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Abstract

A slowdown of sea surface height (SSH) rise occurred in the Nordic (GIN) seas around 2004. In this study, SSH
satellite data and constructed steric height data for the decades before and after 2004 (i.e., May 1994 to April 2014)
were used for comparative analysis. The findings indicate that the rate of slowdown of SSH rises in the GIN seas
(3.0 mm/a) far exceeded that of the global mean (0.6 mm/a). In particular, the mean steric height of the GIN seas
increased at a rate of 4.5 mm/a and then decreased at a slower pace. This was the main factor responsible for the
stagnation of the SSH rises, while the mass factor only increased slightly. The Norwegian Sea particularly
experienced the most prominent slowdown in SSH rises, mainly due to decreased warming of the 0-600 m layer.
The controlling factors of this decreased warming were cessation in the increase of volume of the Atlantic inflow
and stagnation of warming of the inflow. However, variations in air-sea thermal flux were not a major factor. In
the recent two decades, mean halosteric components of the GIN seas decreased steadily and remained at a rate of
2 mm/a or more because of increased flow and salinity of the Atlantic inflow during the first decade, and

reduction in freshwater inputs from the Arctic Ocean in the second decade.
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1 Introduction

Sea level change, an important phenomenon of climate
change (CC), is sensitive to climatic processes and has signific-
ant regional differences (IPCC, 2013). Owing to factors such as
warming of seawater and melting of glaciers as a result of CC, the
global mean sea level has been in a state of steady increase
(Cazenave et al., 2014). However, the rate of rise declined signi-
ficantly around 2004 (Ablain et al., 2009). The decline was gener-
ally considered as having been caused by ENSO-related natural
variations. A major El Nifio event occurred in 1997/1998. After
that, La Nifia was the predominant phase over the past decade,
during which surface cooling occurred in the Pacific Ocean and
terrestrial precipitation increased. These two factors resulted in
stagnation of sea level rises. Nevertheless, the global mean sea
level had risen steadily after the ENSO effect was eliminated
(Cazenave et al., 2012, 2014).

The Nordic seas—the Greenland, Iceland, and Norwegian
(GIN) seas—have very unique sea territories. Being a relatively
closed system, sea level changes in GIN seas show obvious re-
gional characteristics. With the Greenland ice sheet undergoing
drastic melting in the recent period (IPCC, 2013), a part of its
meltwater would have entered the GIN seas, affecting the charac-
teristics of sea level changes in this region. At the same time, the
GIN seas collectively act as a channel connecting the Arctic and
Atlantic Oceans (Fig. 1). As the Arctic Ocean is rapidly changing,
it inevitably affects sea level changes in the GIN seas. Studies

have found a trend of significant slowdown of sea level rises in
the GIN seas in the recent decades (Jiang et al., 2011). Hence, in-
depth studies on the changing processes of levels of the GIN seas
and their relationship with the North Atlantic meridional over-
turning circulation and CC would be of great significance.

There are two factors mainly responsible for changes in non-
tidal absolute sea levels: steric changes and mass changes of wa-
ter columns. Steric changes refer to variations in the thermo-
haline properties of seawater caused by air-sea buoyancy flux
and oceanic thermohaline advections, as well as the resultant
density changes. These changes affect the steric height of water
columns and are collectively known as the steric effect, which
comprises thermosteric and halosteric components. It is gener-
ally believed that the global steric height is mainly influenced by
the thermosteric effect (Mork and Skagseth, 2005; Siegismund et
al., 2007). However, the halosteric effect may be dominant in cer-
tain sea territories (Antonov et al., 2002; Ivchenko et al., 2007).

Mass changes of water columns mainly arise from variations
in total seawater volume caused by melting glaciers, which in
turn affect the height of water columns. Other causes of mass
changes include redistribution of marine columns due to wind
field variations and water exchanges between the ocean and at-
mosphere/land (Cazenave et al., 2014).

There have been many studies on changes in the sea surface
height (SSH) of the GIN seas. Mork and Skagseth (2005) analyzed
seasonal variations in the SSH of the GIN seas and found that the
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Fig. 1. Topographic map of the GIN seas and surrounding wa-
ters. Blue shades represent depth (m) and the sea territory en-
closed by the red frame is the extent of the GIN seas selected for
this study. The geographical locations represented by the various
numbers are as follows: 1. Boreas Basin, 2. Greenland Basin, 3.
Knipovich Ridge, 4. Jan Mayen Fracture Zone, 5. Mohn Ridge, 6.
Kolbeinsey Ridge, 7. Icelandic Plateau, 8. Lofoten Basin, 9. Nor-
wegian Basin, 10. Voring Plateau, and 11. Faroe Islands.

steric effect accounted for only 40% of changes in SSH, whereas
the mass component was mainly responsible. For this sea territ-
ory, the steric effect was mainly the result of net thermal flux in
the upper water. Siegismund et al. (2007) used a relatively com-
plete set of thermohaline data to study the characteristics of
changes in the steric height of the GIN seas at multiple temporal
scales and concluded that they predominantly experienced sea-
sonal variations. Contributions of the thermosteric component to
steric height represented a north-south dipole, which signific-
antly affected steric height variabilities in the eastern sea territor-
ies. Henry et al. (2012) calculated and analyzed the ratios of ster-
ic height and the mass component contributing to fluctuations in
water level at tidal stations along the Norwegian coast and found
that the proportion of the latter began to increase from 2003.

Mork et al. (2014) analyzed the thermal and freshwater con-
tents in the upper water of the Norwegian Sea (¢,=27.9 and
above) between 1951 and 2010 and found significant inter-
decadal characteristics for changes in both types of contents;
positive anomalies for both occurred in the 1960s and 2000s,
while negative anomalies occurred during the late 1960s and
early 1990s. The larger the amount of both contents, the greater
was the corresponding steric height, indicating the existence of
interdecadal differences in steric height of the GIN seas. Shao
and Zhao (2015) found uneven correlational spatial distributions
between the anomalies of the SSH and steric height of the GIN
seas. The correlation between both indicators at the Lofoten and
northern Norwegian Basins was strong, but that between the an-
omalies of SSH and steric height were weakest at the northeast-
ern Norwegian Sea. The annual amplitudes of the average SSH
and steric height anomalies for the GIN seas region were basic-
ally similar between 1996 and 2002. However, the amplitude of
the latter comprised less than 50% of the former after 2006.

To date, direct researches have not yet been conducted on the

slowdown in sea level rises of the GIN seas, which occurred only
in recent years. In this study, we first analyze the characteristics
of the slowdown and compare it with global mean results. Next,
we discuss the contributions of the steric effect and mass changes
to the slowdown. Finally, the related mechanisms are analyzed
and the underlying causes investigated.

2 Data and calculation methods

2.1 Satellite data

In this study, satellite data on sea level anomalies (SLA) were
obtained from the DUACS 2014 multi-satellite integrated
monthly average data provided by the Centre National d’Etudes
Spatiales (CNES), the French government space agency
(http://www.aviso.oceanobs.com/duacs/). This set of data uses
the Mercator projection, has a horizontal resolution of
(1/4)°x(1/4)°, and has been calibrated for atmospheric pressure,
tidal movements, and the dry tropospheric effect. The DUACS
2014 SLA data were based on the mean sea level (MSS) for
1993-2012. As the height of the fixed terrestrial ellipsoid is used
as reference for MSS, the SLA data contain signals on relative sea
level changes caused by movements of the earth’s crust over that
period. In this case, these movements were mainly the effects of
glacial isostatic adjustments (GIA).

Tamisiea and Mitrovica (2011) provided an impact distribu-
tion map of sea level changes by measuring the GIA effect with an
altimeter (Fig. 3b in their paper). Their findings indicate that for
the GIN seas, the impact of the GIA effect on sea level trends did
not exceed 0.15 mm/a and thus, could be ignored.

Using actual measurements, Volkov and Pujol (2012) verified
that AVISO's altimeter data were suitable for studying sea level
changes and surface currents of the GIN seas. And a comparison
of trends obtained from tide gauge records and SLA interpolated
to the locations of tide gauges (from Table 4 of their paper) shows
that trends agree in sign, the difference between them at GIN
seas stations is less than 3 mm/a, and the average of the differ-
ences at 5 GIN seas stations is about 2.1 mm/a. So the error of
trend from AVISO data should be about 2 mmy/a.

The duration of the acquired satellite data was from 1993 to
the end of 2014. In the SLA data, substantial areas of the GIN seas
were not measured for January-March 1994. Hence, 20 years of
SLA data from May 1994 until April 2014 were extracted for ana-
lysis. During this period, satellite altimeter data for some areas in
the northeastern sea territories of Greenland were unmeasured.
Thus, the spatial grids corresponding to these missing areas were
excluded from the study. Existing research indicate that the slow-
down in sea level rises of the GIN seas occurred around 2004 (Ji-
ang et al., 2011). As such, the aforementioned set of data was di-
vided into two subsets of one decade each: May 1994-April 2004
and May 2004-April 2014. Comparative analyses were then con-
ducted on the differences in the rate of sea level rises between
those two periods.

SLA changes comprise the sum of changes in steric height
and the mass component. There are two types of observational
data for the mass component: (1) single-point data measured by
pressure sensors on the seabed and (2) gravity satellite data. The
first type of data is scarcer and does not meet the spatial scale re-
quirements for this study. Among the second type of data,
GRACE gravity satellite data is widely used nowadays and are of
good quality (Volkov and Landerer, 2013; Chambers and Bonin,
2012). However, available data only commenced from 2003,
while battery replacement and maintenance around 2011 resul-
ted in poorer data quality for a period of time. The GRACE data
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also did not include measurements for substantial areas of the
GIN seas, while deviations for the measured areas were large (ap-
proximately 7 mm). Thus, the duration and quality of this data
made them unsuitable for our analysis.

Theoretically, the mass component could be obtained by sub-
tracting steric height from SLA, but a problem arises in that the
error for the resultant mass component will be large because it is
the sum of errors for both SLA and steric height. Because data
with sufficient duration and accuracy were not available, the
mass component was not analyzed specifically in this study. In-
stead, the focus was on steric height changes. In the rest of this
paper, we describe steric height as the main component contrib-
uting to the stagnation of SSH rises in the GIN seas.

2.2 Hydrological and meteorological data

In this study, the hydrological data used for calculating steric
height were extracted from the average monthly reanalysis data
from the EN4 hydrological dataset provided by Met Office, the
United Kingdom (Good et al., 2013). The data were compiled
from many observational data, which mainly included those
from the World Ocean Database (WOD), Global Temperature
and Salinity Profile Project (GTSPP), Argo, and Arctic Synoptic
Basin-wide Observations (ASBO). Thus, degree of credibility is
high. The horizontal resolution of the data is 1°x1°, and the area
covered is 83°-89°N, 1°-360°E. There were 42 vertical layers, with
thickness of the water layers ranging from 10 m at the surface to
300 m in the deep ocean.

The SLA data was interpolated to similar grid points of the hy-
drological data because their grids were not consistent. In the in-
terpolation method, the average value for the 16 SLA grid points
contained within each hydrological grid was obtained. If the SLA
data for eight or more grid points within a hydrological grid were
unmeasured, the average value for that area was also considered
to be unmeasured.

The meteorological data used were the 12-hour forecast data
from the ERA-interim reanalysis data provided by ECMWE
(European Centre for Medium Range Weather Forecasts). The
main parameters used included short- and long-wave radiations,
latent and sensible thermal fluxes, rates of evaporation and pre-
cipitation, and wind fields (Dee et al., 2011).

2.3 Calculation of steric height

The formulas for calculating steric height provided in various
literature are basically similar (Siegismund et al., 2007; Gill and
Niller, 1973; Tabata et al., 1986). However, Siegismund et al.
(2007) proposed calculation formulas tailored to the Cartesian
coordinate system, including error analysis. As this method is
more rational, it was used to calculate steric height in this study.
The calculation formulas are as follows:
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where /' is steric height (SH); 2'T is the proportion of sea level
changes caused by the thermosteric effect, or the thermosteric
component (TC); k'S is the proportion of sea level changes
caused by the halosteric effect, or the halosteric component (SC);
a and f are the thermal expansion and saline contraction coeffi-
cients at (P,, S*, T*), respectively; and P, is pressure at the depth
of location z.

For the rest of this paper, steric height is calculated using Eq.
(1), while the thermosteric and halosteric components are calcu-
lated using Eqs (2) and (3), respectively. The values adopted for
the relevant parameters in the formulas are similar to that by
Siegismund et al. (2007). The sum of the calculated thermosteric
and halosteric components is basically similar to the steric
height, and the vertical integral of the latter arranged within 0-
1 500 m of the water column. Thus, H,=1 500 m was adopted
(Siegismund et al., 2007; Shao and Zhao, 2015).

3 Slowdown in SSH rises in the GIN seas

Presently, many studies have noted the consistent phe-
nomenon of slowdown in global mean SSH rises. Observing the
rate of global mean SSH rises considering altimeter data,
Cazenave et al. (2014) concluded that the rate for 2003-2011 (2.4
mm/a) had decreased significantly compared to that for
1994-2002 (3.5 mm/a). According to Ablain et al. (2009), the rate
of global mean SSH rises for 1993-2008 was 3.11 mm/a, while
that for 2005-2008 was only 1.08 mm/a. A slowdown in the glob-
al mean SSH rises also occurred around 2004.

Taking into account the earth's curvature, we wanted to avoid
exaggeration of the high-latitude characteristics. Hence, the area
weighted average method was used to calculate the regional
mean value. After comparing the global mean SLA curves ob-
tained using weighted versus direct averaging, not much differ-
ence was found between the two. Using weighted averaging, the
rates of global mean SLA rises for 1994-2002 and 2003-2011 were
3.4 and 2.8 mm/a, respectively. These were consistent with the
results of Cazenave et al. (2014).

The rates of global mean SLA rises derived in this study for
1993-2008 and 2005-2008 were 3.3 and 2.6 mm/a, respectively.
The magnitude of slowdown in the rate of rises was weaker com-
pared to the findings of Ablain et al. (2009). This discrepancy
could be a result of the different data and processing methods
employed. Ablain et al. (2009) used the Jason-1 and T/P satellite
data and low-pass filtering process for 60 days; this study used
multi-satellite integrated data without any filtering process. Nev-
ertheless, the rate of SSH rises obtained in this study is consistent
with the results of earlier studies.

3.1 Slowdown in SLA rises of the GIN seas

Linear fitting was separately carried out using the global and
GIN seas SLA data for the two periods described in Section 2.1,
and the results are shown in Fig. 2. On average, the rates of mean
SSH rises at the global scale and for the GIN seas over the past
two decades were similar at approximately 3.0 mm/a (95% con-
fidence level; unless otherwise specified, this level is used for all
linear fittings in this paper). The rate of mean SLA rises in the
GIN seas for the first decade was faster than the global mean;
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Fig. 2. Segmented linear fitting results for the trends of the glob-
al and GIN seas’ mean SLA. Solid lines are trends based on actu-
al measurements, while broken lines are results of linear fitting. R
is the respective rate of change obtained from segmented linear
fitting of the corresponding colored trends for the two periods.

however, the situation was completely reversed for the second
decade. The magnitude of slowdown in SSH rises of the GIN seas
was far greater than the global mean; the rate declined from 4.9
to 1.9 mm/a between the first and second decades. This repres-
ents a reduction of 3.0 mm/a, compared to the global reduction
rate of 0.6 mmy/a. It is obvious that the slowdown in SSH rises of
the GIN seas is more prominent compared to other regions in the
world.

The spatial distribution diagram (Fig. 3a) shows that the SLA
for most of the regions in the GIN seas increased rapidly and sig-
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nificantly during 1994-2004. This was especially the case for the
Lofoten Basin, where the rate of rise was 8 mm/a or more.
However, there was no rapid increase in any region within the
GIN seas during 2004-2014. Although the trend was slightly
greater for the region around the Greenland Sea, it remained at 4
mm/a or below. Generally, there was no significant linear trend
for most of the regions within the GIN seas (Fig. 3b).

Although stagnation of SSH rises occurred throughout most
of the GIN seas, there were substantial spatial variations in terms
of the magnitude of slowdown for SLA rises. There was a signific-
ant decrease in SLA rises at the Lofoten and Norwegian Basins (8
mm/a), while that for the Iceland Sea and along the Norwegian
coast was approximately 4 mm/a. Overall, SLA rises remained
unchanged at regions above 72°N, with only slight increases for
some areas.

A comparison between Figs 3a and b reveals regions within
the GIN seas that experienced larger rates of SSH rises for
1994-2004. The slowdown was also more prominent for these re-
gions. Statistical computations showed that the Norwegian Sea
region accounted for 80% of the slowdown in the GIN seas’ mean
SLA rises, with the Norwegian and Lofoten Basins (areas shaded
red in Fig. 3¢) having the most prominent slowdown rates. Al-
though the combined areas of the two basins comprise only ap-
proximately 26% of the total area of the GIN seas, they accounted
for approximately 50% of the total slowdown in the GIN seas’
mean SLA rises. Thus, these two basins were the main regions
contributing towards the stagnation in mean SSH rises of the GIN
seas.
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Fig. 3. Trends of SLA in the GIN seas. a. Spatial distribution for 1994-2004, b. spatial distribution for 2004-2014, and c. cumulative
contribution of extreme values to magnitude of slowdown in SLA rises. SLA trends were obtained through direct linear fitting of
monthly mean data. The black lines in this and subsequent spatial distribution figures represent 1 000 and 3 000 m bathymetrical
contour lines. Regions for which linear fitting results passed the 95% confidence level are encompassed by white lines.
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3.2 Changes in steric height

The EN4 hydrological data were derived by assimilating col-
lected and actual measured data of thermohaline profiles. As ad-
equate sectional observational data of the GIN seas after 1980
(Siegismund et al., 2007) are available, EN4 assimilated data for
that region post-1980 are deemed to be highly credible. There-
fore, data since 1980 were considered in the construction of ster-
ic height in this study, accounting for 35 years of steric height
fields for the GIN seas.

Between 1980 and 1995, the mean steric height for the GIN
seas gradually increased and then rapidly decreased. Neverthe-
less, the overall trend for the entire period was still upwards. It
then rose steadily at a rate of 2.5 mm/a during 1995-2004, fol-
lowed by steady and significant decline at a rate of 2.0 mm/a dur-
ing 2005-2014. The change in steric height rises was -4.5 mm/a,
which was more than that for SLA rises (-3.0 mm/a). Thus, sub-
stantial declines in the rate of steric height changes were the

main reason behind the stagnation of SLA rises in the GIN seas.

Steric height is essentially the sum of the thermosteric and
halosteric components. The former increased steadily in
1981-1993, but declined rapidly in 1993-1998; the magnitude of
change for both periods was similar. Subsequently, the thermos-
teric component increased rapidly, at a rate of 4.2 mm/a during
1995-2004. However, there was a slight downward trend after
2004 (Fig. 4b). The halosteric component behaved differently; it
remained steady during 1980-1997 and only experienced minor
fluctuations. This was followed by a significant and steady down-
ward trend after 1997, at a rate of 2.0 mm/a (Fig. 4c). The differ-
ence of rates for the thermosteric component between during
2004-2014 and 1994-2004 was -4.6 mm/a, and that for halosteric
component was -0.4 mm/a, respectively. Thus, the rapid rise and
then rapid decline in steric height between 1994 and 2014 could
be attributed to the stagnation in rise of the thermosteric com-
ponent.
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Fig. 4. Segmented fitting results for various trends of the GIN seas. a. Mean steric height (SH), b. thermosteric component (TC), and c.
halosteric component (SC). The calculation range for the mean steric height of the GIN seas is similar to the area of coverage within
the valid SLA data. The rate of change was obtained from anomaly data, i.e., segmented linear fitting of the blue lines.

From the results of the earlier analysis, it could be easily con-
cluded that the recent stagnation of mean SLA rises in the GIN
seas was largely the result of stagnation in rise of the thermoster-
ic component, or in other words, stagnation in warming of the
upper water. It is worth noting that the timing for stagnation of
warming for the GIN seas coincided with that for the upper water
of the Atlantic Ocean (please refer to Fig. 1b of Chen and Tung
(2014); there was significant stagnation of warming for the upper
water of the Atlantic Ocean around 2004).

The characteristic of steady salinization of the GIN seas
around 1997 was a unique phenomenon post-1980. Past studies
have shown that upper water of the GIN seas exhibited a general
trend of desalination between the 1960s and 1990s (Siegismund
et al., 2007; Blindheim and @sterhus, 2005; Furevik and Nilsen,
2005). The salinization of the upper water of the GIN seas in the
recent two decades could either be a long-term development

trend henceforth or the result of interdecadal fluctuations (or
even fluctuations over a longer temporal scale). However, it can
be confirmed only after continuous accumulation of data.
Changes in steric height are dependent on changes in the
thermohaline properties of the upper water. The upper water of
the GIN seas is directly affected by the Atlantic and Arctic inflows
simultaneously, resulting in very complex internal circulations.
There are large horizontal variations in the thermohaline proper-
ties of the water body in GIN seas, with different factors con-
trolling the properties of the upper water in various sea territories
(Rossby et al., 2009; Carton et al., 2011). Therefore, it is necessary
to analyze the spatial characteristics of changes in steric height.
During 1994-2004, the steric height for most regions of the
GIN seas rose rapidly and significantly. This was especially the
case at the Lofoten Basin, where the rate was 8.0 mm/a or more
(Fig. 5a). By 2004-2014, the steric height for most regions had de-
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clined, with slow rises limited to a small portion of the sea territ-
ories (Fig. 5b). By comparing Figs 5a and b, significant slowdown
in the rise of steric height can be observed for most regions of the
GIN seas. For each period, the spatial distribution for rate of
change for the thermosteric component of the GIN seas (Figs 5¢
and d) was consistent with that for the steric height (except for a
small portion of sea territories along the eastern coast of Green-
land). While, there were small temporal and spatial variations for
the rate of change in the halosteric component, both of which
were approximately -2.0 mm/a (Figs 5e and f).

Comparing the trends during 2004-2014 and 1994-2004,
slowdown in rise of the halosteric component (-10.0 mm/a) was
found only in a small portion of sea territories along the eastern
coast of Greenland. The trend for most regions of the GIN seas
remained unchanged. The aforementioned spatial distribution
characteristic further confirmed that the thermosteric compon-
ent was the major contributor to the substantial decline in rise of
steric height in the GIN seas. The temporal variations and char-
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acteristic of spatial distribution of the steric height in GIN seas
were found to be mainly affected by the thermosteric effect,
which was consistent with the findings of previous studies (Mork
and Skagseth, 2005; Siegismund et al., 2007). Unlike the findings
of Shao and Zhao (2015), this study did not find a greater rate of
decline in steric height along the Norwegian coast. This could be
due to the different data for different durations used in the studies.

Two regions within the GIN seas experienced greater slow-
down in steric height rises: the larger region is the sea territories
around the Lofoten Basin, while the smaller region is off the
northeastern coast of Greenland. Figure 5 shows that the former
region was mainly affected by the thermosteric component, while
slowdown in the latter was caused by the halosteric component.
It should be noted that some sea territories off the northeastern
coast of Greenland were unmeasured and missing from the SLA
data. The area is also covered by sea ice throughout most of the
year. Since further study is required to ascertain the applicability
of Egs (1)-(3) for calculating the steric height of ice-covered sea
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Fig. 5. Spatial distribution of trends of SH, TC and SC. Respective spatial distribution of mean SH (a, b), TC (c, d), and SC (e, f) trends
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territories, changes in steric height for these sea territories are not
discussed in this paper.

Within the GIN seas, the Lofoten and Norwegian Basins are
more representative because slowdown in SSH rises and de-
crease in steric height rises were more prominent. Equation (1)
shows that steric height is obtained from the #'(z, f) integral for
each layer. The mean trend of /'(z, £) for each layer of the Norwe-
gian Sea basins (Lofoten and Norwegian Basins) was calculated
to determine changes in the characteristics of the steric height
component for various layers. Applying the same principle,
changes in the characteristics of the thermosteric and halosteric
components were also processed.

Comparing the situation during 2004-2014 with that during
1994-2004 (Figs 6a and b), the main changes in trends of the ster-
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ic height component (k'(z, ), blue line in Fig. 6) were found to
occur at the 0-600 m sea layer. The h'(z, t) trend for this layer
changed from positive in 1994-2004 to negative in 2004-2014,
with a significant magnitude. For the thermosteric component
(h'™(z, 1)), slowdown in the rise occurred within the 0-500 m lay-
er (red line in Fig. 6), with the magnitude of slowdown increasing
as it approaches the surface layer. This was consistent with the
characteristic of vertical distribution for the #'(z, f) trend. In sea
layers deeper than 600 m, the variations for both #'(z, t) and h''(z,
t) were small and did not show any significant change. Thus, the
0-600 m sea layer was the main layer responsible for the slow-
down in steric height of the GIN seas. Temperature changes with-
in this sea layer directly affected changes in steric height rises
and stagnation in SSH rises.
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Fig. 6. Profiles of mean h'(z, £), h''(z, t), and h'S(z, t) trends for the Norwegian Sea basins.

4 Analyzing the mechanisms for stagnation of SSH rises

We have earlier explained that slowdown in SSH rises in the
GIN seas during 1994-2014 was caused by stagnation of warming
in the upper layer (0-600 m) of the Lofoten and Norwegian
Basins. Air-sea flux and lateral or vertical fluxes within an ocean
may cause denaturation of the upper water. Vertical exchanges
within oceans are generally small. Figure 6 shows that water
deeper than 600 m did not undergo any major change in prop-
erty. Thus, the effect of vertical flux within the ocean on temper-
ature changes of the upper water was minimal for these sea territ-
ories.

Although properties of the upper water of the GIN seas could
have been affected by the rapid melting of the Greenland ice
sheet (Marzeion et al., 2012), the latter process has regional vari-
ations, with only a small amount of melted ice entering the
Greenland Sea. Furthermore, most of the meltwater in the GIN
seas flows to the North Atlantic Ocean by the East Greenland
Current, such that there is little impact on the internal portions of
the GIN seas (Gardner et al., 2013; Straneo et al., 2012; Sutherl et
al., 2014; Cox et al., 2010). Studies have shown that the upper wa-
ter of the Norwegian Sea (shallower than 600 m) is affected by
local air-sea flux, Atlantic inflow from the south, and Arctic water
from the west (Rossby et al., 2009; Kushnir, 1994). Specifically,
the Lofoten Basin is primarily affected by the Atlantic inflow, with
its upper water mainly comprising Atlantic water (Kohl, 2007). In
addition to the Atlantic warm water, the Norwegian Basin is also
directly affected by cold freshwater from the Iceland Sea (Mork et
al., 2014; Curry and Mauritzen, 2005). At the western portion of

the GIN seas, cold water flows in from the Arctic Ocean by the
East Greenland Current, during which it mixes continuously with
the backflow of Atlantic water. The bulk of the water then flows
south into the Northwest Atlantic Ocean, while only a small por-
tion flows east to form the East Icelandic Current, (EIC), which
then flows directly into the Norwegian Basin.

Some studies have pointed out that during certain periods,
properties of the upper water of the Norwegian Sea are signific-
antly affected by the cold Arctic water (Curry and Mauritzen,
2005). However, this occurs only during abnormal situations
where strong North Winds accompany strong negative NAO
(North Atlantic Oscillation) (Mork et al., 2014). Between 1993 and
2014, there was a moderate negative NAO only in 2010, but its in-
ternal wind field did not consist of anomalous strong North
Winds (Fig. 2d in Mork et al., 2014). Thus, the EIC did not signi-
ficantly affect the Norwegian Sea. Figure 5 shows that slowdown
in the steric height rises in the Lofoten Basin was significantly
greater than that for the Norwegian Basin region. This indicates
that changes in the Atlantic inflow significantly affected the up-
per water of the Norwegian Sea. It can thus be comprehensively
deducted that during this period, properties of the upper water of
the Norwegian Sea was not affected much by the EIC. Instead,
the Atlantic inflow had a more prominent influence.

Stagnation of SSH rises for the GIN seas in 1994-2014 was
mainly the result of changes in steric height. Next, we focus on
the Atlantic inflow and air-sea flux, and separately discuss the
mechanisms behind the different trends of steric height during
those two periods, so as to determine the main reason for stagna-
tion of the SSH rises.
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4.1 Rapid rise in steric height: 1994-2004

The mean steric height of the GIN seas rose rapidly during
this period because of rapid warming and steady salinization of
the upper water. We separately analyze the effects of the air-sea
flux and Atlantic inflow.

4.1.1 Effect of air-sea flux

Total air-sea freshwater flux is obtained by subtracting evap-
oration from precipitation. Calculations show that total air-sea
freshwater flux for the GIN seas did not present any significant
change in trend over most of the sea territories. The linear rate of
change for the remaining sea territories was generally within +0.1
mm/(d-a) (Fig. 7b). The rate of change for SSH caused by the ef-
fect of salt was within +1 mm/a (Appendix). Hence, evaporation
and precipitation were not major factors behind the decline in
the halosteric component of the GIN seas (salinization of the up-
per water).

Total air-sea heat flux is the summation of short- and long-
wave radiations, and latent and sensible heats. There was no sig-
nificant linear trend for the total air-sea heat flux in the GIN seas
during 1994-2004. However, there was a significant trend of
oceanic thermal reduction only in the Greenland Sea, with a lin-
ear rate of approximately 5 W/(m?-a), which could result in steric
height rise by approximately 7 mm/a (Appendix). This would
correspond to the rate of rise for the thermosteric component in
that area (Fig. 5¢).

There was no significant change in the trend of air-sea heat
flux at the sea territories of the Lofoten Basin, even though rise of
the thermosteric component was rapid. However, the rates of rise
in sea surface temperature (SST) and surface air temperature
(SAT) for the Norwegian Sea as obtained from ECMWF data were
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similar (Figs 8a-b). The mean rates of rise in SST and SAT for the
Norwegian Sea were basically the same, at (13.0+2.8)x10-2 and
(14.5%6.7)x10-2°C/a, respectively. Since the density and specific
heat capacity of air are far smaller than that of seawater, it would
not be possible for atmospheric warming to drive the warming of
the 0-600 m layer of the Norwegian Sea at a uniform rate (Fig. 9).
It is more likely that rapid warming of the upper water of the Nor-
wegian Sea was caused by the Atlantic inflow.

For the sea territories of the Norwegian Sea, EN4 and ECM-
WF data for rate of change of SST (Figs 8c and b, respectively)
were consistent. There was also good conformity between the
mean trends for both rates (Fig. 8d, correlation coefficient is
0.78). This shows that rapid warming of the upper water of the
Norwegian Sea as determined using EN4 data was credible.
However, SST trends derived from the two types of data were sig-
nificantly different for the Greenland Sea. The ECMWEF data
showed a significant decline, whereas the EN4 data presented a
slight increase. This discrepancy could be due to the different
spatial resolutions of the two sets of data, as well as different data
types: EN4 and ECMWF data were derived from the assimilation
of sectional observational data and atmospheric forecast data, re-
spectively.

Sectional observational data are not available for the Green-
land Basin region (especially in winter), leading to greater uncer-
tainty in the EN4 assimilation data (Siegismund et al., 2007; Good
etal., 2013). In addition, rapid increases in the SST of the Norwe-
gian Sea probably affected the assimilation results for this region,
creating the false phenomenon of SST warming (Fig. 8c). The
ECMWEF data has a higher spatial resolution ((1/8)°) and better
data quality (Dee et al., 2011; Uppala et al., 2005). As such, the de-
cline in the SST of the Greenland Basin during this period should
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Fig. 7. Spatial distribution of linear trends of fluxes in 1994-2004. a. Total downward air-sea heat flux (HF), b. total downward air-sea
freshwater flux (P-E), c. downward sensible heat flux (SSHF), and d. downward latent heat flux (SLHF).
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have greater credibility. This decline was not driven by the atmo-
sphere because there was no significant reduction of the SAT
during the period (Fig. 8a). Furthermore, there were increases in
both downward latent and sensible heats (Figs 7c and d). Thus,
the change must have been the result of oceanic processes.

The upper water of the Greenland Sea is covered by low-
density (0,<27.70) polar surface water (PSW) from the Fram Strait
and melted sea ice (Rudels et al., 2002, 2005), which directly af-
fect its SST. The SST obtained from ECMWEF data exhibited op-
posite trends on both sides of the Mohn Ridge (Fig. 8b), thus
eliminating the influence of Atlantic water. These results show
that decline in the SST of the Greenland Sea was the result of low-
density cold water from the Arctic Ocean covering or mixing with
the upper water of the former. Considering the continuous back-
flow, mixing, and subsidence of warm water from the Atlantic
Ocean with the mid-upper water of the Greenland Sea (250-800
m), the effect of the former should be more prominent (Perkin
and Lewis, 1984; Rudels et al., 2002). In addition, there was a very
obvious warming of Atlantic water within the Norwegian Sea dur-
ing this period (Figs 8b and c), with the rate of warming far ex-
ceeding the rate of decline in the SST of the Greenland Sea SST.
Therefore, it can be deduced that the mean temperature of the
1 500 m layer of the Greenland Sea should also increase. As such,
although the surface of the Greenland Sea exhibited a cooling
trend, it was still possible for mean temperature of the upper wa-
ter to increase. This would be consistent with increases in the
thermosteric component for these sea territories as calculated in
this study (Fig. 5¢). Overall, the decline in the SST of the Green-
land Sea is a reasonable phenomenon that did not contradict the
significant increase in the thermosteric component for the sea
territories during the period as derived in this study.

4.1.2 Atlantic inflow

The Atlantic inflow, which has high temperature and salinity,
can lead to denaturation of the upper water of the Norwegian Sea
via two processes: changes in water properties or flow. Atlantic
water with high salinity enters the GIN seas primarily through the
channel between the Iceland-Faroe Islands and Shetland Islands.
Sections of the water body shallower than 600 m and with salin-
ity greater than 35.1 could be treated as Atlantic inflow water
(AIW) (Wang et al., 2015). Figure 9a shows that the mean temper-
ature of AIW had risen steadily in 1994-2004 at a rate of (5.3+1.9)x
10-2°C/a, while that for upper water of the Norwegian Sea basins
(NUW) was even greater at (11.5+1.7)x10-2°C/a. Increases in mean
salinity for waters of the AIW and NUW were (2.9+2.1)x10-3 a-!
and (6.6+1.6)x10-3 a!, respectively.

The warming and salinization of the AIW was one of the reas-
ons for the warming and salinization of the NUW. However, the
AIW alone could not have sustained the rapid warming and sa-
linization of the latter between 1994 and 2004. It was thus de-
duced that the trend for AIW during that period must have in-
creased significantly as well, contributing to a large amount of
the warming in NUW. Studies have also indicated that the warm-
ing of Atlantic inflow was synchronous with its increased flow
(Mork et al., 2014; Furevik and Nilsen, 2005; Hatdn et al., 2005.

Swift and Aagaard (1981) classified the upper water of the
GIN seas into three main portions based on characteristics of the
water mass. From east to west, these are the Norwegian warm
water, transition zone water, and East Greenland cold water.
Changes in the distribution of waters from the Atlantic and Arc-
tic Oceans were analyzed on the basis of their respective charac-
teristics. Specifically, the former, with high temperature and sa-
linity, is carried by the Norwegian warm current, while the latter,
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with low temperature and salinity, is carried by the Greenland
current. Water with 7>2°C, §>35 water was selected as Norwegi-
an Atlantic Water (NwAtW) (Hopkins, 1991), while that with
T<0°C, S<34.4 was selected as Polar Water (PW) from the Arctic
Ocean (Rudels et al., 2002, 2005).

The mean salinity of the NwAtW increased significantly
((3.2+£0.1)x10-3 a-!) (Fig. 10c) while the volume of PW did not
change significantly (Fig. 10b). The contribution of air-sea fresh-
water flux to the salinity of the upper water was less than 1.0x10-3 a"!
(Appendix and Fig. 7b), with no significant change for most re-
gions. After eliminating the effect of air-sea flux and polar water,
it can be concluded that the increased salinity of the GIN seas
was caused by the Atlantic inflow.

The increase in mean salinity of the NUW was at a similar rate
with the increase in salinity of the AIW (Fig. 9b). However, the
volume of the NwAtW had increased by 40% over that decade. In
the absence of any other important factor, this could be due to
substantial increases in its flow. Given the large differences in
temperature between the NwAtW and transition zone water, the
small amount of warming caused by the inflow (0.5°C) would not
be responsible for the massive increase in volume of the NwAtW.
Figures 8b, ¢ and 4c show that during this period, the prominent
region experiencing warming of the upper water was not along
the main flow axis of the Norwegian warm current (at the eastern
portion of the Norwegian Sea) but the Norwegian Sea basins re-
gion. This shows that after AIW entered the basin region with its
increased flow, it significantly increased the temperature of the
upper water. During this period, increases in the Atlantic inflow
contributed significantly to the warming of the upper water of the
GIN seas.

For the NwAtW, Fig. 10e shows that there was no significant
rise in mean temperature during this period ((1.7+2.0)x10-2°C/a),
and any rise was significantly less than that of the AIW (Fig. 9a).
This shows that the increase in water volume of the NwAtW was
not entirely from the inflow but rather, from the mixing of ATW
and transition zone water. The latter has low temperature, which
caused the decline in the temperature of the mixture. This was
eventually reflected in the substantial increase in the volume of
NwAtW without changing its mean temperature. Therefore, the
increase in flow of the Norwegian current should be less than
40%.

Increased flow and salinity of the Atlantic inflow also resulted
in significant salinization for most sea territories of the GIN seas,
except for the shallow water at eastern Greenland (Fig. 5e). Since

sea territories at eastern Greenland did not undergo significant
salinization and the volume of PW did not decrease substantially,
water input from the Arctic Ocean only increased slightly, pre-
venting the warm water from entering the sea territories. This
conclusion was further supported by the decline in mean tem-
perature of PW during this period (Fig. 10f) and the absence of
significant increase in salinity (Fig. 10d).

In short, the rapid increase in the steric height of the GIN seas
during 1994-2004 was mainly caused by increased flow and ther-
mohaline component of the Atlantic inflow, and the effect of air-
sea flux was minor. These findings are consistent with the results
of Skagseth and Mork (2012).

4.2 Steady decline in steric height: 2004-2014

4.2.1 Air-sea flux

There was no significant trend in the air-sea freshwater flux or
heat flux over most of the territories of the GIN seas during this
period. Thus, the air-sea flux component remained an unimport-
ant factor (Fig. 11).

4.2.2 Atlantic inflow

Figure 9a shows that in 2004-2014, there was essentially no
change in the mean temperature of the AIW and NUW (shallow-
er than 600 m). However, the following events were observed:
slight increase in the water volume of the NwAtW within the GIN
seas ((6.2+2.3)x103 km3/a), significant decline in mean temperat-
ure (-(3.9+1.6)x10-2°C/a), and no change in mean salinity or total
heat content of the water body (Fig. 10). It can be inferred that
volume of the ATW did not increase significantly during this peri-
od, and that the slight increase in the volume was because the ef-
fect of mixing of waters from the NwAtW and transition zone was
strengthened.

Given the large difference in temperature between NwAtW
and transition zone and small difference in salinity, there was a
significant decline in mean temperature of the NwAtW, with no
change to its mean salinity. Being covered by NwAtW, the salin-
ity of the upper water of the Lofoten Basin decreased signific-
antly (increasing trend for SC, Fig. 5f). This is an indication of in-
creased mixing. By eliminating the effects of the Atlantic inflow
and air-sea flux, it could be inferred that the decline in input of
Arctic freshwater was the main reason for the increase in mean
salinity of the upper water of the GIN seas. During this period,
there was a significant reduction in the volume of PW
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Fig. 11. Spatial distribution of trends for air-sea heat flux (a) and freshwater flux (b) during 2004-2014.

(-(2.7£1.2)x103 km3/s) (Fig. 10b), with increased salinity in the 5 Conclusions

East Greenland cold current (significant reduction in SC for this Around 2004, there was a notable slowdown of the mean SLA
region, Fig. 5f), both of which support the aforementioned inter-  rise in the GIN seas. This phenomenon is very interesting and im-
pretation. portant, but has not been fully studied. Through comparative
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analyses of linear rates of change for SLA and steric height dur-
ing May 1994-April 2004 and May 2004-April 2014 combined
with meteorological and hydrological data, the following conclu-
sions were drawn:

(1) Mean SSH rises for the GIN seas during 1994-2004 and
2004-2014 were 4.4 and 1.4 mm/a, respectively. The magnitude
of 3 mm/a far exceeded the global mean reduction (0.6 mm/a).
In particular, steric height first increased and then decreased at
an even greater magnitude of 4.5 mm/a. The rate of rise in the
mass component also increased with a magnitude of 1.5 mm/a.
The slowdown in the rise of the steric height of the GIN seas was
mainly caused by the thermosteric component. The halosteric
component declined steadily, with the rate maintained at 2
mm/a or more. Overall, the upper water of the GIN seas under-
went steady salinization.

(2) Within the territories of the GIN seas, slowdown of SLA
rises was especially prominent at the Norwegian Sea. Although
its basin area accounts for only approximately 26% of the total
area of the GIN seas, its contribution amounted to 50% of the
total slowdown of the SLA rises. The slowdown of SSH rises in the
Norwegian Sea was mainly caused by stagnation in warming of
its upper water (shallower than 600 m).

(3) The temperature and salinity of the upper water of the
GIN seas increased rapidly and gradually, respectively, as a res-
ult of the increased flow, significant warming, and slight increase
in salinity of the Atlantic inflow in 1994-2004. This resulted in the
rapid increase of its steric height. During 2004-2014, combined
non-significant rise in flow and temperature of the Atlantic in-
flow caused stagnation in the warming of the upper water of the
GIN seas. In contrast, the significant reduction in freshwater in-
put from the Arctic Ocean led to a rise in the mean salinity of the
upper water. Both factors contributed to the steady decline in the
steric height of the GIN seas. Air-sea flux and Greenland’s melt-
ing ice did not have much impact on the trends of steric height
over the years. In summary, cessation in the increasing volume of
the Atlantic inflow and warming of inflow water were the main
factors responsible for the stagnation of SSH rises in the GIN
seas.

Stagnation of SSH rises in the GIN seas has become a promin-
ent phenomenon in recent years. Changes in the SSH of the GIN
seas under the impact of global CC exhibited strong regional
characteristics and were significantly influenced by the Atlantic
inflow. Although NAO was weak during 1994-2004, thermal
transportation from the Atlantic Ocean to the GIN seas increased
significantly, causing rapid SSH rises. With global warming, the
upper water of the Atlantic Ocean is likely to continue warming.
If a strong NAO event were to occur simultaneously, the SSH of
the GIN seas will rise even more rapidly. Thus, close attention
should be paid to further developments in the SSH of the GIN
seas and the feedback actions that these may have on the local
(even global) circulation systems. However, there are still many
research limitations and inadequacies. We only use AVISO data
to get the slowdown rates of SSH rises in the Nordic seas, and
simply use EN4 and ECMWEF data to discuss the related mechan-
isms, data types in this paper are not quite enough to fully prove
our conclusions and the errors of these data could greatly affect
our result. So more observations and data are needed to study
this phenomenon.
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Appendix: Method for calculating changes in steric height caused by air-sea flux

Thermodynamic formulas can be used to determine temper-
ature changes in the upper water column caused by air-sea heat
flux, thereby deriving height changes of the water column. The
specific formulas are as follows:

AT-H-p-Cy,=AE, (Al)

Ah/H = AT - a, (A2)
where H represents height of the water column, p is mean dens-
ity of water column, a is the thermal expansion coefficient, C, is
specific heat capacity of sea water, AE is change in heat flux, AT is
the resultant change in temperature, and A#h is the resultant
change to height of water column.

It was assumed that for water columns shallower than 600 m,
changes in seawater properties caused by air-sea flux would be
distributed uniformly (i.e., let H=600 m; this value does not affect
the final result). Conditions of 35x10-% and 10°C were adopted as
typical properties for water in the Norwegian Sea (shallower than
600 m). When the specific heat capacity of sea water is 4x103
J/(kg-°C) and pressure P, is approximately 3x106 Pa, the thermal
expansion coefficient of seawater based on TEOS_10 is
1.715x10-% K-1. Simple calculations show that changes in heat

flux amounting to 1.0 W/(m?2-a) can result in the following
changes for the upper water (shallower than 600 m): rate of
warming is 1.31x10-2°C/a and rate of rise in steric height is ap-
proximately 1.4 mm/a.

The law of conservation of salinity can be used to obtain
changes in salinity of the upper water arising from air-sea fresh-
water flux, thereby determining the resultant changes to the
height of the water column. The specific formulas are as follows:

AS-H=S- AP, (A3)

Ah/H = AS - 3, (A4)
where f is the saline contraction coefficient, AP is change in
freshwater flux, and AS is the resultant change in salinity.

The calculation formulas for changes in SSH caused by fresh-
water flux are similar to that for heat flux (Eqs (A3) and (A4)
above), adopting a f (saline contraction coefficient) of
7.538x10-4. If the rate of change in air-sea freshwater flux is 0.1
mm/(d-a), the change in mean salinity for the upper water (shal-
lower than 600 m) would be 2.1x10-3 a-!, while the resultant rate
of change in steric height would be 1.0 mm/a.
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