc-
tion in overturning circulation (Figure 4b). A reduced Nordic Seas overturning circulation toward 2040 of similar
magnitude is also seen in climate model simulations, followed by a subsequent strengthening toward the end of
the century (Arthun et al., 2023). It is important to keep in mind, however, that other processes will also affect the
future strength of the Nordic Seas overturning circulation. For example, ongoing sea ice loss in the Greenland Sea
can lead to enhanced ventilation of the Atlantic water boundary current (Moore et al., 2022; Vage et al., 2018),
which would act to increase overturning in this region.

5. Conclusions and Implications

In this study, we have used ocean and atmospheric reanalyses to assess the role of surface-forced water mass
transformation (overturning) in Nordic Seas overflow variability. We find that a majority of overflow variability
is determined by transformation of Atlantic water along the NwAC (¥27°; Figure 3). The production of dense
water masses in the Greenland and Iceland Seas is of minor importance to overflow variability. Our results thus
support a direct export pathway of modified Atlantic water, that is, Atlantic-origin overflow water, as the main
source of overflow water variability (Eldevik et al., 2009; Mauritzen, 1996). The finding that surface-forced
water mass transformation of a specific density level can explain a large fraction of overflow variability has
potential implications for monitoring of the overflows. Overflows are notoriously hard to observe from current
meters, but results presented here imply that Nordic Seas overturning and associated overflow transport may be
diagnosed by observing processes at the sea surface.

Because of its role in feeding the lower limb of the AMOC, the potential of a weakened Nordic Seas overflow
transport is of great interest and concern (Hansen et al., 2001; Kohl et al., 2007; Olsen et al., 2008; Zhang
et al., 2004; @sterhus et al., 2019). Here we show, using different reanalyses products, that the transformation
of Atlantic water into overflow waters shows no long-term trend, but is rather characterized by pronounced
multidecadal variability in synchrony with the AMV. The presence of multidecadal variability in the water mass
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transformation in the Nordic Seas and transport across GSR needs to be taken into account when interpreting
observations that only cover a limited time period (e.g., Hansen et al., 2001; Tsubouchi et al., 2021). As the AMV
is currently transitioning into its negative phase (Omrani et al., 2022), the next decades could see a decreased
overflow from the Nordic Seas.
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