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The air-sea transfer of heat and freshwater plays a critical role in the global
climate system'. This is particularly true for the Greenland and Iceland Seas, where
these fluxes drive ocean convection that contributes to Denmark Strait Overflow
Water, the densest component of the lower limb of the Atlantic Meridional
Overturning Circulation (AMOC)>. Here we show that the wintertime retreat of sea
ice in the region, combined with different rates of warming for the atmosphere and
sea surface of the Greenland and Iceland Seas, has resulted in statistically
significant reductions of approximately 20% in the magnitude of the winter air-sea
heat fluxes since 1979. We also show that modes of climate variability other than the
North Atlantic Oscillation (NAO)*7 are required to fully characterize the regional
air-sea interaction. Mixed-layer model simulations imply that further decreases in
atmospheric forcing will exceed a threshold for the Greenland Sea whereby
convection will become depth limited, reducing the ventilation of mid-depth waters
in the Nordic Seas. In the Iceland Sea, further reductions have the potential to
decrease the supply of the densest overflow waters to the AMOC?®.

Sea ice in the Iceland and Greenland Seas has undergone dramatic fluctuations
since 1900° (Fig. 1). In particular, the early 20" Century warming period from the 1920s-
1940s'® was characterized by reduced ice extent, while there was an expansion of sea ice
during the mid-century cooling period from the 1960s-1970s'". The reduction in sea ice
concentration that has occurred over the past 30 years is unprecedented in this 111 year

long record and has resulted in the lowest sea ice extent in the region since the 1200s'”.
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The Iceland and Greenland Seas contain gyres (Fig. 1) where oceanic convection

81314 "a process that is crucial for dense water formation and thus the AMOC”.

occurs
Open-ocean convection requires a suitably preconditioned environment, typically a
cyclonic gyre which domes the isopycnals resulting in a weakly stratified mid-depth
water column. This makes it easier for convective overturning to extend to greater depths
once the surface waters lose buoyancy through the transfer of heat and moisture to the
atmosphere". The buoyancy loss tends to be largest at the ice edge, where cold and dry
Arctic air first comes into contact with the relatively warm surface waters". The recent
retreat of wintertime sea ice (Figure 1) has increased the distance of these two oceanic
gyres from the ice edge and hence the region of largest heat loss. Here we address how
this change is affecting ocean convection.

We focus on the changes in winter mean conditions for the period 1958-2014,
using a merged dataset, described in the Supplementary Material, consisting of the 40-
year (ERA-40) and the Interim (ERA-I) Reanalyses, both from the European Centre for
Medium-Range Weather Forecasts'®'’. As can be seen from Figure 1, this time period
covers both the mid-century cooling, in which there was an expansion of sea ice in the
vicinity of both convection sites, as well as the more recent period with unprecedented

retreat of ice across the entire region.

Figure 2 shows the winter mean sea ice concentration within the two gyres, as

ocean

well as the turbulent heat flux Q™ within the open water portion of the gyres (error

estimates described in the Supplementary Material). Consistent with Figure 1, both gyres

had their highest sea ice concentrations in the late 1960s. Since that time, sea ice cover in
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the Iceland Sea gyre has vanished, while in the Greenland Sea it persisted until the mid

ocean

1990s after which it also disappeared. The time series of O, " shows that both gyres are

subject to considerable inter-annual variability in atmospheric forcing as well as long-
term tendencies towards reduced fluxes. This low-frequency variability has been assessed
using Singular Spectrum Analysis (SSA), a non-parametric spectral analysis technique
that uses data-adaptive basis functions to partition a time series into components that
maximizes the described variability in the original time series'®. For the Iceland Sea site,

the low-frequency SSA reconstruction indicates that there has been a steady reduction in
Qs " since the time of the region’s sea ice maximum in the late 1960s. For the

Greenland Sea site, the reconstruction indicates that the period of interest is characterized
by small-amplitude multi-decadal variability with a trend towards lower values that
began in the mid-1990s, and which coincides with the onset of ice-free conditions in the
gyre. As shown in Figure 1, there is nevertheless still sea ice present to the northwest of

both gyres.

ocean

As discussed in the Supplementary Material, the correlation of O, over both

gyres with the winter mean index of the NAO, the leading mode of climate variability in
the North Atlantic®, is not statistically significant. This suggests, in agreement with
previous studies”", that modes of variability other than the NAO are needed to fully

describe the climate in the region.

ocean

Piecewise continuous linear least-squares fits to O, " at both sites with

breakpoints consistent with the SSA low-frequency behavior (1970 for the Iceland Sea
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and 1992 for the Greenland Sea) are also shown in Figure 2. At both sites, the trends after
the breakpoints are statistically significant at the 95 percentile confidence interval. As
described in the Supplementary Material, all significance tests presented here take into

account the ‘red noise’ characteristic of geophysical time series. Indeed, since 1979 there

ocean

has been a reduction in the magnitude of Q™ over both gyres of approximately 20%.

Similar results hold if one includes the net radiative flux to obtain the total heat flux over

the open ocean (Supplementary Figure 1).

ocean

The turbulent heat flux chf is the sum of the sensible and latent heat fluxes.

These components tend to be spatially similar, and, in this region, the sensible heat flux
usually dominates®. The sensible heat flux is parameterized as being proportional to the
product of the 10m wind speed and the air-sea temperature difference. The time series
of the latter, as well as their low-frequency SSA reconstructions over the two convection
sites, are also shown in Figure 2 and indicate a tendency for a reduced air-sea temperature

difference in recent years over both sites. This is due to the atmosphere warming at a
faster rate than the ocean thus leading to a reduction in Q;;m . Figure 2 indicates that there

has been a recent reduction in the 10m wind speed over the Iceland Sea that is also

ocean

contributing to the chf trend. In contrast, the 10m wind speeds over the Greenland Sea

indicate the presence of multi-decadal variability but no trend.
Unfortunately there are no suitably long oceanographic time series with which to
document the oceanic response to this reduction in the atmospheric forcing over the

Greenland and Iceland Seas. As such, we employ a one-dimensional mixed-layer model,
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known as the PWP*' model, to simulate the wintertime evolution of the mixed-layer in
the two gyres under various forcing conditions. Please see the Supplementary Material
for details. Initial conditions for the PWP model are specified using a collection of
October and November hydrographic profiles from within the gyres, obtained from the
NISE? data base and the Argo profiling float programme over the period 1980 to present
(Fig. 3).

The autumn hydrographic profiles reveal that, near the surface, there is substantial
variability which rapidly decreases with depth (Fig. 3a,b). The variability is more
pronounced in the Greenland Sea, but, in the mean, the density in the upper part of the
water column is greater in the Greenland Sea than in the Iceland Sea. Below ~700 m the
situation is reversed and the Iceland Sea is more dense (Fig. 3¢). Local ventilation in the
Iceland Sea does not reach these depths, so the waters there were formed upstream in
either the Greenland Sea or the Arctic Ocean and subsequently spread into the Iceland
Sea'*. More recently formed intermediate waters in the Greenland Sea (after the cessation
of bottom water production there™) are less dense. As a result of these factors, the upper
~1500 m of the Greenland Sea is less stratified than the Iceland Sea. This, together with
the substantially higher heat fluxes of the Greenland Sea (Fig. 2), are the major
contributors to deeper convection within the Greenland Sea gyre as compared to the
Iceland Sea gyre".

To gauge the effectiveness of the PWP model, we used the Argo data to identify
a weak (2012) and a strong (2008) convective year in the Nordic Seas. Using the

November hydrographic profiles for individual Argo floats as initial conditions, we
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compared the evolution of the mixed-layer depth (MLD) in the model (forced by 6-
hourly atmospheric fluxes from the ERA-I reanalysis product) to the float observations in
each gyre (Supp. Fig 2). The results are qualitatively comparable, given the stochastic
nature of convection, and indicate that the model is able to capture the seasonal evolution
of the mixed-layer in both regions as well as its inter-annual variability.

Using a range of initial conditions, we investigated the sensitivity of convection in
the Greenland and Iceland Seas to the atmospheric forcing (Figure 4). In particular, we
calculated the maximum late-winter MLD attained in each gyre using the mean autumn
hydrographic profiles as initial conditions (Fig. 3c) and a prescribed constant atmospheric
forcing over the entire winter period from 1 November to 30 April. We note that these
constant levels of forcing are idealised and do not take into account synoptic-scale high
heat flux events', which can impact the wintertime evolution of the mixed-layer**. Tests
with more realistic six-hourly forcing generally produced slightly deeper mixed-layers,
but were comparable to those from the corresponding constant-forcing simulations.

Our model results confirm that the likelihood of deep convection is much higher
in the Greenland Sea. For example, the maximum model MLD, for the largest observed
mean winter forcing, is 1000 m in the Greenland Sea versus only 500 m in the Iceland
Sea. The model results also reveal an unanticipated difference in the behaviour of oceanic
convection between the gyres. In the Iceland Sea there is a nearly linear relationship
between the maximum MLD and the winter-mean heat flux, throughout the range of
forcing (~5 m change in MLD for every 1 W m?). In contrast, the Greenland Sea is

characterized by two distinct convective regimes. For atmospheric forcing less than about
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150 W m™, the MLD only increases moderately with heat flux (~3 m change in MLD for
every 1 W m?). However, for heat fluxes exceeding this value, the MLD is significantly
more sensitive to the forcing (~10 m change in MLD for every 1 W m™). This threshold
behaviour is due to the background stratification of the Greenland Sea (Fig. 4b).
Consequently, if the winter is sufficiently severe to erode the stratification of the upper
layer, the weakly stratified waters below the pycnocline present little resistance to deeper
convection.

Over the past 30 years the range of mean wintertime atmospheric forcing falls
within both of these convective regimes for the Greenland Sea, and shallow as well as
deep mixed-layers have been observed and simulated (e.g. Supp Fig 2). However, taking
into consideration the negative trend of atmospheric forcing documented above (Fig. 2),
which is also illustrated by the reduced mean of the 1997-2014 period relative to the
1979-1996 period (see Fig. 4), the Greenland Sea may be undergoing a transition from a
state of intermediate depth convection to one in which only shallow convection occurs. If
this trend continues, the production of intermediate waters in the Greenland Sea, and
hence the ventilation of a substantial volume of the Nordic Seas, may be at stake. In the
Iceland Sea, the nearly linear convective regime implies a more gradual reduction in
convective depth. However, if the decrease in wintertime atmospheric forcing in this
region (already 20% smaller than 30 years ago) continues, it will weaken the overturning
loop that feeds the North Icelandic Jet®, thus reducing the supply of the densest water to
the AMOC. A measurement system now in place in the Denmark Strait should be able to

measure any such changes in properties of the overflow water.
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Observations, proxies and model simulations suggest that a recent weakening of
the AMOC has occurred”?. Furthermore, models predict that such a slow down will

continue as a result of increasing greenhouse gas concentrations***’

. Such a weakening
of the AMOC would have dramatic impacts on the climate of the North Atlantic and
western Europe™. Although there is considerable debate regarding the dynamics of the
AMOC?, one proposed mechanism for its current and predicted decline is a freshening
of the surface waters — for instance due to enhanced meltwater emanating from the
Greenland Ice Sheet — that reduces their density making it more difficult for oceanic
convection to occur’®”’ However, much of the freshwater discharge from the Greenland
Ice Sheet is apt to be exported equatorward via the boundary current system surrounding
Greenland™ with limited direct spreading into the interior basins adjacent to the ice sheet
where oceanic convection occurs. Further work is thus necessary to determine how and
where — and on what timescales - this freshwater pervades the northwest Atlantic. Our
results suggest that other possible mechanisms for such a slowdown in the AMOC may
be at work; such as a reduction in the magnitude of the surface heat fluxes that trigger
the overturning.
Please direct all correspondence and request for materials to Professor G.W.K. Moore
(gwk.moore@utoronto.ca).
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Figure Captions

Figure 1 Winter sea ice extent for the Nordic Seas. Panels (a) to (d) show four decadal

mean maps of sea ice concentration (%) for (a) 1900-1909; (b) 1930-1939; (c)
1960-1969 and (d) 2000-2009. Panel (e) shows the time series of winter mean sea
ice area (10°km?) for the region indicated by the white boxes in (a)-(d) for the
period 1900-2010. The decadal means for the periods shown in (a)-(d) are in blue
with the other decadal means in red. In (a) - (d), the gyres in the Iceland and
Greenland Seas where oceanic convection occurs are indicated by the thick black

and magenta curves respectively.

Figure 2 Time series of the winter mean conditions over the Iceland and Greenland

Sea gyres. Panels (a) and (b) show the sea ice concentration (%);(c) and (d) show
the open ocean turbulent heat flux with the shading representative of the
uncertainty associated with the sea ice concentration; (e) and (f) show the air-sea
temperature difference (°C); (g) and (h) show the 10m wind speed (m s™). The red
curves are the SSA reconstructions of the low frequency variability in the time
series, while the blue lines in are continuous piecewise linear least squares fits.
The trend lines that are solid are statistically significant at the 95% confidence

level.

Figure 3 Potential density profiles for October and November used as initial

conditions for the PWP model. Panels are for a) the Greenland Sea and b) the

Iceland Sea. The traces are individual profiles (gray), means of the 20 percent

15



317 most- and least-stratified profiles (orange and cyan), and overall means (red and
318 blue). Panel ¢) compares the mean profile from each gyre.

319 Figure 4 Relationship between end-of-winter simulated mixed-layer depths from the

320 PWP model and the atmospheric forcing as represented by the winter mean
321 open ocean turbulent heat flux. Panels a) and b) represent the Greenland and
322 Iceland Sea gyres, respectively. The thick red and blue curves show the final
323 mixed-layer depths resulting from the mean initial conditions, and the thin orange
324 and cyan curves show the final mixed-layer depths resulting from the strongly and
325 weakly stratified initial conditions. The shaded areas indicate the ranges of winter
326 mean atmospheric forcing for the period 1979-2014, while the dashed lines
327 represent the mean atmospheric forcing for the periods 1979-1996 and 1996-
328 2014.
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Figure 1 Winter sea ice extent for the Nordic Seas. Panels (a) to (d) show four decadal mean maps of sea ice
concentration (%) for (a) 1900-1909; (b) 1930-1939; (¢) 1960-1969 and (d) 2000-2009. Panel (e) shows the
time series of winter mean sea ice area (10*km?) for the region indicated by the white boxes in (a)-(d) during
1900-2010. The decadal means for the periods shown in (a)-(d) are in blue with the other decadal means in red.
In (a) - (d), the gyres in the Iceland and Greenland Seas where oceanic convection occurs are indicated by the
thick black and magenta curves respectively.
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Figure 2 Time series of the winter mean conditions over the Iceland and Greenland Sea gyres. Pancls (a)
and (b) show the sea ice concentration (%);(c) and (d) show the open ocean turbulent heat flux with the shading
representative of the uncertainty associated with the sea ice concentration (Wm?2); (e) and (f) show the air-sea
temperature difference (°C); (g) and (h) show the 10m wind speed (m s'). The red curves are the SSA reconstruc-
tions of the low frequency variability in the time series, while the blue lines in are continuous piecewise linear
least squares fits. The trend lines that are solid are statistically significant at the 95% confidence level.
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Figure 3 Potential density profiles for October and November used as initial conditions for the PWP model.
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pares the mean profile from each gyre.
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Figure 4 Relationship between end-of-winter simulated mixed-layer depths from the PWP model
and the atmospheric forcing as represented by the winter mean open ocean turbulent heat flux.
Panels a) and b) represent the Greenland and Iceland Sea gyres, respectively. The thick red and blue
curves show the final mixed-layer depths resulting from the mean initial conditions, and the thin orange
and cyan curves show the final mixed-layer depths resulting from the strongly and weakly stratified ini-
tial conditions. The shaded areas indicate the ranges of winter mean atmospheric forcing for the period
1979-2014, while the dashed lines represent the mean atmospheric forcing for the periods 1979-1996
and 1996-2014.
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