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Abstract

The warming of deep waters in the Nordic seas is identified based on observations during Chinese 5th Arctic
Expedition in 2012 and historical hydrographic data. The most obvious and earliest warming occurrs in the
Greenland Basin (GB) and shows a coincident accelerated trend between depths 2000 and 3500 m. The ob-
servations at a depth of 3000 m in the GB reveal that the potential temperature had increased from -1.30°C
in the early 1970s to -0.93°C in 2013, with an increase of about 0.37°C (the maximum spatial deviation is
0.06°C) in the past more than 40 years. This remarkable change results in that deep waters in the center of
the Lofton Basin (LB) has been colder than that in the GB since the year 2007. As for the Norwegian Basin
(NB), only a slight trend of warming have been shown at a depth around 2000 m since the early 1980s, and
the warming amplitude at deeper waters is just slightly above the maximum spatial deviation, implying no
obvious trend of warming near the bottom. The water exchange rate of the Greenland Basin is estimated to
be 86% for the period from 1982 to 2013, meaning that the residence time of the Greenland Sea deep water
(GSDW) is about 35 years. As the weakening of deep-reaching convection is going on, the abyssal Nordic
seas are playing a role of heat reservoir in the subarctic region and this may cause a positive feedback on the
deep-sea warming in both the Arctic Ocean and the Nordic seas.
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1 Introduction

As the most important passage connecting the North At-
lantic and the Arctic Ocean, the hydrographic features of the
Nordic seas are significantly affected by the Norwegian Atlantic
Current (NWAC) and the East Greenland Current (EGC). These
two topography-trapped currents, of which the NwAC is flowing
along the Norwegian continental slope to the north while the
EGC along the Greenland slope to the south, make up the basic
cyclonic circulation pattern in the Nordic seas (Blindheim and
Osterhus, 2013; Voet et al., 2010).

According to different sources and properties, there mainly
exist three kinds of water masses in the upper layer: Polar Water
(PW), Atlantic Water (AW) and Modified Water (MW) (Swift and
Aagaard, 1981; Hansen and @sterhus 2000; Rossby et al., 2009).
Beneath the upper layer at depths from about 700 to 1100 m,
there exists a kind of water mass called Arctic Intermediate
Water (AIW) which can be traced as there is a slight salinity
minimum. It is thought to be formed in the Greenland and Ice-
land seas by cooling of surface water during winter (Swift and
Aagaard, 1981; Swift, 1986). Besides directly contributing to the
formation of North Atlantic Deep Water (Aagaard et al.; 1985;
Clarke et al., 1990; Schott et al., 1993; Furevik et al, 2007), the
evolution of the AIW can also influence the renewal of deep
waters as it has a close relationship with the precondition for
deeper convection (Visbeck and Rhein, 2000). Moreover, parts
of the AIW can be transported into in the arctic along with the
West Spitsbergen Current and then change the hydrographic
structure in the Eurasian Basin (Aagaard et al., 1985).

Beneath the intermediate layer, though the property of wa-
ters there has become nearly homogeneous, three main water
masses can also be classified according to the weak differences
in the temperature and the salinity. From top to bottom they
are the Basin Deep Water (BSD) of which the salinity weakly in-
creases as deepening, the Arctic Deep Water (ADW) with a max-
imum in the salinity and the Basin Bottom Water (BBW) whose
temperature usually is the lowest (Rudels, 1986; Blindheim and
Rey, 2004). In some cases, they are not distinguished strictly and
are collectively known as basin deep waters.

The formation and ventilation of deep waters in the Nordic
seas have been studied and discussed for a long time. In the ear-
ly studies, deep waters were thought to be ventilated through
the Greenland Sea deep convection gradually from the surface
to the deep during wintertime (Nansen, 1906). But weakly strat-
ified layers were detected in the subsequent deep ocean obser-
vations and this indicated that there possibly existed other pro-
cesses contributing to the deep water formation (Metcalf, 1955;
Carmack and Aagaard, 1973; Visbeck and Rhein, 2000).

The Norwegian Sea Deep Water (NSDW) is capped by a
thick layer of the AW and this prohibits the local deep-reaching
convection from the upper layer, so the renewal of deep wa-
ters there is mainly from the horizontal advection and mixing
of Greenland Sea Deep Water (GSDW) and Arctic Ocean Deep
Water (AODW) (Swift et al., 1983; Aagaard et al., 1985; Smethie,
et al, 1986; Swift and Koltermann, 1988). Unlike the NSDW, the
deep-reaching convection can directly contribute to maintain-
ing the cold and less saline characteristic of the GSDW (Malm-

Foundation item: The National Natural Science Foundation of China under contract No. 41330960; the Chinese Polar Environmental Comprehen-
sive Investigation and Assessment Programs under contract Nos CHINARE2013-04-03 and CHINARE2012-03-01.

*Corresponding author, E-mail: wangxiaoyu331@163.com



WANG Xiaoyu et al. Acta Oceanol. Sin., 2015, Vol. 34, No. 3, P. 18-24 19

berg, 1983; Swift et al., 1983; Budéus et al., 1998) while the lat-
eral mixing with the AODW brings a relatively warm and saline
water into the Greenland Basin (GB) through the Fram Strait
(FS) (Aagaard et al., 1985; Rudels, 1986; Meincke et al., 1992).

In the abyss of the Nordic seas, a noteworthy warming, es-
pecially in the GB, has been suggested by lots of investigations
and studies since the mid of 1970s (Peterson and Rooth, 1976;
Malmberg, 1983; Budéus et al., 1998; @sterhus and Gammel-
srod, 1999; Blindheim and Rey, 2004; Karstensen et al., 2005;
Dickson and @sterhus, 2007; Di Iorio and Sloan, 2009; Lange-
haug and Falck, 2012). This warming trend has mainly been at-
tributed to that the weakening of the deep-reaching convection
results in the deficit of newly formed cold and relatively fresh
waters which should compensate for the relatively warm and
saline AODW (Peterson and Rooth, 1976; Malmberg, 1983; Rhe-
in, 1991; Meincke et al., 1997; Malmberg and Jénsson, 1997;
Visbeck and Rhein, 2000; Rudels et al., 2012; Blindheim and
Osterhus, 2013; Somavilla et al, 2013). Several mechanisms
were documented to interpret the suppressed renewal of deep
waters, e.g., the freshening of surface and subsurface layers
(Aagaard and Carmack, 1989; Schlosser et al, 1991), the rising
of atmosphere temperature during winter (Dickson et al., 1996),
the weakened wind-stress vorticity and the reduced sea ice ex-
tent in the Greenland Sea (Meincke et al., 1992). A huge volume
and a relatively closed environment make deep waters in the
Nordic seas being more stable in property than the upper wa-
ters, so the climatic signals carried by the deep waters can pro-
vide references for the study of a regional ocean climate change.

2 Observations and data

During the CHINARE-2012 cruise in the Nordic seas from
August 4 to 11, 2012, two sections were designed and 17 stations
were observed using a SeaBird 911plus CTD equipped with dual
temperature and conductivity sensors. The precision of the CTD

data was 0.001°C for the temperature and 0.0003 S/m for the
conductivity and the sensors had been checked at the produc-
er's calibration facility just before the cruise. Of the two sections
(Fig. 1), Section BB started from Sta. BBO1 (71.80°N, 8.99°E) in
the north of the Norwegian Sea and then extended northwest-
ward across the Mohn Ridge to the center of the Greenland Sea
where Sta. BB09 was located at 74.62°N, 0.97°E. Section AT start-
ed nearly from the south side of Section BB and then passed
through the Lofton Basin into the center of the Norwegian Ba-
sin, ending at Sta. AT10 (66.74°N, 3.10°W).

Hydrobase 2.0 is a set of annual gridded climatology prod-
ucts provided by Woods Hole Oceanographic Institution
(http://www.whoi.edu/science/PO/hydrobase). It is construct-
ed with observed profiles between 1953 and 2002, using optimal
interpolation implemented along isopycnal surface. Earlier, this
technology was applied to developing a hydrographic data base
over the North Atlantic Ocean (Lozier et al., 1995). Compared
with the World Ocean Atlas 1994, this climatology data base
(i.e., Hydrobase) can more correctly approximate the observed
6-S relations and better depict the frontal features (Chang and
Chao, 2000; Curry, 2002).

High-resolution CTD observations in the Nordic seas from
the year 2001 to 2013 were obtained from the WOD13 Database
(hosted by NODC, USA), PANGAEA Database (hosted by Alfred
Wegener Institute and MARUM, University of Bremen, Germa-
ny) and ICES Data set. Parts of the stations are repeated in the
three hydrographic databases and an exclusion of repeating
data is needed during the data mergence. The Ocean Weather
Ship Sta. Mike (operated by the Norwegian Meteorological In-
stitute), which was located at 66°N, 2°E, can provide a long-time
series of hydrographic and meteorological data from the year
1948 to 2009. The hydrographic long-time measurements at
Sta. Mike discussed in this article were obtained from the fixed
point open ocean observatory network (http://www.fixo3.eu/).
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Fig.1. The stations during the CHINARE-2012 cruise in the Nordic seas. The 2500 m depth contour is also labeled on the map.
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3 Maximum spatial deviations of temperature in deep waters

Although the horizontal temperature gradient of deep wa-
ters in a basin is generally quite small, one important thing to
note is that the temperature variation of deep waters also keeps
in a small range. So when comparing observation data from
different expeditions, we shall pay attention to the temperature
deviation resulting from different observation sites among his-
torical stations, especially when the spatial distance varies. On
the basis of the August climatological temperature field of Hyd-
robase 2.0, the maximum spatial deviations of the temperature
is evaluated. Note that only the data grids located in the center
basin deeper than 3000 m are selected for the following calcu-
lation.

First, we need to get the temperature anomaly field by sub-
tracting the space-averaged value from the selected tempera-
ture field at a certain depth of one basin. Then the percentage
of every different potential temperature deviation is calculated
and the deviation's probability distribution is given in Fig. 2. Ac-
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cording to this distribution, when the temperature deviation J§
meets the relationship as follows

3, = 95%,

51=0

where P, represents the probability and ¢ belongs to [-0.15
0.15], we define the value ('as the maximum spatial deviation at
a certain depth h (Table 1).

Table 1. The maximum spatial deviation of potential tempera-
ture at 2000, 2500 and 3000 m in the Greenland Basin (GB), the
Lofton Basin (LB) and the Norwegian Basin (NB).

h/m (el °C Gal°C G/ °C
2000 0.07 0.05 0.03
2500 0.06 0.03 0.03
3000 0.06 0.06 0.04
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Fig. 2. The probability distribution of potential temperature deviation at depths of 2000, 2500 and 3000 m in the Greenland Basin

(a), the Lofton Basin (b) and the Norwegian Basin (c), respectively.

4 Accelerated warming of deep waters

Potential temperature profiles in the deep layer (h>1500
m) of the three basins are illustrated in Fig. 3, from which we
can see that there exist obvious differences in the temperature
distribution between the center and the marginal region of the
basins. In the center, the temperature of water masses is more
stable and homogeneous. So traditionally, only observations in
the center are used to indicate the temporal evolutions of deep
waters. In this article, the averaged potential temperature after
the year 2001 is calculated based on the data from the historical
hydrographic stations where the depth of the basin is more than
3000 m. The distribution of historical CTD stations is illustrated
in Fig. 4. And the temperature variations before the year 2001
are referenced from the results made by Blindheim and Rey
(2004) and Karstensen et al. (2005).

Figure 5 gives the variability of potential temperature over
the last 40 years at different depths in the GB, LB, NB and FS,
respectively.

From Fig. 5 we can see that all the three deep basins show

a consistent trend of warming at depths greater than 2000 m,
although the timing of fast warming is different. In addition, the
amplitude of this temperature increase is also different among
the three basins and the greatest warming occurred in the GB.
During the period of the 1970s, in the center of the GB, the mean
potential temperature of water masses at depths greater than
2500 m remained at around -1.30°C and began to increase in
the early 1980s. By the year 2000, the potential temperature had
come up to -1.12°C at depths greater than 3000 m. The recent
observations within the same geographic region in 2013 reveal
that the potential temperature at about 3000 m had increased
to -0.93°C, meaning an increase of nearly 0.37°C (the maximum
spatial deviation is 0.06°C) in the deep GB (around 3 000 m)
during the past 40 years.

Meanwhile, the trend of deep-sea warming near the bottom
of the GB has enhanced since the mid-1990s with a tempera-
ture increase of nearly 0.22°C (the maximum spatial deviation
is 0.06°C) from 1994 to 2012, which is almost twice the increase
from 1972 to 1994. Moreover, the most obvious warming oc-
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Fig. 3. Potential temperatures at depths greater than
1500 m in the three deep basins (GB, LB and NB), August
2012. Only the stations with observation depth greater
than 2000 m are shown.

curred in the shallower layers between 1900 and 2200 m, where
the potential temperature increased from —1.14°C in 1994 to
-0.75°C in 2013, leading to an increase of nearly 0.40°C (the
maximum spatial deviation is 0.07°C).

In the center of the LB, at the depths between 2200 and 2500
m, the potential temperature there is about -0.90°C (the maxi-
mum spatial deviation is 0.07°C) in 2013 and it is even a bit low-
er than that observed in the GB, which is about —0.84°C at the
same depths. The similar situation also occurred at the depths
between 1900 and 2200 m where the potential temperature
is —0.85°C in the LB and -0.75°C in the GB. Basing on annual
surveys from 1991 to 2000 in the Nordic seas, Karstensen et al.
(2005) speculated that the NSDW in the LB would likely soon be
colder than the GSDW and the GSBW as result of the decreasing
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Fig. 4. Distribution of the selected historical CTD sta-
tions from the year 2001 to 2013.

contrast between the LB and the GB (Fig. 5), which probably was
leading to a change in the flow direction from the Norwegian
Sea into the Greenland Sea. From Fig. 5 we can find that in the
layer between 2200 and 2500 m, the potential temperature of
the GB has been warmer than that of the LB since the year 2007.
The similar shift also occurs in the shallower layer (1900-2200
m). For the lack of long-term current measurements, detecting
the reverse of deep flow is far beyond the scope of this article.
But Osterhus and Gammelsrad (1999) had reported such a flow
reversal in the Jan Mayen Fracture Zone according to the cur-
rent records from a deployed submersible buoy. The further in-
vestigations on possible changes in the deep ocean circulation
are worthy. In addition, compared with the unobvious trend of
warming during the 1990s, the deep waters in the LB had been
warmed a lot in the past 14 years from 2000 to 2013, with an
increase of 0.09°C (the maximum spatial deviation is 0.05°C)
and 0.08°C (the maximum spatial deviation is 0.03°C) at the two
layers, 1900-2200 and 2200-2500 m, although these increases
are still smaller than those observed in the GB mentioned above
(Fig. 5).
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Fig. 5. Interannual variations of potential temperature in the GB, the LB, the NB and the FS at different depths from 1972 to 2013.
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Compared with the changes in the GB and the LB, the ampli-
tude of warming in the NB is weaker, although the deep waters
there have shown a slight trend of warming at a depth around
2000 m since the early1980s (Figs 3 and 5). From the year 1984
to 2012, the potential temperature in the NB changed from
-1.04 to -0.89°C, with only a rise of about 0.15°C (the maximum
spatial deviation is 0.03°C) in the past 28 years. Moreover, the
deeper layer's warming is even weaker. Only a slight increase
of about 0.02°C at around 3000 m from the year 1991 to 2000
was reported by Blindheim and Rey (2004). In addition, a low-
est potential temperature about —1.03°C was observed at 3300
m in 1997 (Blindheim and Rey, 2004) while the potential tem-
perature just increased to about —0.98°C at the same depth in
2012 (Fig. 3). Considering that this weak increase is roughly
the size of or just slightly above the maximum spatial devia-
tion ({z=+0.04°C), we conclude that there is no obvious trend
of warming in the near bottom layer of the NB. The renewal of
deep waters in the NB is mainly by the advection and mixing
process across the ridges from the north and the west. Owing
to the deep-sea ridges with a threshold of 2200 m, the exchange
of deep water between the two basins becomes less effective
with the depth decreasing. Meanwhile, the huge residual of old
deep waters in the NB largely suppresses the warming trend in
the deep basin by offsetting the input of relatively warm waters
from the GB.

By contrasting the temperature variations in the three ba-
sins, the most obvious increase occurs in the GB and this
warming trend is well consistent from 2000 m down to the
near-bottom layer. From the year 1991 to 2013, the increase in
the temperature is between 0.24 and 0.40°C with a maximum
deviation about 0.06°C. As to the situations in the LB and the
NB, the warming range at around 2000 m is about 0.10°C with a
maximum deviation about 0.05°C, which is not as strong as that
observed in the GB mentioned above.

5 Discussion

In the situation of the weakened deep sea convection, the
property of the GSDW is getting close to the property of the
relatively warm and saline arctic deep waters (Figs 6a and b)
along with the continuing input of arctic waters over the sill
of the Fram Strait. Meanwhile, the density difference between
1000 and 3000 m becomes larger with the time going (Fig. 6a),
and this enhanced deep sea stratification can further suppress
the convection. Different from that in the Greenland Basin, the
water properties in the Lofton Basin and the Norwegian Basin
show a coincident variation with smaller amplitudes both in
the temperature and the salinity (Figs 6¢c and d). This means
that the deep water exchange in the Norwegian Sea is largely
confined by the sea ridges and the deep circulation is relatively
isolated from the Greenland Basin.

As the warming of the GSDW is mainly due to the input of
arctic deep waters, we can estimate the volumetric exchange
rate of the arctic deep waters in the Greenland Basin according
to the temperature changes in both the two basins. First, we as-
sume that the vertical convection and the horizontal advection
are the only two approaches for a heat budget in the Greenland
Basin, ignoring other processes that may lead to tiny changes
of the heat content. Upon this heat balance relationship, there
exists an equation as follows:

e” pEc, (T8 —TF? )dzds +

(- e” pe®

—jj sz TzGti

o (T3 -T5F)dzds -Q

con,t

~TE8,)dzds. )

In Eq. (1), the first item on the left means the total heat content
coming from the Eurasian Basin (EB) into the Greenland Basin
(GB) at the time ¢ and e is the volumetric exchange rate. The sec-
ond item means the total heat content left in the Greenland Ba-
sin at the same time. Q,,, ,is the amount of heat loss due to the
vertical convection and the item on the right means the whole
heat content in the Greenland Basin after a mixture of the two
deep waters at the time r+1. Ty, is the freezing temperature and
¢, is the specific heat capacity.

Compared with the temperature changes, the changes in the
salinity and the density are much smaller, so the freezing tem-
perature and the density can be approximately regarded as con-
stants. Moreover, the value of the heat loss can also be regarded
as 0 for the absence of deep sea convection. So, to estimate the
exchange rate at a certain depth, the equation can be simplified
as

B_T )VGB+(1 e)pc, (TGB TV,
A )

epc, (T
=pC, (Tzsxi
Then the most simplified estimation of the volumetric exchange
rate can be defined as
e, =(TS5,-T2) /(T2 -T2). ®
On the basis of the Eq. (3) and results from Fig. 5, the water ex-
change rate of the Greenland Basin at a depth around 2500 m
can be estimated to be 86% from the year 1982 on. Note that
the potential temperature of the Eurasian Basin used here is a
mean value averaged between 2200 and 2 600 m. This estimated
rate means that in the deep Greenland Basin about 86% of the
total water volume has been replaced by the arctic deep waters
during the past 30 years. According to this estimated rate, the
residence time of the GSDW is nearly 35 years which is in agree-
ment with the value estimated by Somavilla et al. (2013).

The period of time required for renewal of the NSDW by
lateral exchanging is estimated to be 10-28 years (Bullister and
Weiss; 1983), which is close to the time of 19-30 years estimated
by Smethie (1986). By comparing the different timings of accel-
erated warming in the three basins, we can find from Fig. 5 that
the timing in the GB occurred in the year 1982. But, it did not
take long to transmit the enhanced warming signal into the NB,
where the timing was probably between 1985 and 1986. This
means that the required time for the spread of the warming sig-
nal is much shorter than that required for the complete replace-
ment of old waters in the NB. Despite that the Eurasian Basin
Deep Water (EBDW) entering the GB through the FS does not
show an obvious warming tend (Langehaug and Falck; 2012), it
cannot demonstrate that the deep waters in the Eurasian Basin
(EB) are not affected by the warming in the Nordic seas. As with
the neutral trend in the NB, owing to its huger volume and lon-
ger transport distance, the warming signal may possibly take a
longer time to be detected in the FS.

If the situation of the weakened deep-reaching convection
continues in the next few decades, deep waters in the Nordic
seas will be replaced gradually by waters from the Arctic Ocean.
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Fig. 6. Temporal variation of the averaged 7-S diagram in the central of the Greenland Basin (a), the Arctic Eurasian Basin (b), the

Lofton Basin (c) and the Norwegian Basin (d).

Then the deep waters carried by the West Spitsbergen Current
into the arctic will no longer be the cold and less saline NSDW,
but the relatively warm and saline AODW. Langehaug and Fal-
ck (2012) reported that the temperature of the NSDW entering
the Eurasian Basin had increased from about -0.94°C in 1997
to —-0.88°C in 2008, with a rise of nearly 0.06°C in 10 years. Al-
though the increase is not significant compared with that in the
GB, it still implies that the warming signal started to propagate
into the arctic deep basin no later than 2008. Then this process
may cause a positive feedback on the deep-sea warming of
the Nordic seas by changing the property of the EBDW, parts
of which will eventually be transported into the Nordic seas
through the FS.

6 Conclusions

From the year 1972 to 2013, the potential temperature of all
the deep waters in the three basins (GB, LB and NB) showed
warming trends, though there were some differences in the am-
plitude and the timing of accelerated warming. Among them,
the most obvious and earliest warming occurred in the GB and
this warming showed a coincident accelerated trend at depths
between 2000 and 3 500 m with the time going on. Observations

atthe depth 3000 m revealed that the potential temperature had
increased from -1.30°C in the early 1970s to -0.93°C in 2013,
with an increase of about 0.37°C (the maximum spatial devi-
ation is 0.06°C) in the past more than 40 years. This warming
trend is mainly attributed to the weakening of the deep-reach-
ing convection which could not bring enough cold and relative-
ly fresh upper waters into the deep layer to compensate for the
continuing input of the relatively warm and saline AODW.

But the deep waters in the LB did not show an obvious
warming trend until the year 2000 and after then the potential
temperature at depths between 1900 and 2200 m increased
from -0.94 to -0.85°C in the most recent 13 years. As for the NB,
the amplitude of warming was the weakest, although the deep
waters there had shown a slight trend of warming at a depth
around 2000 m since the early 1980s. This reduced warming
trend in the deep Norwegian seas is probably due to that the
huge residual of cold deep waters largely suppresses the warm-
ing trend by offsetting the input of warmed deep waters from
the GB.

The exchange rate of the Greenland Basin is estimated to be
86% for the period from the year 1982, meaning that the resi-
dence time of the GSDW is about 35 years. Along with the input
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of the AODW, the stratification of the deep Greenland Basin con-
tinues to be enhanced and this will suppress the deep-reaching
convection in turn.

The timing of accelerated warming in the GB was around
1982 while in the NB this timing was probably between 1985
and 1986. With the spread of the warming signal in the Nor-
dic deep basins, the deep waters in the EBDW will probably be
warmed by the input of the warm NSDW along with the West
Spitsbergen Current. As a consequence, a positive feedback on
the deep-sea warming of both the Nordic seas and the Arctic
Ocean may be caused by the deep circulation of the arctic Med-
iterranean Sea. In the next 10 years the property of the GSDW
may gradually keep close to that of the AODW with more heat
storaged in the deep layer. Meanwhile, the heat content in the
Lofton Basin and the Norwegian Basin will probably also in-
crease year by year. The abyssal Nordic seas are playing a role of
the heat reservoir in the subarctic region and this raises a ques-
tion that how and when will the absorbed heat be released into
the atmosphere? All in all, we should keep more attention on
the climate and environmental effects caused by the deep-sea
warming in the Arctic.
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