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Abstract

The Arctic Ocean is undergoing significant changes, with rapid sea ice decline, unprecedented freshwater accumulation, and
pronounced regional sea level rise. In this paper, we analyzed the sea level variation in the Arctic Ocean based on a global
simulation with 4.5-km resolution in the Arctic Ocean using the multi-resolution Finite Element Sea Ice-Ocean Model (FESOM).
The simulation reasonably reproduces both the main spatial features of the sea surface height (SSH) and its temporal evolution in
the Arctic Ocean in comparison with tide gauge and satellite data. Using the model results, we investigated the low-frequency
variability of the Arctic SSH. Both the first two dominant modes of the annual-mean SSH evolution in the Arctic Ocean present
decadal variability and can be mainly attributed to the variability of the halosteric height, thus the freshwater content. The first
mode can be explained by the Arctic Oscillation (AO). The AO-related atmospheric circulation drives the accumulation and
release of freshwater in the Arctic deep basin and the consequent ocean mass change over the continental shelf, leading to the
antiphase changes in SSH between the shelf seas and the deep basin. The second mode shows an antiphase oscillation between
the two Arctic deep basins, the Amerasian and Eurasian Basins, which is driven by the Arctic dipole anomaly (DA). The DA-
related wind anomaly causes a spatial redistribution of freshwater between the two basins, leading to the antiphase SSH changes.
By using a dedicated sensitivity simulation in which the recent sea ice decline is eliminated, we find that the sea ice decline
contributed considerably to the observed sea level rise in the Amerasian Basin in the recent decades. Although the sea ice decline
did not change the mean SSH averaged over the Arctic Ocean, it significantly changed the spatial pattern of the SSH trend. Our
finding indicates that both the wind regime and ongoing sea ice decline should be considered to better understand and predict the
changes in regional sea level in the Arctic Ocean.
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1 Introduction phenomenon called Arctic amplification), significant sea ice
extent and thickness reduction, Greenland ice sheet mass loss,
and liquid freshwater accumulation (e.g., Proshutinsky et al.
2009; Serreze et al. 2009; Wang et al. 2005; Giles et al. 2012,
Wang et al. 2018a). Sea surface height (SSH) is a natural

integral indicator of global and regional ocean climate change

The Arctic is undergoing an unprecedented climate change,
with air temperature increasing more than the global mean (a
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(Church et al. 2013). Changes of regional sea level, which
varies on a broad range of timescales, can deviate substantially
from those of the global mean. Currently, there are still large
uncertainties in the estimate of sea level changes in high lati-
tudes, especially in the Arctic Ocean which has permanent and
seasonal sea ice cover (Stammer et al. 2013).

In the Arctic Ocean, only along the Russian and Norwegian
coastlines, there are some reliable continuous tide gauge re-
cords available starting from the 1950s, and a large proportion
of the Russian sector tide gauge records was discontinued
around 1990 (Proshutinsky et al. 2004; Henry et al. 2012;

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10236-020-01373-5&domain=pdf
mailto:chenmeixiang@hhu.edu.cn

788

Ocean Dynamics (2020) 70:787-802

Svendsen et al. 2016). Since the early 1990s, altimetric satel-
lite missions have provided observations of sea level in the
Arctic Ocean south of 82° N, allowing extraction of primary
sea level variation patterns. Although conventional processing
of satellite radar altimetry breaks down in the presence of sea
ice, specialized satellite altimeter processing allows the extrac-
tion of SSH in ice-covered areas, making the study of sea level
changes in the ice-covered Arctic Ocean possible (Laxon
1994; Peacock and Laxon 2004; Prandi et al. 2012a, 2012b;
Giles et al. 2012; Cheng et al. 2015; Armitage et al. 2016;
Svendsen et al. 2016; Rose et al. 2019).

Obvious sea level rise along the coast of Russian and
Norwegian seas has been reported based on the tide gauge
records (Proshutinsky et al. 2004; Henry et al. 2012). Rapid
sea level rise in the Beaufort Gyre in the recent two decades
was observed by satellite altimeter (Prandi et al. 2012b; Cheng
et al. 2015; Carret et al. 2017; Rose et al. 2019). Using altim-
eter and Gravity Recovery and Climate Experiment (GRACE)
space gravimetry data, Armitage et al. (2016) found a large
seasonal cycle of Arctic SSH dominated by halosteric changes
and a secular change of SSH determined by ocean mass
contributions between 2003 and 2014. Carret et al. (2017)
investigated the closure of the Arctic sea level budget since
2002 and found that the spatial pattern of sea level trends in
the Arctic Ocean can be explained mainly by the halosteric
component, but the trend of the Arctic mean SSH is
dominated by mass contribution. These conclusions are
consistent with the finding of Armitage et al. (2016) based
on satellite data.

Despite great success with their applications, there are still
several issues with the current observation datasets. First, as
revealed by Carret et al. (2017), large uncertainties exist in the
available Arctic sea level datasets, especially in the ice-
covered area and in different GRACE products. They also
indicated that a large difference exists in the Arctic steric
change between the results calculated directly from the tem-
perature and salinity data and those obtained from the differ-
ence between altimetry and GRACE data. Second, the time
series of sea level (since 1993) and ocean mass (since 2003)
are not long enough to investigate the low-frequency Arctic
sea level variability associated with the cyclonic and anticy-
clonic regimes of atmospheric circulation described by
Proshutinsky and Johnson (1997), Proshutinsky et al. (2015)
and the decadal sea level variability related to the Arctic
Oscillation (AO) or North Atlantic Oscillation (NAO) ob-
served by tide gauges along the coast (Proshutinsky et al.
2004; Henry et al. 2012; Calafat et al. 2013). Third, the satel-
lite measurement does not cover the area north of 82° N,
making it difficult to understand the sea level variability for
the whole Arctic Ocean.

Model simulations are often used to study regional and
global sea level changes (e.g., Bindoff et al. 2007; Yin 2012;
Church et al. 2013; Griffies et al. 2014; Slangen et al. 2017,
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Meyssignac et al. 2017). Proshutinsky et al. (2007) revealed
that ocean-sea ice models can well reproduce the variability of
Arctic coastal SSH, although the spatial patterns and trends of
the Arctic SSH differ significantly among models. Koldunov
et al. (2014) investigated the interannual-to-decadal SSH var-
iability in the Arctic Ocean using an Arctic regional model
with an 8-km horizontal resolution. The SSH variability can
be reasonably captured by their regional model, although it
failed to reproduce the positive Arctic SSH trend observed
over the last two decades, which might be due to open bound-
ary conditions applied to the regional model. They also found
that higher model resolution helps to improve the simulated
spatial distribution of SSH. Using higher model resolution can
better represent the changes in the spatial distribution of liquid
freshwater in the Arctic Ocean (Wang et al. 2016a; Wang et al.
2018b). This implies that the variation of Arctic SSH could be
better resolved with high resolution because the variation of
SSH in the Arctic Ocean contains a significant halosteric com-
ponent (Morison et al. 2012; Griffies et al. 2014; Armitage
et al. 2016; Carret et al. 2017).

Global simulations with the Arctic Ocean resolved with
4.5-km-high resolution have become available recently
(Wang et al. 2016b). Although these high-resolution simula-
tions have been assessed with respect to their representation of
sea ice, ocean salinity, and temperature (Wang et al. 2018a,
2018b, 2019), how well SSH in the Arctic Ocean is simulated
is not evaluated yet. In this paper, we will first assess the
Arctic SSH simulated in the high-resolution model setup de-
scribed by Wang et al. (2018a, 2019). Then, the low-
frequency variability of Arctic SSH will be investigated using
the model results. The impact of recent Arctic sea ice decline
on the Arctic SSH will also be elucidated by using a dedicated
sensitivity experiment.

The paper is organized as follows: in Section 2, we will
briefly introduce the model used in our study, as well as the
sea level observations using satellites and tide gauges. We will
verify simulated mean SSH and sea level variability by com-
paring them with tide gauge and satellite-based SSH observa-
tions in Section 3. Investigation of low-frequency sea level
variability and its mechanism is presented in Section 4.
Section 5 uses a climatology simulation to investigate the
influence of recent rapid sea ice decline on Arctic Ocean sea
level, and Section 6 finishes with concluding remarks.

2 Model and observations

2.1 FESOM

We use the results obtained from global simulations with the
Finite Element Sea Ice-Ocean Model (FESOM v.1.4, Wang
et al. 2014, Danilov et al. 2015). It is an ocean general circu-
lation model with both the ocean and sea ice components
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working on unstructured triangular meshes, so it allows for
multi-resolution simulations. This model has been applied and
evaluated in various Arctic Ocean studies (e.g., Wang et al.
2016a, 2016b, 2016¢, 2018a, 2018b; Wekerle et al. 2013,
2017a, 2017b; Miiller et al. 2019). The model configuration
used in this study is briefly described below.

The employed global mesh has 1° nominal horizontal res-
olution in most parts of the world’s ocean. The resolution is set
to about 24 km north of 45° N and further increased to 4.5 km
in the Arctic Ocean (defined by the Arctic gateways of the
Bering Strait, Canadian Arctic Archipelago (CAA), Fram
Strait, and Barents Sea Opening, see Fig. 1a). In the equatorial
band and along the coast the resolution is also slightly in-
creased. Forty-seven z levels are used with 10-m resolution
in the top 100 m and gradually coarsened downwards. For
bottom topography, we use the 2-km resolution version of
the International Bathymetric Chart of the Arctic Ocean
(IBCAO; Jakobsson et al. 2008) north of 69° N and the 1-
min resolution version of the General Bathymetric Chart of
the Oceans (GEBCO) south of 64° N. The topography is lin-
early interpolated between these two data sets for the range
between 64° N and 69° N.

The model is driven by the 3-hourly JRA-55 atmospheric
forcing (Kobayashi et al. 2015) from 1958 to 2015 (the “con-
trol” run). The ocean starts from the PHC3 climatology tem-
perature and salinity, and sea ice starts from the climatological
state obtained in a previous simulation. To understand the
impact of Arctic sea ice decline on the Arctic SSH, a sensitiv-
ity experiment is carried out using climatological atmospheric
thermal forcing over the Arctic Ocean (the “climatology” run).
The model configuration and forcing fields are the same as in
the control run, except that the climatology of air temperature
and downward longwave and shortwave radiation is used over
the Arctic Ocean. The climatology is obtained by averaging

Fig. 1 a Model horizontal a
resolution and b ocean
bathymetry. The Arctic Ocean is
enclosed by the Canadian Arctic
Archipelago, Fram Strait, Barents
Sea Opening, and Bering Strait
(black lines). Blue lines on land
refer to the rivers flowing into the
Arctic Ocean. Tide gauge
locations are shown by circles,
and circle colors indicate the
correlation of the annual-mean
SSH between the tide gauge and
the control simulation (see also
Table 1)
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the JRA-55 data from 1970 to 1999 for each 3-h segment. This
sensitivity experiment branches from the control run in 2001
and is run using climatological atmospheric thermal forcing
until 2015, covering the period when the SSH in the Beaufort
Gyre (BG) region increased to an unprecedented level. It is
shown in Wang et al. (2019) that the recent Arctic sea ice
decline is well simulated by the control run and the decline
is eliminated in the climatology run. Comparing the two sim-
ulations will help to reveal the impacts of the sea ice decline
on the Arctic SSH.

2.2 Observation data
2.2.1 Satellite altimetry

We will use the mean dynamic topography (MDT) provided
by the DTU13MDT (DTU hereafter) model, which has global
coverage with a spatial resolution of 1 min based on 20 years
(1993-2012) of both altimetry and Gravity Field and Steady-
State Ocean Circulation Explorer (GOCE) satellite data
(Andersen et al. 2015). It is the mean sea surface referenced
to the geoid, so it can be used to assess the mean SSH obtained
from our ocean model. Specialized satellite altimeter process-
ing makes the retrieval of SSH from leads and polynyas in the
ice-covered area possible, and now there are monthly SSH
data from Envisat and CryoSat-2 satellites for both ice-
covered and ice-free areas up to 81.5° N, as analyzed by
Armitage et al. (2016). We will employ their SSH data in this
paper. This data set has a spatial coverage up to 81.5° N on a
0.75° % 0.25° longitude-latitude grid for the period 2003—
2014. This satellite-derived monthly SSH product has been
used for various Arctic Ocean studies (Armitage et al. 2016,
2017, 2018; Regan et al. 2019).
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2.2.2 Tide gauges

The revised local reference (RLR) tide gauge records from the
Permanent Service for Mean Sea Level (PSMSL) (Holgate
et al. 2013) are used for the comparisons of coastal sea level
with our model results. Monthly data from 24 stations within
our research area are taken (Fig. 1b) and they cover most of
the 1979-2015 period. Missing data are linearly interpolated
for gaps that do not exceed 3 years, and stations with larger
gaps are not included in our study. The tide gauge data are
adjusted for the influence of the glacial isostatic adjustment
(GIA) using the ICE-6G/VM5a model (Peltier et al. 2015).

2.2.3 Reanalysis T-S data

The simulated steric height is compared with the values cal-
culated using the objectively analyzed ocean temperature and
salinity of the EN4 data (Good et al. 2013). This data set is
based on quality-controlled ocean temperature and salinity
profiles, which consists of observational data from different
projects to improve the Arctic data coverage.

3 Evaluation of simulated SSH
3.1 Time-mean SSH

We first compare the simulated spatial pattern of time-mean
SSH with the DTU MDT for the period 1993-2012 (Fig. 2a,
b, ¢) and with the SSH data of Armitage et al. (2016) for the
period 2003-2014 (Fig. 2d, e, f). FESOM well reproduces the
observed main characteristics of the SSH spatial pattern: high
SSH in the Amerasian Basin with the maximum centered in
the Beaufort Sea associated with the anticyclonic Beaufort
Gyre and significant SSH gradients between the Amerasian
Basin and Eurasian Basin associated with the Transpolar Drift
Stream. This implies that the model reliably reproduces the
main ocean circulation pattern in the Arctic region.

There are, however, certain model biases. Compared with
the DTU data, the model underestimates the SSH north of
Greenland and in the CAA and overestimates it in the central
Arctic basin (Fig. 2c). Note that large uncertainties may also
exist in DTU MDT especially to the north of Greenland and in
the CAA as these areas are covered by multi-year sea ice
(Johannessen et al. 2014). Although the simulated mean

-0.4 -0.3 -0.2

-0.1

0

0.1

0.2 0.3 0.4

Fig. 2 Comparison of the mean SSH for the period 1993-2012 (a, b) and 2003-2014 (d, e). From left to right are a, d FESOM results, b DTU and e
Armitage et al. (2016) observations, and ¢, f the residual between FESOM and observations
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SSH for the period 2003-2014 is in better agreement with the
result of Armitage et al. (2016), there is a moderate overesti-
mation in the central Arctic Ocean and underestimation in
other Arctic regions (Fig. 2f). The root-mean-square error
(RMSE) of the simulated SSH referenced to the observational
data of DTU and Armitage et al. (2016) is about 9 cm. It is at
the lower bound of the error range (8—16 cm) reported in
previous studies on Arctic SSH with coarser models
(Koldunov et al. 2014).

3.2 Variability of SSH

We use sea level data measured at 24 tide gauges within the
Arctic Ocean (Fig. 1b) to evaluate the coastal SSH variation
simulated by FESOM. The simulated SSH at the model grid
points closest to tide gauge stations is taken, and correlations
of both the monthly and annual-mean SSH between FESOM
and tide gauges are calculated to assess the seasonal and in-
terannual variability. The correlation between the monthly
mean data is significant for all of the tide gauge stations,
varying from the lowest value of 0.32 at the Ust Kara station
located in the Kara Sea to the highest value of 0.92 at
Honningsvag station located in the Barents Sea (Table 1).
Averaged over different shelf seas, there is an excellent corre-
lation in the Barents Sea (R =0.86), Chukchi Sea (R =0.86),
and Beaufort Sea (R=0.87). In the Kara, Laptev, and East
Siberian Seas, where the influence of seasonal runoff is the
greatest, the mean correlation is relatively smaller (0.59, 0.58,
and 0.70, respectively). Our result is similar to the finding by
Armitage et al. (2016), who found that monthly sea level
anomalies derived from satellite altimeters have a better cor-
relation with tide gauges in the Barents and Beaufort Seas and
weaker correlation in the Kara, Laptev, and East Siberian
Seas. The spatial distribution of the RMSE of altimeter SSH
referenced to tide gauge data obtained in their analysis is also
similar to that of our simulated SSH (not shown). The mean
correlation coefficient averaged over all the stations is 0.69,
indicating that the model can reasonably represent the season-
al SSH variability along the Arctic coast.

The correlation of annual-mean SSH between the model
and tide gauge data is lower than the correlation of monthly
mean SSH at most of the stations (Table 1). However, the
correlation of annual-mean SSH is still significant for most
stations. Except at two stations in the Kara Sea, the correlation
coefficients are in the range between 0.32 (at Nunai station
located in the Laptev Sea) and 0.79 (at Andreia and Fedorova
stations located in the Laptev Sea and Pevek station in the East
Siberian Sea) (Fig. 1b and Table 1). The mean correlation
coefficients averaged over different regions based on annual-
mean data are similar to those based on monthly data for most
shelf seas, except the Beaufort and Barents Seas, where the
correlation is much lower on the interannual timescale. The
mean correlation coefficient of annual-mean SSH averaged

over all the stations is 0.58, suggesting that the interannual
SSH variability along the Arctic coast is also reasonably well
reproduced by FESOM, although slightly worse than the rep-
resentation of seasonal variability.

Figure 3 a shows the anomaly of annual-mean SSH from
the FESOM simulation and satellite observations (data from
Armitage et al. 2016) averaged over the Arctic Ocean between
66° N and 81.5° N. The satellite altimetry data contains the
global mean sea level rise caused for example by land ice loss
through Greenland and Antarctic ice sheet melting, which is
not considered in the current simulation of FESOM. As our
interest is in the regional dynamic sea level, the global mean
sea level trend was removed before the comparison. The cor-
relation of the simulated annual-mean SSH with the observa-
tion is 0.79, revealing that FESOM well reproduced the ob-
served interannual variability of Arctic mean SSH during the
period 2003-2014. The model shows an SSH maximum in
2011, which was also reported by Armitage et al. (2016) and
Volkov and Landerer (2013).

The Arctic Ocean is covered by sea ice during most time of
the year, and sea ice coverage reaches minimum in September.
In this month, the sea level observation based on satellite
altimetry has the highest accuracy and thus, we further com-
pare the spatial distribution of the changing rate of the
September SSH from 2003 to 2014 between the model and
altimetry data (Fig. 3b). For our purpose, we computed the
linear trend to indicate the changing rate. Note that the word
“trend” we used in the paper means the tendency during a
certain period of analysis, which is not necessarily part of
the long-term trend related to climate change.

The model well reproduces the spatial pattern of the SSH
linear trend, with increasing SSH in the Amerasian Basin
(centered at the Beaufort Gyre) and decreasing SSH in shelf
seas. Both the model and observations consistently show that
the most pronounced SSH trends are in the western Arctic
Ocean, with opposite trends between the deep basin and the
shelf region. The positive trends in the Amerasian Basin in the
model are slightly weaker than the observed, and the simulat-
ed negative trends in the shelf seas are also weaker than the
observed, especially in the Kara and Barents Seas. The rapid
sea level rise in the Beaufort Gyre has been found in many
studies (e.g., Prandi et al. 2012b, Morison et al. 2012; Cheng
etal. 2015; Carret et al. 2017; Rose et al. 2019) and was often
explained as a consequence of wind-driven freshwater accu-
mulation (McPhee et al. 2009; Proshutinsky et al. 2009;
Morison et al. 2012; Giles et al. 2012; Armitage et al. 2016).
In Section 5, we will show that the recent sea ice decline
actually contributed significantly to this sea level rise.

In conclusion, the model has a decent representation of the
mean SSH and its variations in the Arctic region compared
with the tide gauge and satellite data. In the following, we will
investigate the low-frequency SSH variability in the Arctic
Ocean using the model results.
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Table 1 Correlations of monthly

and annual-mean FESOM and Tide gauge Location Number (year) Correlation 1 Correlation 2
tide gauge SSH (monthly SSH) (annual SSH)

Prudhoe Bay, Alaska (148.5°'W, 70.4° N) 20 0.87 (0.01) 0.56 (0.01)
Beaufort Sea 20 0.87 0.56

Vrangelia (178.5° W, 71.0° N) 21 0.86 (0.01) 0.70 (0.01)
Chukchi Sea 21 0.86 0.70

Aion (168.0°E, 69.9° N) 22 0.74 (0.01) 0.78 (0.01)
Pevek (170.3° E, 69.7° N) 16 0.79 (0.01) 0.79 (0.01)
Ambarchik (162.3° E, 69.6° N) 17 0.57 (0.01) 0.73 (0.01)
Shalaurova (143.2°E, 73.2° N) 21 0.70 (0.01) 0.55(0.01)
East Siberian Sea 19 0.70 0.71

Kigiliah (139.9°E, 73.3°N) 34 0.80 (0.01) 0.78 (0.01)
Sannikova (138.9°E, 74.7° N) 31 0.53 (0.01) 0.50 (0.01)
Kotelnyi (137.9° E, 76.0° N) 32 0.50 (0.01) 0.45(0.01)
Dunai (124.5°E, 73.9°N) 30 0.50 (0.01) 0.32(0.07)
Andreia (110.8° E, 76.8° N) 15 0.77 (0.01) 0.79 (0.01)
Fedorova (1043°E, 77.7°N) 13 0.42 (0.01) 0.79 (0.01)
Tiksi (128.9°E, 71.6°N) 31 0.55(0.01) 0.58 (0.01)
Laptev Sea 27 0.58 0.60

Zhelania I (68.6°E, 77.0° N) 14 0.53(0.01) 0.67 (0.01)
Vise (77.0° E, 79.5° N) 24 0.62 (0.01) 0.58 (0.01)
Ust Kara (64.5°E, 69.3° N) 9 0.32(0.01) 0.67 (0.05)
Izvestia Tsik (83.0°E, 76.0° N) 34 0.76 (0.01) 0.06 (0.72)
Golomianyi (90.6° E, 79.6° N) 27 0.52 (0.01) 0.15 (0.44)
Amderma (61.7° E, 69.8° N) 31 0.77 (0.01) 0.61 (0.01)
Kara Sea 23 0.59 0.46

Hammerfest (23.7° E, 70.7° N) 35 0.92 (0.01) 0.78 (0.01)
Honningsvag (26.0°E, 71.0° N) 33 0.92 (0.01) 0.49 (0.01)
Vardo (31.1° E, 70.4° N) 30 0.85(0.01) 0.46 (0.01)
Krenkelia (58.1° E, 80.6° N) 11 0.73 (0.01) 0.55 (0.06)
Tromso (19.0° E, 69.6° N) 35 0.90 (0.01) 0.65 (0.01)
Barents Sea 29 0.86 0.59

Arctic Ocean 24 0.69 0.58

For each station, we show the tide gauge location; number of years available; the correlation coefficients of
monthly and annual SSH between simulated results and tide gauge data. The values in the round brackets indicate
the significance level. The mean values for the Barents, Kara, Laptev, East Siberian, and Beaufort Seas, and the

whole Arctic Ocean are in italics

4 Interannual-to-decadal SSH variability

Regional sea level often exhibits significant interannual-to-
decadal variability with considerably high amplitude that
may even offset the long-term global trend in a relatively short
period of time (e.g., Cazenave and Llovel, 2010; Stammer
et al. 2013). Improved understanding of mechanisms driving
the low-frequency sea level variability can help us to reduce
uncertainties in regional sea level projections. Due to the
shortness of satellite observations in the Arctic Ocean, re-
search on interannual-to-decadal sea level variability in the
Arctic Ocean was limited to coastal regions using tide gauge
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records (e.g., Proshutinsky et al. 2004; Henry et al. 2012;
Calafat et al. 2013). In the following, we will use the SSH
results of FESOM to investigate the interannual-to-decadal
sea level variability over the whole Arctic Ocean for the peri-
od 1979-2015.

We performed an empirical orthogonal function (EOF) de-
composition of the annual-mean SSH anomalies for the period
1979-2015. Before the EOF decomposition, the linear trend
of SSH for this period (shown in Fig. 4e¢) was removed from
the time series as our focus in this analysis is on the interan-
nual and decadal variability. The trend is predominantly pos-
itive in the Arctic Ocean, and a small negative trend is found
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Fig. 3 a Anomaly of annual-mean SSH from observations and FESOM
averaged over the Arctic Ocean between 66° N and 81.5° N. b, ¢ Spatial
distribution of the rate of SSH change (linear trend) for September be-
tween 2003 and 2014. The satellite altimeter data is described in Armitage
etal. (2016). Global mean sea level trend has been removed. The contour
lines show the 95% confidence level

in the Eurasian Basin and along the coast of Alaska. The most
significant SSH increase is centered in the Beaufort Gyre, with
a rate of more than 5 mm/year.

The first three EOF modes of the annual-mean SSH anomaly
and the corresponding principal component (PC) time series are
shown in Fig. 4 a, b, and c. The first EOF (EOF1) can explain
39.0% of the SSH variance, with obvious antiphase of SSH
anomalies between deep basins (> 500 m) and coastal seas (<
500 m) in the Arctic Ocean. The first PC (black curve in
Fig. 4d) shows a decadal oscillation with the turning point at
the early 1990s. This mode is consistent with the results of
Koldunov et al. (2014) and Proshutinsky and Kowalik (2007),
who got a similar EOF1 pattern using data from different
models. This robust mode is also identified in the observed
SSH based on recent satellite measurements by Armitage
et al. (2018). They find that there are opposing responses of
sea level between deep basins and coastal seas during positive
and negative Arctic Oscillation (AO, Thompson and Wallace
1998) events. The AO is mainly in a positive phase before the
1990s and shifts to a negative phase since the mid-1990s. The
variation in the PC1 coincides with this change, indicating that
the relationship between this SSH mode and the AO state
revealed for the short satellite period by Armitage et al.
(2018) might be valid for much longer periods. The second

EOF explains about 14.6% of the SSH variance. It shows a
decadal oscillation of SSH with antiphase between the
Amerasian and Eurasian Basins. The spatial pattern of this
mode suggests that the Arctic atmospheric dipole anomaly
(DA) might be the driving mechanism. The DA is the second
mode of the Arctic sea level pressure (SLP) first proposed by
Wu et al. (2006) and further linked to the Arctic sea ice minima,
sea ice export, and recent sea ice decline (Wang et al. 2009; Lei
et al. 2015, 2016). The third mode explains 8.9% of the SSH
variance and shows an oscillation between the Russian coast
with part of the deep basin and the rest of the Arctic Ocean,
which may be related to the Arctic basin-scale natural decadal
oscillation in terms of first baroclinic Kelvin wave, as discussed
in depth by Ikeda (1990) and Wang et al. (2005). As the first
two EOF modes explain the majority of the SSH variability, in
this study, we will focus on these two modes.

According to the evolution of the PC1 time series, we an-
alyzed the changes of SSH and its components during the
periods of 1979-1993 and 1994-2010 separately, as they are
two successive periods with dramatic and inverse sea level
changes. The period 1979-1993 shows a decrease of SSH in
the central Arctic Ocean and an increase of SSH on the con-
tinent shelf (Fig. 5a). A similar pattern of SSH trends appears
in 1994-2010 (Fig. 5e) but with signs opposite to the period of
1979-1993. In order to explore the cause of the SSH changes
during the two periods, we further analyze the changes of
steric height and ocean mass, which contribute to the total
SSH changes together. The steric height is separated into the
halosteric and thermosteric parts.

It is clear that the halosteric component (Fig. 5 b and f)
explains most of the SSH changes, especially in the deep
basin. This can be explained by the fact that changes in sea
water density in the Arctic Ocean are mainly determined by
salinity due to the low thermal expansion coefficient at low
temperature and large haline contraction coefficient at rela-
tively lower salinity (Griffies et al. 2014). The thermosteric
component (Fig. 5 ¢ and g) contributes very little to the total
SSH changes in the studied region. The trends of halosteric
and thermosteric heights are opposite in the Eurasian Basin.
The decadal variability of Atlantic Water inflow, which is
warm and saline, could be responsible for this phenomenon
(Dmitrenko et al. 2008). Ocean mass changes (Fig. 5 d and h)
have a little contribution in the deep basin but are relatively
important on the continental shelf. The ocean mass changes on
the shelf in the two periods are opposite and they are linked to
the SSH changes in the central Arctic. When SSH decreases in
the central Arctic, the divergence of surface freshwater means
piling of the water onto the shelf, thus increasing the ocean
mass there (Fukumori et al. 2015; Armitage et al. 2018). The
two periods are characterized by opposite changes in the SSH
in the deep Arctic basin, so the changes in the ocean mass on
the continental shelf are also opposite. Overall, for the long-
term variability of SSH in the Arctic Ocean, the changes in the
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Fig.4 a,b, ¢ The first 3 EOF modes of the detrended annual-mean SSH and d the corresponding PC time series for the period 1979-2015. e The spatial
distribution of the SSH linear trend for the same period. The black contour lines show the 95% confidence level

halosteric height play a dominant role, while the consequent
mass changes are relatively important in the shelf seas. The
halosteric changes in the deep basin and the opposite mass
changes over the shelf together lead to the dominant mode
revealed by the EOF1 (Fig. 4a).

Since there is no continuous three-dimensional temperature
and salinity observation that covers the whole Arctic Ocean,
we compute steric changes from the objectively analyzed EN4
dataset to assess the steric changes calculated based on the
model output. Figure 6 shows the trends of steric height

e | B e S
SSH trend (mm/yr) Halosteric SSH trend (mm/yr) Thermosteric SSH trend (mm/yr) OBP SSH trend (mm/yr)

E 2 Tl E Tl

-10

Fig.5 Linear trends of the SSH and its different components for a, b, ¢, d

-5 0 5 10-10 -5 0 5 10 -10 -5 0 5 10-10 -5 0 5] 10

1979-1993 and e, f, g, h 1994-2010 simulated by FESOM. From left to the 95% confidence level
right: total SSH trend, trend of halosteric height, trend of thermosteric
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Fig. 6 Trend of total steric height for a, ¢ 19791993 and b, d 1994—

2010: a, b EN4 data and ¢, d FESOM simulation. The contour lines show
the 95% confidence level

derived from EN4 and FESOM simulations for the same pe-
riods. Despite limited T-S profiles in the Arctic Ocean includ-
ed in the EN4 dataset, the steric changes from the model
output and EN4 data share some similarities. Both of them
show negative trends in the Amerasian Basin in the early
period and positive trends in the later period. However, there
is a difference in the details of the spatial patterns. The main
difference is in the eastern Eurasian Basin, where only the
model has strong negative or positive trends. In the
Amerasian Basin, the strong trends are located farther from
the coast in the model. The difference between the model and
the EN4 data could be due to biases in the spatial pattern of
salinity in both datasets.

As the decadal variability of halosteric height dominates
the low-frequency variability of the SSH, changes in the
Arctic liquid freshwater content (FWC) can serve as a key
indicator for the SSH changes. Observations have shown that
the Arctic liquid FWC has been increasing since the mid-
1990s (Proshutinsky et al. 2009; McPhee et al. 2009; Giles
et al. 2012; Polyakov et al. 2013), which is mainly due to the
freshwater accumulation in the Amerasian Basin (Rabe et al.
2014). The FWC variability in the Beaufort Gyre and
Amerasian Basin was suggested to be forced by the wind-
driven convergence/divergence (Proshutinsky et al. 2002,
2015; Giles et al. 2012). Meanwhile, the FWC change of the
Arctic Ocean is also connected with the freshwater exchange
between the Arctic Ocean and the Atlantic and Pacific Oceans

(Woodgate et al. 2012; Armitage et al. 2018). To understand
the decadal halosteric height variability in the Arctic Ocean,
we calculate the total liquid FWC within the Arctic Ocean and
the total liquid freshwater transport (FWT) (positive into the
Arctic Ocean) across the gateway transects defined in
Section 1. FWC and FWT are calculated according to
Egs. (1) and (2):

FWC = fﬂ Srer =S dxdydz (1)
D Sref
FWT = |f, (Swr=S) ) aa (2)

ref

where S;.r=34.8 is the reference salinity, S is salinity, and D is
the depth where salinity is equal to the reference salinity. A
and V,, in Eq. (2) denote the area of the transect and velocity
normal to the transect. Wang et al. (2019) showed that the
Arctic liquid FWC in the simulation used in this paper is in
very good agreement with observations (Fig. 3 in their paper).

The AO is the leading mode of the SLP variability for the
extratropical Northern Hemisphere (Thompson and Wallace
1998), which influences not only the sea ice but also the ocean
state. It drives the decadal Arctic sea ice oscillation (e.g.,
Wang and Ikeda 2000, 2001; Ikeda et al. 2001; Wang et al.
2005) and the Arctic FWC changes as well (Proshutinsky
et al. 2015; Armitage et al. 2018). The impact of the AO on
the FWC can explain the dominant mode of the SSH variabil-
ity shown in Fig. 4a. Here we hypothesize that the influence of
the AO-related wind forcing on FWC will accumulate over
time. Indeed, the cumulative sum of the AO index since 1979
is well correlated with the liquid FWC in the Arctic deep basin
(the correlation coefficient is —0.77 at the 0.01 significance
level, Fig. 7a). Both of them show decadal variability with a
turning point at about 1994, suggesting that this variability
explains the dominant mode of the SSH variability shown in
Fig. 4a. Because of the long memory of the ocean to the wind
forcing, the status of the FWC and SSH in a certain year is the
consequence of not only the ongoing atmospheric forcing
change but also the accumulative effect of the forcing in the
past. We also found that the decadal change of the liquid FWC
in the Arctic deep basin is well correlated with the total liquid
freshwater transport through the Arctic gateways (the correla-
tion coefficient is 0.92 at the 0.01 significance level, Fig. 7a).
The correlation between the liquid freshwater transport and
the SSH is opposite between the deep basin and the shelf
region (Fig. 7b). When AO is in the negative phase, the anom-
alous anticyclonic atmospheric circulation accumulates fresh-
water towards the deep basin and increases the halosteric
height and thus SSH in the deep basin. The associated release
of freshwater from the continental shelf reduces the ocean
mass and thus SSH in the Arctic marginal seas. The latter
changes the SSH gradient with the sub-Arctic seas and further
causes a positive anomaly in the freshwater transport to the
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Fig.7 a The relationship between the cumulative sum of the Arctic
Oscillation index (AO; blue line), the cumulative liquid freshwater
transport into the Arctic Ocean (gray line), the liquid freshwater content
(FWC; black line), and the average sea surface height (SSH; bright blue
line) in the Arctic deep basins (>500 m). The AO index is reversed
(multiplied by —1). The cumulative AO and the SSH are normalized by

Arctic Ocean. The impact of SSH gradients on ocean trans-
ports through Arctic gateways is consistent with previous
studies (e.g., Wekerle et al. 2013; Kohl and Serra 2014).
When the AO is in a positive phase, the opposite processes
occur. The spatial pattern of Fig. 7b is similar to the pattern of
EOF1 in Fig. 4a, which further confirms that the AO-related
atmospheric forcing is responsible for the freshwater release/
accumulation and the dominant mode of low-frequency SSH
variability in the Arctic Ocean.

The second mode (EOF2) of the low-frequency SSH
variability shows an antiphase pattern between the two
deep basins in the Arctic Ocean (Fig. 4b). To better reveal
the antiphase relationship between the two deep basins,
we carried out another EOF decomposition for the SSH
only in the deep Arctic basin (Arctic area with topography
deeper than 500 m). The first mode shares the similarity to
the first mode shown in Fig. 4a; for the second mode
(shown in Fig. 8a), although the pattern is also similar to
the second mode of the decomposition over the whole
Arctic Ocean (Fig. 4b), it reveals a stronger antiphase re-
lationship between the two deep basins as shown by their
very similar magnitude of anomalies. The corresponding
PC2 (red curve in Fig. 8c) is well correlated with the
cumulative sum of the annual DA index (the PC2 of the
monthly SLP north of 70° N), suggesting that this SSH
mode is driven by the atmospheric variability associated
with the DA. After subtracting the first SSH mode, the
remaining SSH signal has a strong correlation with the
cumulative sum of the DA index: with positive values in
the Amerasian Basin and negative values in the Eurasian
Basin (Fig. 8b). This correlation pattern is very similar to
the EOF2 of the SSH (cf. Fig. 8 a and b).

The SLP associated with the DA has two action centers in
the Arctic and the corresponding wind anomaly is by large
meridional, although the exact locations of the SLP action
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their respective standard deviations. b Correlation between liquid
freshwater transport into the Arctic Ocean and the sea level for the
period 1979-2015. The green contour lines indicate the 500-, 2000-,
and 3500-m isobaths. The black contour lines show the 95% confidence
level

centers change with seasons (Wu et al. 2006; Wang et al.
2009). During a positive phase of the DA, the SLP has a
positive anomaly on the side of the CAA and negative one
on the Eurasian side. Previous studies on the DA have mainly
focused on the impact of the associated wind anomaly on
Arctic sea ice. For example, it was found that the Transpolar
Drift Stream is strengthened during the positive DA phase and
more sea ice is flushed out of the Arctic basin into the Barents
and Greenland seas (Wu et al. 2006; Wang et al. 2005, 2009;
Leietal. 2015, 2016). In this study, we found that the DA also
influences the SSH over the Arctic deep basin. During the
positive DA, the wind anomaly not only strengthens the
Transpolar Drift Stream but also induces an ocean surface
Ekman transport anomaly directed from the Eurasian Basin
towards the Amerasian Basin. The latter increases the FWC,
thus the SSH, in the Amerasian Basin, and reduces the FWC,
thus the SSH, in the Eurasian Basin. We note that the SSH
variability in the Arctic deep basins is mainly determined by
the halosteric height. During the negative phase of the DA, the
opposite scenario occurs. Therefore, the DA-related atmo-
spheric forcing is responsible for the antiphase of the SSH
anomaly between the Amerasian and Eurasian Basins
(Fig. 8). The SSH varies following the “cumulative effect”
of the DA, as the spatial redistribution of freshwater does.

In conclusion, the dominant mode of the low-frequency
Arctic SSH variability shows changes with antiphase between
the deep basin and the continental shelf on the decadal time-
scale. The decadal variability of the Arctic SSH is mainly
caused by halosteric variability, which is associated with the
variability of Arctic Ocean liquid FWC driven by the AO-
related wind forcing. The second low-frequency mode wit