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Abstract The flow of warm water into the Nordic Seas plays an important role for the mild climate of
central and northern Europe. Here we estimate the stability of this flow thanks to the extensive
hydrographic record that dates back to the early 1900s. Using all casts in two areas with little mean flow just
south and north of the Greenland-Scotland Ridge that bracket the two main inflow branches, we find a
well-defined approximately +0.5 Sv volume transport (and a corresponding +30 TW heat flux) variation in
synchrony with the Atlantic multidecadal variability that peaked most recently around 2010 and is now
trending down. No evidence is found for a long-term trend in transport over the last 70 to 100 years.

Plain Language Summary Society has been much concerned about the possibility of the
slow-down of what is popularly known as the Gulf Stream and its transport of warm water to high
latitudes of the North Atlantic. Were this to happen it is generally understood that the climate of central
and northern Europe would turn distinctly colder. Direct measurements of the warm water flow toward
the Nordic Seas and cold water flowing back into the deep North Atlantic show no change over the last
couple of decades. To reach further back in time we have considerable information about the
hydrographic state of the North Atlantic and Nordic Seas since the early 1900s. By examining the
difference in sea level between the North Atlantic and Norwegian Sea we find a ~70-year variation in
volume and heat transport that is clearly associated with the Atlantic multidecadal variation. It peaked
most recently around 2010 and is now trending down. We note that the Atlantic multidecadal variation
accounts for the observed variations so well we find no evidence for a longer-term increase or decrease
in transport.

1. Introduction

The flow of warm water north into the northern North Atlantic is a major distinguishing feature of the
Atlantic (Buckley & Marshall, 2016). As it flows north it releases heat to the atmosphere keeping the winds
comparatively warm to far higher latitudes than any other ocean basin (e.g., Palter, 2015). This flow north is
known as the upper branch of the meridional overturning circulation (MOC). As it flows and loses heat it
becomes increasingly dense such that when the water crosses the meridian between Cape Farewell,
Greenland, and Scotland a process of branching and transformation takes place along which water leaves
the upper ocean to feed and join the lower south-flowing branch of the MOC (Chafik & Rossby, 2019). The
partitioning of the upper branch is such that roughly half leaves the surface in the Subpolar North Atlantic
and turns south at intermediate depths (what one might call the shallow overturning branch) while the other
half continues north hereafter referred to as the Nordic Seas MOC where very dense water is produced and
pooled behind the Greenland-Iceland-Faroe-Scotland Ridge (Chafik & Rossby, 2019; Dickson et al., 2008;
Hansen & Osterhus, 2000). This dense water spills back into the deep North Atlantic between Greenland
and Scotland as the deep overturning branch of the MOC. It is a slow-down or collapse of this Nordic Seas
branch of the MOC that has been cause for concern (e.g., Broecker, 1997). The shallow branch may be quite
variable (e.g., Lozier et al., 2019), but there is no evidence that it can shut down as the deep branch has (e.g.,
McManus et al., 2004) given that it was quite active even during the last glacial period (e.g., Curry &
Oppo, 2005).
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Figure 1. (a) The blue and red dots show all hydrocasts in the southern Norwegian Sea and Rockall Trough used in this study. The two regions span both warm
water pathways into the Nordic Seas indicated by the transport contours (Childers et al., 2015). Bathymetric contours at 200, 500, 1,000, 2,000, and 3,000 m.
Dashed green lines show the Norrona route across the Faroe-Shetland Channel and along the Iceland-Faroe Ridge. Dashed black line shows extended

Ellet line (Holliday et al., 2015). The right panels (b) and (c) show 0-500 m deseasoned average temperature and salinity data and their annual

averages (stars) for the Norwegian Sea (blue) and Rockall Trough (red).

Several programs have been in place over the last 2-3 decades to measure overflow from the Nordic Seas into
the deep North Atlantic (e.g., Hansen et al., 2016; Jochumsen et al., 2017) while others have focused on flow
toward the Nordic Seas (e.g., Berx et al., 2013; Hansen et al., 2015; Rossby et al., 2018). Here we attempt to
expand the window backward in time by using hydrographic data since the early 1900s to provide insight
into how transport toward the Nordic Seas may have trended or varied since the dawn of modern oceanogra-
phy. The approach taken is to assemble all hydrographic data from two regions that bracket both the IFR
and FSC inflows to estimate the dynamic height difference between two regions. This difference, assuming
geostrophy, can be used to determine transport given a velocity reference, which we can obtain from the
Norrona program (Rossby et al., 2018).

2. Methods and Data
2.1. Hydrography

The chart in Figure 1 shows the two principal upper ocean (0-400 m) transport pathways according to
Childers et al. (2015), one passing through the FSC and the other across the IFR. The basis for the following
analysis is that this upper ocean inflow into the Nordic Seas must be in geostrophic balance with the differ-
ence in sea level between the northeast Atlantic and the southern Nordic Seas, an assumption that will be
validated later. To estimate this difference, two quiet areas bracketing the two pathways will be defined.
By quiet we mean both little mean flow and low eddy activity; the former to avoid aliasing estimates of trans-
port and the latter to improve estimates of interannual variability. The regions are the Rockall Trough (RT)
and the southern Norwegian Sea (NS), respectively (Figure 1a). In the supporting information (Text S1) we
describe the organization and processing of the data in further detail.
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The standard dynamic method is used to estimate geostrophic transport (Fofonoff, 1962). This approach
gives us total transport between the two regions without regard to or knowledge of how it might be parti-
tioned into the IFR and FSC branches. As will be seen the assumption of geostrophy works well for the
inflow, but not for the overflow.

We begin with the standard definition of dynamic height anomaly AD:

AD=;6 dp, (1)

where &, the specific volume anomaly, is defined as § = «(S, T, p) — ap and ay = «(35, O, p) is the specific
volume at local pressure with S = 35 and T = 0°C.

Average geostrophic velocity normal to the line separating the two stations relative to the surface is then

v(p)==f""(ADy(p) = ADa(p))/ (x5 = Xa) + Vo, )

where (X, — X,) is the horizontal distance (dist) between the two stations and v, is an arbitrary integration
constant with dimension velocity. It is set = 0 at the surface. Total transport relative to the surface is
obtained by integration of velocity and multiplied by distance:

Tya(p)=dist[ov(p) dp=—F"[¢ dp[t (8, — 6.) dp. 3)

Transport relative to a nonzero pressure p (or depth) can be obtained by setting an offset velocity v, to the
integral such that v(p) = 0. This was common practice in earlier oceanographic studies where it was assumed
that the ocean at depth was nearly motionless. Today, directly measured currents and/or satellite-measured
sea surface tilt can be used to reference the dynamic method (next sections). The unit of transport is 1 Sv

(erdrup) = 10°m> s~

2.2. Velocity

To calibrate the hydrographic estimates of transport, this study uses the 2009-2016 average velocity field
through the FSC and across the IFR (Rossby et al., 2018). These absolute velocity data were obtained from
an ADCP mounted in the hull of the high-seas ferry Norréna, which operates on a weekly schedule from
the Faroes to Denmark and Iceland.

2.3. Altimetry

Monthly mean values of sea surface height (SSH) from the DUACS DT2018 multimission satellite altimetry
(Taburet et al., 2019) are utilized to study the sea level trends and variability for the RT and southern NS
areas in Figure 1. We use the 1/4° monthly mean absolute dynamic topography (the sum of sea-level anoma-
lies and the MDT_CNES/CLS 2013 ocean mean dynamic topography) between January 1993 and December
2018 (Chafik et al., 2019). As with hydrography, yearly averages of SSH give us a single time series of sea level
variability for the two regions.

3. Results and Discussion
3.1. Validating the Dynamic Method With Satellite Altimetry

Dynamic height measures the expansion or contraction of a water column due to density change (the & in
Equation 1 is the inverse of density). As a water column warms it expands and sea level rises. It is the
ability to measure these variations accurately that has made satellite altimetry so powerful. It also has
excellent spatial coverage. This gives us a means for checking whether the far fewer hydrographic stations
within the predefined regions can still capture their low-frequency variability. Figure 2a shows SSH var-
iations since 1993. These two time-series are constructed exactly the same way as for hydrography: for
each month for the entire 1993-2018 record, average SSH is computed for the two areas (the black dots).
These are then deseasoned resulting in the thin red and blue lines, respectively. Averaging the SSH
records year-by-year yields the annual time series, the thick lines. A linear fit to these yields the sea level
rises indicated in the figures, almost all of which represents global sea level rise (Cazenave et al., 2018).
The variations around these trends represent variations in dynamic height due to the Atlantic
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Figure 2. (a) Satellite altimetric sea surface height (SSH) for RT and NS. The dots represent monthly averages, the thin
red and blue lines the deseasoned time series and the heavy lines the annual averages. The thin black lines are the linear
trends. (b) Surface to 500 m dynamic height (line and circles) for RT (red) and NS (blue) and detrended SSH from
altimetry (solid line) superimposed. The panel shows the correlation coefficients between the two.

multidecadal variability (AMV) and effects of winds especially in the NS (Chafik et al., 2019). Figure 2b
compares dyn. hgt between 0 and 500 m estimated using Equation 1 and SSH after removing the
common sea level rise. The correlation coefficient between the two annual series is 0.7 and 0.88 for the
NS and RT series, respectively, a satisfactory validation of our approach to pool hydrographic data to
increase degrees of freedom for estimating transport variability.

3.2. Dynamic Height Anomaly and the Dynamic Method

Our starting points are the temperature and salinity data sets for the two regions, Figures 1a and 1b. Using
Equation 1 the corresponding 0-500 dbar (or meter) dynamic height anomaly (4D) data sets including all
data from before 1950 can be estimated (Figure 3a). (For the purposes of this study 1 dbar = 1 m.)
Figure 3b shows the casts available for each year for the two regions. Starting around 1950 the data volume
increases substantially, but there are scattered data from the beginning of the 1900s that will be used. The
difference in dynamic height between the two regions can be used to determine velocity (Equation 2) and
transport (Equation 3). But to do so we need to determine v, in Equation 2 so that the transports have the
proper magnitude. Fortunately, we know the absolute transport for the 2009-2016 period well thanks to
the Norrona operation (Rossby et al., 2018). We proceed in two steps: First, determine the mean
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Figure 3. (a) Annual average and standard error for 0-500 m dynamic height as a function of time since 1900 for the two
regions (red for RT, blue for NS). The very high dynamic height in 1949 (RT) is due to three casts taken in or near
a very warm eddy. (b) Number of casts available per year. There are 4,201 and 2,804 casts for the two regions,
respectively.
geostrophic velocity profile for the same 2009-2016 period. Second, use the Norrona velocity data to
determine at what depth the velocity goes to/through zero. Figure 4a shows the AD integrals for the two
regions for the 2009-2016 period. The difference between these two gives geostrophic velocity from the
surface according to Equation 2 (dashed line). The next step is to determine the reference velocity v,. The
green curve shows the 8-year average velocity profile for the 2009-2016 period from the Norrdna
(obtained from Rossby et al., 2018). It passes through 0 m s~ at 489 m at which depth the dynamic
height difference = 0.31 dyn. m. We reinterpolate the geostrophic profile to 1 m resolution and shift it so
0 i d : d dyn. hgt., /velos:ity 0 i de-s 2 d dyn. hgt.‘and tral:tsporl _
L@ /! /! L(b)
// N /
200 / 4 200
/ AN
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Figure 4. (a) Dynamic height and geostrophic velocity starting at the surface and shifted right (dashed lines) so it goes
through zero at 489 m. The green curve shows the 8-year average velocity from the Norréna ADCP sections. (b) The
corresponding integrated geostrophic and directly measured transports. Note the +0.8 Sv uncertainty (taken
from Rossby et al., 2018).
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it equals zero at 489 m (dashed line shifted right) such that v, = 0.03 m s at the surface. Whereas the geos-
trophic velocity is based on a nominal 821 km distance between the two regions, the measured profile is the
8-year average of all water passing through the IFR and FSC. The irregularity of the velocity profile reflects
the decreasing width of the two openings from 770 km at the surface to 300 km at 500 m depth (see bathy-
metry in Figure 1a).

Integrating the adjusted geostrophic velocity and directly measured mean velocity profiles (Equation 3) leads
to the transport profiles shown in Figure 4b. The error bar in ADCP transport is dominated by the lack of
degrees of freedom for the large IFR contribution to transport (Rossby et al., 2018). In comparison, the uncer-
tainty in the geostrophic estimate is far smaller due to the O(200) hydrocasts available from this period for
averaging. The geostrophic profile does not include a ~0.6 Sv flow north along the Scotland Slope (estimated
from numerous lowered ADCP velocity profiles across the Scotland slope along the Extended Ellet Line,
Figure 1). But the objective here is to establish a reasonable mean profile around which to study variability.
Rossby et al. (2018) and @sterhus et al. (2019) give the best estimates for mean exchange between the North
Atlantic and the Nordic Seas. For the rest of the paper we will use 500 m as the reference depth for transport
estimates. This is held constant since a similar calibration or depth determination at times past is not possi-
ble. The deep overflow (flow in the opposite direction at depth) is discussed in the supporting information
(Text S2).

3.3. Temporal Change

The key step of this paper is to use the dynamic height records to determine geostrophic transport in the past.
Figure 5a shows estimated annual mean transport for nearly every year since 1950. What is most striking
about this figure is the roughly +0.5 Sv variation in transport on interdecadal time scales. These are princi-
pally due to changes in heat content in RT, the principal contributor dynamic height change as the
interannual-to-decadal variations have a different character in the NS and RT (Figures 5b and 5c). A strong
relationship can be seen between transport and temperature fluctuations in RT (R = 0.8) and less so for that
with temperature in NS (R = —0.37). This points to the northeast Atlantic as the source of the observed trans-
port variations. More specifically, it points to the AMV as a primary contributor to transport variability.
Figure 5d superimposes transport on a composite AMV index based on two different data sets (HadISST
and ERSST) and two approaches (Trenberth & Shea, 2006; van Oldenborg et al., 2009) that essentially
remove the global mean sea-surface temperature from those of the North Atlantic Ocean. The agreement
is good since 1950 when data coverage improves, but even the few data points from the early 1900s fit the
fluctuations associated with the AMV: a peak in transport in the 1940-1950 range, a minimum around
1980 and a maximum 2010 with a downturn developing since then (Frajka-Williams et al., 2017). Just as
important, the overall agreement between estimated transport and the AMV is such that any residual trend
is so small that based on Figure 5d we cannot be sure of its sign and conclude therefore that there is no evi-
dent long-term trend over the instrumental record.

3.4. Heat Transport Variations

Heat transport (H) varies with volume transport (V) and an average temperature (T). An estimate of how
much H varies (H’) is given by

H'=<V>T+V'<T >, 4)

where T represents an average temperature. Given a 0.5 Sv amplitude to the transport (V’) and a cor-
responding 0.5°C temperature amplitude (7", Figure 1, lower right) H' = 6.2 Sv x 0.5°C x C, + 0.5
Sv x 9°C x C,, where C, is the heat capacity (4 X 10° Jm™3°C™) = (124 + 18) x 10" W, i.e., +30
TW. Given that the 270 TW heat transport reported by Rossby et al. (2018; see also Segtnan et al., 2011)
was estimated when transport was near a maximum and is now down-trending, this suggests that heat
flux may decrease to perhaps ~210 TW in the coming decades if the AMV pattern persists. Such a large
variation in heat transport accords with studies that have noted warm and cold phases with lesser and
greater ice coverage in the Barents Sea (Arthun et al., 2012; Boitsov et al., 2012; Smedsrud et al., 2013).
It is worth noting that while the instrumental record (from 1870-present) of the AMV only spans two
cycles there is some evidence for its existence over the last millennium (Wang et al., 2017; Zhang
et al., 2019).
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Figure 5. (a) Annual averages of baroclinic transport assuming a constant level of no motion at 500 m depth (top panel).
The middle panels (b) and (c) show normalized temperature variability for Rockall Trough and Norwegian Sea using
the mean and standard deviations indicated in color. The bottom panel (d) superimposes annual (light) and 11-year
(heavy) standardized and low-pass filtered transport variability (red) and AMV index (black). The AMV is an
ensemble mean of four different indices calculated based on two different definitions (Trenberth & Shea, 2006, and
van Oldenborg et al., 2009) and two data sets (HadISST and ERSST). The definition by Trenberth and Shea (2006)
subtracts the global mean sea-surface temperatures (60°S-60°N) from those of the Atlantic Ocean (0-80°W, 0-60°N). The
definition by van Oldenborg et al. (2009), however, omits the tropical region, averages sea-surface temperatures

north of 25°N (7-70°W, 25-60°N) and subtracts the regression on global mean temperature. The dark (light) gray
shaded area is the standard deviation based on the low-pass filtered (annual) AMV indices.

4. Summary

By combining a variety of hydrographic casts from regions with little mean flow in the northeast Atlantic
and southern NS one can construct a record of dynamic height difference that measures transport of all
warm water entering the Nordic Seas. This time series reveals a significant variation in both volume
and heat transport that is clearly linked to the AMV. The agreement between transport and the AMV
is noteworthy for two reasons. First, there is evidence for a distinct ~70-year variation superimposed with
maxima centered around 1940 and 2010 with a downturn developing in recent years (Frajka-Williams
et al., 2017). Second, the fit is so good or tight that we cannot identify any longer-term residual trend that
can be credibly bound away from zero. While this finding that both volume and heat transport vary in
synchrony with the AMV has no predictive value, the absence of a measurable longer-term trend suggests
a stable Nordic Seas heat flux. This is, at least for now, contrary to the apprehension of a persistent slow-
down of the MOC (Broecker, 1997).
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