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The Arctic is currently experiencing unprecedented changes across all

components of the climate system, primarily driven by global warming. As an

important indicator of climate change in the Arctic, sea level reflects variations in

both the atmosphere and ocean. This paper analyzes the sea level variation of the

Arctic Ocean over the past four decades using ORAS5 data, which is the product

of the latest reanalysis-analysis system produced by the European Centre for

Medium-Range Weather Forecasts (ECMWF). ORAS5 accurately reproduces the

main spatial features of the climatology and temporal evolution of sea surface

height (SSH) in the Arctic Ocean, as observed by satellite altimeters, and reveals

that seasonal variability is themost significant property of the sea level variation in

this region. The seasonal cycle of SSH is closely linked to atmospheric circulation

and sea ice formation. The first two dominant modes of the annual-mean SSH in

the Arctic Ocean exhibit significant decadal variability. The first mode can be

explained by the Ekman transport of wind related to the Arctic Oscillation (AO),

which leads to antiphase changes in SSH on the continental shelves and in the

deep basins. The second mode shows an antiphase oscillation of SSH between

the Eurasian and Canadian Arctic Archipelago (CAA) sides and is driven by the

wind anomaly associated with the Arctic dipole anomaly (DA). Due to the decadal

variations associated with climate modes, particularly the AO, sea level in the

Arctic Ocean has been continuously rising since the mid-1990s or early 2000s,

with the most rapid sea level rise occurring in the Beaufort Sea.

KEYWORDS

Arctic Ocean, sea surface height, ORAS5, seasonal and low-frequency variability,
decadal sea level trend
1 Introduction

The Arctic has undergone unprecedented climate change over the past few decades,

with surface temperatures increasing at twice the global mean rate (a phenomenon known

as Arctic amplification; Serreze et al., 2009; Serreze and Barry, 2011). This has been

accompanied by a rapid decline in sea ice (Kwok et al., 2009), ice mass loss from the
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Greenland ice sheet (Rignot et al., 2011), and changes in ocean

temperature (Polyakov et al., 2005) and salinity (McPhee et al.,

2009), which have altered both physical and biogeochemical

conditions in the Arctic Ocean. The melting of the Greenland ice

sheet is directly contributing to the overall sea level rise of the globe.

The reduction in sea ice extent affects the reflection and absorption

of heat at the ocean surface, altering the air-sea heat flux and

potentially disrupting the regular pattern of atmospheric and

thermohaline circulation, thereby influencing the global climate,

including mid- and low-latitude regions, through large-scale

circulation and climate variability such as the Arctic Oscillation

(AO) and North Atlantic Oscillation (NAO, Thompson and

Wallace, 1998; Vihma, 2014). Amplification in both the

atmosphere and ocean highlights the vulnerability of the Arctic to

climate change, making it crucial to closely monitor the region both

presently and in the future (Shu et al., 2022).

Sea level variation is an important indicator of global and regional

climate, as it integrates changes of almost all the components in the

climate system, in response to both natural and anthropogenic

forcing (Church et al., 2013; Stammer et al., 2013; Legeais et al.,

2018). Regional sea level changes are associated with a variety of

dynamical and thermodynamical processes in the ocean, such as sea

surface heating and cooling, wind forcing, freshwater exchanges

between the ocean and other components of the climate system,

thermohaline circulation and interior mixing in the ocean (Wunsch

et al., 2007; Stammer et al., 2013; Koldunov et al., 2014; Cazenave,

2020). These processes can alter the temperature, salinity, currents

and mass of the ocean, and consequently contribute to sea level

change through the change of seawater density ormass change. Given

the dramatic changes occurring in the Arctic region due to global

warming and its impact on global climate, it is critical to conduct

research on sea level changes within the Arctic Ocean. Such research

is essential for gaining a better understanding of how recent climate

change is affecting this region.

The greatest limitation to the research of sea level changes in the

Arctic Ocean lies in the scarcity of observational data. Most tide

gauges with long sea level records are situated along the coast of

Norway and Russia and only a small part of them are maintained

after 1990 (Proshutinsky et al., 2001; Proshutinsky et al., 2004;

Proshutinsky et al., 2007; Henry et al., 2012). Measurements of SSH

by satellite altimeters since the 1990s cover most parts of the Arctic

Ocean. However, due to the inclination of altimeters, there are still

blank areas near the North Pole that have not been adequately

measured (Prandi et al., 2012; Cheng et al., 2015). Furthermore, the

conventional processing of satellite radar altimetry is not effective in

the presence of sea ice. Consequently, sea level monitoring in a

considerable portion of the Arctic Ocean is not sufficient due to the

existence of seasonal or permanent sea ice (Cheng et al., 2015;

Armitage et al., 2016). Observations of hydrographic profiles in the

Arctic Ocean are also scarce, particularly in ice-covered areas,

hindering our understanding of the steric change contributing to

sea level variations (e.g., Dmitrenko et al., 2008; Rabe et al., 2014).

However, a significant amount of research has still been carried

out and some useful results are obtained basing on the records of

tide gauge, satellite altimetry-derived datasets and outputs from
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numerical models. Sea level in the Arctic has been found to have

significant seasonal variability, partly due to the steric change of

seawater and injection of river runoff from the land (e.g.,

Proshutinsky et al., 2004; Richter et al., 2012; Armitage et al.,

2016). Interannual to decadal sea level variabilities in the Arctic

Ocean have also been reported to be consistent with the pattern of

atmospheric circulation around the Arctic, like AO, NAO and

atmospheric dipole anomaly of the Arctic (DA, Proshutinsky and

Johnson, 1997; Wu et al., 2006; Proshutinsky et al., 2009; Koldunov

et al., 2014; Proshutinsky et al., 2015; Armitage et al., 2016;

Armitage et al., 2018; Xiao et al., 2020; Wang et al., 2021).

Additionally, trend of sea level in the Arctic Ocean has also been

focused on in many studies (e.g., Proshutinsky et al., 2004; Henry

et al., 2012; Prandi et al., 2012; Cheng et al., 2015; Xiao et al., 2020).

According to recent research, positive trends have been observed

across almost all areas of the Arctic Ocean, and a dramatic sea level

rise has been found in the Beaufort Sea (Prandi et al., 2012; Cheng

et al., 2015; Carret et al., 2017), which is thought to be a result of

freshwater accumulation (Giles et al., 2012).

One issue with previous research is the limited availability of long

time-series observational data on SSH that covers the entire Arctic

Ocean. Numerical simulation results have been used instead, but the

outputs of numerical models may have biases that do not reflect

actual sea level changes. Furthermore, there are variety of

discrepancies among the results of different models or even the

same model with different resolutions (e.g., Koldunov et al., 2014;

Wang et al., 2018b; Xiao et al., 2020; Lyu et al., 2022). From this point

of view, reanalysis datasets that assimilate various observational data

and cover the entire Arctic Ocean over a longer time span are a more

reliable choice for studying sea level changes in this region. Among

these, the ORAS5 dataset is currently the best option. This dataset is

the product of ECMWF’s latest operational system, OCEAN5.

OCEAN5 includes a sea ice model and assimilates more

observational data of the Arctic Ocean, resulting in significantly

improved simulation accuracy in the Arctic region compared to

previous versions with no sea ice model included.

In this paper, we will use the SSH data of ORAS5 to analyze the

sea level variation in the Arctic Ocean. Compared with altimeter

data, ORAS5 provides a longer time period of 40 years (1979-2018)

with significantly increased spatial coverage (with no blanks near

the North Pole), enabling more accurate estimation of sea level

changes especially low-frequency variabilities of sea level in the

Arctic Ocean. Due to assimilation of observed data as more as

possible in the simulation, the sea level data provided by ORAS5 is

more realistic than the numerical model results. Two sets of satellite

sea level data are used to validate the SSH data in the Arctic Ocean

of ORAS5. One dataset is from the Centre for Polar Observation

and Modelling (CPOM) at University College London, and the

other is from the Technical University of Denmark (DTU). Both

datasets cover the area with sea-ice but have shorter time spans. The

following parts of the paper are structured as follows: Section 2 gives

detailed introduction to the data used in this study and method to

calculate climate variability indices, Section 3 validates the SSH data

of ORAS5, Section 4 presents the sea level variation described by

ORAS5 data, and we give a summary of this study in Section 5.
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2 Data and methods

This paper utilizes three sets of sea level data to analyze the

characteristics of sea level variation in the Arctic Ocean. The first is

the SSH data of ORAS5, which is the latest reanalysis product of the

OCEAN5 system operated by the ECMWF. OCEAN5 is developed

from the new generation of operation system ORAP5. The ORAP5

system assimilates in-situ profiles of temperature and salinity data

from the quality-controlled EN3 dataset and along-track altimeter-

derived sea level anomaly (SLA) data from AVISO. The new

OCEAN5 system includes a prognostic thermodynamic-dynamic

sea-ice model (LIM2) and assimilates sea-ice concentration data in

the high-latitude region for the first time. Compared to its

predecessor, OCEAN4, OCEAN5 provides a more accurate

estimate of the historical ocean state in the Arctic Ocean and has

a higher ocean model resolution of 0.25 degrees in the horizontal

direction and 75 levels in the vertical. Additionally, the system

introduces a novel generic ensemble generation scheme that

accounts for both observation and forcing errors and provides an

estimate of the historical global ocean state from 1979 to present

with a few days delay. The OCEAN5 system is now an important

tool for climate research in the Arctic Ocean, and it provides the

ocean and sea-ice initial conditions for all ECMWF coupled

forecasting systems. The monthly SSH data used in this paper is

the mean values of outputs from five ensemble members that are

opa0 to opa4.

Two additional sets of SSH data are utilized to validate the

ORAS5 data. The first set is the monthly dynamic ocean topography

(DOT) data based on satellite altimeter observations, provided by

CPOM of University College London (Armitage et al., 2016). This

dataset provides the DOT data south of 81.5° N on a longitude-

latitude grid of 0.75° × 0.25° for the period spanning from 2003 to

2014. This satellite-derived monthly product combines observations

from two altimeters, Envisat data for 2003-2011 and CryoSat-2 data

for 2012-2014. It has been used for various Arctic Ocean studies

(Armitage et al., 2016; Armitage et al., 2017; Armitage et al., 2018;

Regan et al., 2019). The second set of data is the mean dynamic

topography (MDT13) data provided by DTU, which covers the

entire globe with a spatial resolution of 1 minute. MDT13 is derived

from 20-year (1993-2012) satellite data, including altimetry data

and Gravity Field and Steady-State Ocean Circulation Explorer

(GOCE) data.

The monthly mean sea ice concentration data in the Arctic

region (64.5° N to 90° N, 0-360° E) for the period of 1979-2018 is

obtained from the National Snow and Ice Data Center (NSIDC).

The dataset has a horizontal resolution of approximately 0.25°.

The monthly sea level pressure (SLP) data from ERA5

reanalysis dataset is used to calculate the AO and DA index. This

dataset has a spatial resolution of 0.25 degrees and covers the time

period from 1959 to present.

Conventionally, AO is the leading mode of wintertime

(November–April) SLP variability for regions north of 20°N

(Thompson and Wallace, 1998), and DA corresponds to the

second-leading mode of SLP north of 70°N during the winter

season (October–March) (Wu et al., 2006). In this paper, we used
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the SLP data with a spatial coverage of 64.5° N-90° N and 0°-360°E

(Figure 1), and a temporal coverage of the entire year, as opposed to

just wintertime, to calculate the AO and DA index. The index

calculated by this unconventional approach better captures the sea

level variability studied in this paper. Additionally, our findings

show that the effects of both AO and DA on sea level variation in the

Arctic Ocean can accumulate over time, consistent with previous

studies by Xiao et al. (2020) and Wang et al. (2021). We used the

cumulative AO and DA index when we discussed the relation

between sea level variation in the Arctic Ocean with AO and DA.

Specifically, we define the cumulative AO/DA index for a given year

as the sum of the annual mean AO/DA index from 1959 to the

current year, where the annual mean AO/DA index is the average

value of the 12 monthly AO/DA index for that year.
3 Validation of ORAS5 SSH data

The CPOM DOT data is obtained by radar altimeters but

processed using specialized method that differs from conventional

techniques for the areas with sea-ice. As a result, it provides

meaningful SSH values for both sea-ice free and sea-ice covered

areas. In the study of Armitage et al. (2016), the CPOM data has

been compared with the tide gauge data along the coast of the Arctic

Ocean, revealing a strong agreement in regions with seasonal ice

cover (R=0.65) and permanently ice-free areas (R=0.89).

For data validation, we compared the time-mean SSH of

ORAS5 with CPOM (2003-2014) and DTU (1993-2013) during

different time periods (Figure 2). It is revealed that ORAS5 closely

agrees with the observational data. The highest SSH is located in the
FIGURE 1

Ocean bathymetry of the Arctic Ocean (depth in meters), the
studied domain in this paper is enclosed by the CAA, Fram Strait,
Barents Sea Opening, and Bering Strait (red lines).
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Canadian Basin with a center in the Beaufort Sea, which is

associated with the anticyclonic Beaufort Gyre. High sea levels are

also present along the coast of marginal seas. Low sea levels occur in

the Eurasian Basin and the Nordic seas, which is related to the

cyclonic circulation of ocean. The significant SSH gradients between

the two deep basins correspond to the transpolar drift. However,

there are some biases in the ORAS5 data. The difference between

ORAS5 and CPOM/DTU data is within ±0.1m, and ORAS5

overestimates the SSH in the Nordic Seas and East Siberian Sea

while underestimating it in the Canadian Basin, the Canadian

Arctic Archipelago, and north of Greenland (Figures 2C, F).

The time series of average SSH of the Arctic Ocean from ORAS5

data strongly correlates with CPOM altimeter data, with a

correlation coefficient of 0.81 at a 0.01 significance level

(Figure 3A). The standard deviation of the time series is 0.345cm

for ORAS5 and 0.350cm for CPOM, respectively, which are very

close. Meanwhile, we used the predictive skill S for point-to-point

comparison of SSH time series (Figure 3B). Here, S is defined as

S=1 − < (h0 − hp)
2 >/< h0

2 > (Qiu, 2002). In this paper, h0 and hp are

the values of CPOM and ORAS5, respectively, and the angle

brackets denote time averaging. A value of S closer to 1 indicates
Frontiers in Marine Science 04
greater precision of the ORAS5 data. The values of S show that

ORAS5 effectively reproduces the SSH evolution in most areas of

the Arctic Ocean. Overall, ORAS5 accurately reproduces the

temporal and spatial variation of sea level observed by satellites in

the Arctic Ocean.
4 Sea level variation in the
Arctic Ocean

In this paper, the domain of the Arctic Ocean refers to the

regions studied by Armitage et al. (2016) and Xiao et al. (2020),

which are separated by the CAA, Fram Strait, Barents Sea Opening,

and Bering Strait from the Atlantic Ocean and the Pacific Ocean

(Figure 1). The spatial pattern of climatological SSH in the Arctic

Ocean from 1979-2018 (Figure 4A) is similar to that of 2003-2014

(Figure 2A), with the only notable difference being slightly weaker

SSH gradients between the Canadian and Eurasian Basins. This

suggests that both the anticyclonic gyre in the Beaufort Sea and the

cyclonic circulation in the Nordic Seas during 1979-2018 were

weaker compared to the recent two decades.
FIGURE 2

Time-mean SSH for the period 2003–2014 (A, B) and 1993–2013 (D, E). From left to right are ORAS5 (A, D), CPOM (B) and DTU (E). (C) (A, B) and
(F) (D, E) are the residuals between ORAS5 and observations.
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4.1 Seasonal SSH Variability in the
Arctic Ocean

The standard deviation (STD) of SSH after 12 months high-pass

filtering provides a good representation of the amplitude of seasonal

variation in sea level (Figure 4B). In the Arctic Ocean, large seasonal

amplitudes (exceeding 8 cm) can be found on the continental

shelves, especially on the Eurasian side in the Chukchi Sea, East

Siberian Sea, and Laptev Sea, while the deep basins have relatively

weak seasonal variability of SSH (with amplitude less than 3 cm).

The largest amplitude with values up to 13 cm occurs on the coast of

East Siberian Sea and Laptev Sea, possibly related to the seasonal

cycle of both sea-ice and river runoff (Armitage et al., 2016).

Empirical Orthogonal Function (EOF) analysis of the monthly

SSH indicates that the most significant mode (EOF1) of sea level

variability in the Arctic Ocean is seasonal. EOF1 shows a consistent

phase in SSH anomaly across the entire region, with a spatial

pattern similar to Figure 4B and a significant period of 12 months

in the time series (the figure is not given).
Frontiers in Marine Science 05
We found that the seasonal cycle of average SSH of the Arctic

Ocean is closely related to the seasonal cycles of atmospheric

circulation and sea-ice (Figure 5). Specifically, the average SSH of

the Arctic Ocean reaches its lowest level in April, while SLP reaches

its peak at the same time, one month after the maximum sea ice

extent. This low sea level is attributed to salinization during sea ice

formation and sea water divergence caused by SLP. The SSH then

rises from April until it reaches its peak in September, which is

accompanied by sea ice melting and SLP dropping until both of

them reach their minimums in August. The rise in sea level during

this period is attributed to desalination and convergence

strengthening of sea water. There is a strong correlation between

SSH and sea ice concentration, with the maximum correlation

coefficient of -0.94 when SSH lags sea ice by one month, and a

strong correlation between SSH and SLP, with the maximum

correlation coefficient of -0.83 when SSH lags SLP by two

months. The result reveals that seasonal changes in atmospheric

circulation drive changes in ocean circulation and sea ice, which in

turn contribute to changes in sea level in the Arctic Ocean.
FIGURE 4

(A) Time-mean SSH of 1979-2018. STD of (B) monthly mean SSH (with 12 months high-pass filtering) and (C) annual mean SSH.
FIGURE 3

(A) Time series of the Arctic average SSH for the period 2003–2014 from ORAS5 (blue curve) and CPOM (red curve). (B) The predictive skills of SSH
by ORAS5 to CPOM.
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4.2 Interannual to decadal SSH Variability
in the Arctic Ocean

Although the SSH in the Arctic Ocean is dominated by seasonal

variability, low-frequency variability is more closely related to

climate change. In this paper, we investigated the interannual-to-

decadal SSH variabilities using ORAS5 data. The STD of annual

mean SSH indicates the strength of low-frequency SSH variations in

the Arctic Ocean (Figure 4C). The largest STD (about 11.4 cm) is

observed in the Beaufort Sea of the Canadian Basin, while the

Makarov Basin and area north of Ellesmere Island also show

significant values (7-8 cm). The East Siberian Sea has moderately

larger values (5-6 cm) in the coastal areas. The most significant

inter-annual SSH variability mainly occurs in the deep basins, while

the most significant seasonal variability of SSH happens mainly in

the continental shelf seas. The largest amplitude of inter-annual

SSH variability is almost of the same magnitude as seasonal

variability (about 10 cm), as shown in Figures 4B, C.
Frontiers in Marine Science 06
We conducted an EOF decomposition on the annual mean SSH

in the Arctic Ocean for the period 1979-2018, after removing the

linear trend. The most principal mode (EOF1) is presented in

Figure 6, which explains 39% of the annual mean SSH variance.

This mode displays an antiphase sea level oscillation between deep

basins and marginal seas. The timeseries of the annual mean SSH of

the deep basins (depth > 500 m) and shallow waters (depth< 500 m)

well support this antiphase pattern, particularly since the mid-

1980s. Moreover, there is an obvious decadal oscillation in the

antiphase change between the two areas, with two phase shifts

occurring in the end of 1980s and in the mid-2000s (Figure 7). The

time series of EOF1 (PC1, Figure 6B) also shows a decadal

oscillation with two phase turning points at almost the same time

as Figure 7. Additionally, there is a shift of the decadal trend of SSH

in PC1 in 1995, which has also been noted by Xiao et al. (2020),

based on a high-resolution numerical simulation of the Arctic

Ocean. The low-frequency mode of SSH in the Arctic Ocean has

only been found in the results of high-resolution numerical
FIGURE 6

(A) EOF1 of the detrended annual-mean SSH. The green lines indicate the 500-m isobaths. (B) Time series of PC1 (blue curve) and cumulative AO
index (red curve) for the period 1979–2018.
FIGURE 5

Seasonal cycles of average SSH (red curve), sea ice concentration (blue curve), and SLP (yellow curve) of the Arctic Ocean from 1979 to 2018. All
data are normalized.
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simulations (e.g., Proshutinsky and Kowalik, 2007; Koldunov et al.,

2014; Xiao et al., 2020) due to the limited data length of observation,

but the ORAS5 reanalysis data successfully captures this mode, even

after assimilating the observed data.

We confirmed the dominant influence of AO, the primary

mode of SLP variability in the extra-tropical Northern

Hemisphere (Thompson and Wallace, 1998), on the first mode of

annual mean SSH in the Arctic Ocean, which has been pointed out

by Xiao et al. (2020). The AO-related wind anomaly changes the sea

ice drift and cross-shelf Ekman transport, leading to the opposite

sea level anomalies between the Arctic continental shelves and deep

basins (Volkov and Landerer, 2013; Koldunov et al., 2014;

Fukumori et al., 2015; Armitage et al., 2018; Xiao et al., 2020). In

this paper, we calculated the correlations of PC1 of SSH with both

the annual mean AO index and cumulative AO index and found

that PC1 is better correlated with the cumulative AO index, with a

correlation coefficient of -0.65 (significant at the 0.01 level,

Figure 6B; the correlation of PC1 of SSH to annual mean AO

index is -0.29). This proves that the ocean has a long memory in

response to external forcing, leading to the effect of AO-related

wind forcing on SSH accumulated over time (Xiao et al., 2020;

Wang et al., 2021). The result is consistent with the high-resolution

numerical simulation of Xiao et al. (2020), who explains the

influence of AO on the EOF1 of annual SSH in the Arctic Ocean

by wind-forced freshwater release/accumulation. However, the

correlation obtained from ORAS5 is weaker than Xiao et al.

(2020) (-0.65 Vs. -0.77), which may be due to the assimilation of

observed data in ORAS5, leading to more processes included in the

dataset compared with pure numerical models. Additionally, the

coarser resolution of ORAS5 and spatial coverage of SLP used to

calculate AO index may also affect the correlation coefficient.

The second-leading mode (EOF2) of annual mean SSH

accounts for 22% of the variance, exhibiting a strong antiphase

SSH anomaly between the Eurasian and CAA to Greenland sides of

the ocean (Figure 8A). The corresponding PC2 displays significant

decadal variability with a period shorter than that of PC1

(Figure 8B). The spatial pattern of EOF2 is similar to DA in the
Frontiers in Marine Science 07
Arctic Ocean (Figure 8C), the second-leading mode of SLP in the

region with two antiphase anomalous centers located on the Eurasia

continent and CAA to Greenland, respectively (Figure 8C; Wu

et al., 2006; Wang et al., 2009). The PC2 of annual mean SSH is well-

correlated with the cumulative DA index, with a correlation

coefficient of 0.67 at the 0.01 significance level. When DA is in

positive phase, the pressure gradient between Eurasia and CAA

drives wind anomaly towards the Fram Strait, causing a water mass

transport from the Eurasian side to the Canadian side, resulting in

SSH rising in the Canadian Basin and north of CAA and Greenland,

and SSH descending in the Eurasian Basin and adjacent continental

shelf seas. After removing the signals of EOF1 in Figure 6, the time

series of residual SSH strongly correlates with the cumulative DA

index (Figure 8D), with a pattern quite similar to EOF2 in

Figure 8A. Compared with the results based on a high-resolution

numerical simulation of Xiao et al. (2020), the dipole pattern of SSH

obtained from ORAS5 is much closer to the SLP pattern of DA

(Figure 8C) and the correlation between PC2 of SSH and

cumulative DA index is higher, as Xiao et al. (2020) obtained a

dipole pattern of SSH more focusing on the antiphase between the

Canadian Basin and Eurasian Basin with a lower correlation to the

cumulative DA index as well (0.56 at the 0.01 significance level).

Instead of using cumulative values, we computed the correlation

between PC2 of SSH with annual mean DA index. Our findings

indicate a much weaker correlation coefficient (0.21 for annual

mean DA index), providing further evidence for the long-lasting

memory of the ocean to wind forcing.

The leading modes of annual mean SSH in the Arctic Ocean are

generally strongly correlated with SLP modes, suggesting that

atmospheric forcing is the primary driver of low-frequency sea

level variability in this region. Previous studies have shown that

anomalous atmospheric circulation associated with AO or DA can

lead to changes in Ekman transport by sea surface winds, which can

redistribute surface freshwater within the Arctic Ocean and alter

water exchange between the Arctic Ocean and the Pacific and

Atlantic Oceans (Wang et al., 2018a; Xiao et al., 2020). These

changes ultimately cause fluctuations in SSH in the Arctic Ocean.
FIGURE 7

Annual-mean SSH of deep basins (> 500 m, orange bar) and marginal seas (< 500 m, blue bar) of the Arctic Ocean.
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4.3 Decadal sea level trend in the
Arctic Ocean

The radar altimeter observations suggest a significant sea level

rise in the Canadian Basin of the Arctic Ocean since 1993, with the

highest rate of up to 10-15 mm/yr occurring in the Beaufort Sea

(Cheng et al., 2015; Carret et al., 2017). This sea level rise is

attributed to liquid freshwater accumulation resulting from wind

forcing, particularly when the AO shifts to negative phase in the

early 2000s, as reported in previous studies (Giles et al., 2012; Wang

et al., 2018a; Wang et al., 2019). Numerical simulations reveal that

sea ice decline in the last two decades has significantly contributed

to the liquid freshwater accumulation in the Beaufort Sea (Wang

et al., 2018a; Xiao et al., 2020).
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According to ORAS5 data, positive sea level trends occurred in

almost all parts of the Arctic Ocean from 1979 to 2018 (Figure 9A).

The Canadian Basin, extending to north of the CAA, experienced

the fastest sea level rise, with the center of rise located in the

Beaufort Sea, where the SSH rate can reach 9 mm/yr. In contrast,

the Eurasian Basin had a weak sea level drop, with the largest drop

occurring north of the Laptev Sea, where the rate of SSH is about

-1.4 mm/yr. These sea level changes throughout the Arctic Ocean

are consistent with AO-related atmospheric forcing. In most time of

the 1979-2018 period, the cumulative AO index is negative,

indicating that negative AO phase dominates in this period

(Figure 6B). Previous studies have found that when AO is in

negative phase, anomalous anticyclonic wind over the Arctic lead

to more water flowing into the Arctic Ocean from the Pacific and
FIGURE 8

(A) EOF2 of the detrended annual-mean SSH in the Arctic Ocean. (B) Time series of PC2 (blue curve) and the cumulative DA index (red curve).
(C) EOF2 of SLP in the Arctic Ocean. (D) The correlation between the cumulative DA index and SSH with EOF1 removed for the period 1979-2018.
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Atlantic Oceans (Arthun et al., 2012; Woodgate et al., 2012;

Asbjørnsen et al., 2020; Xiao et al., 2020), and this increasing of

inflow will make the sea level of the Arctic Ocean rise. The rate of

average SSH of the Arctic Ocean during this period is

approximately 2.3 mm/yr, about 0.5 mm/yr larger than the rate

of global mean sea level in the same period. This means that recent

sea level trend in the Arctic Ocean also shows an effect of

amplification. Due to the shallow water effect, it is expected that

the Arctic sea level will continue to rise at a faster rate than the

global mean sea level in the future (Griffies et al., 2014; Chen

et al., 2021).

The time series of average SSH of the Arctic Ocean indicates

that the sea level began to rise in 1995 after reaching its lowest level

with a rate of -1mm/yr since 1979. The rate of sea level rise since

1995 was 3.7 mm/yr, and 1995 is the turning point in the time series

of PC1 (Figure 6B). The sea level trends in the Arctic Ocean display

different spatial patterns before and after 1995. From 1979 to 1995,

there was a significant sea level drop in the Eurasian Basin and

Makarov Basin with the maximum rate approaching -12.2 mm/yr,

while almost all other areas of the ocean experienced sea level rise,

with the largest rise occurring in the East Siberian Sea and north of

Ellesmere Island (Figure 9C). From 1996 to 2018, the spatial pattern

of sea level trends was similar to that of 1979-2018, but with higher

rate in sea level rise. The fastest sea level rise occurred in the

Beaufort Gyre, with a rate of 15.9 mm/yr, providing significant

evidence of rapid climate changes in the Arctic over the past three

decades (Figure 9D). Figure 9B also shows that decadal variability

dominated in the Arctic sea level change before the 2000s, whereas

the trend of sea level rise became the most important feature

afterwards. Similar characteristics have been found in the air
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temperature, sea ice extent and volume, liquid freshwater content,

and other thermodynamic factors in the Arctic in previous studies

(Kwok et al., 2009; Rabe et al., 2011; Giles et al., 2012; Stroeve et al.,

2012; Laxon et al., 2013; Polyakov et al., 2013; Rabe et al., 2014;

Haine et al., 2015; Proshutinsky et al., 2015; Armitage et al., 2016;

Wang et al., 2019). These findings highlight the importance of sea

level as an indicator of ocean climate in the Arctic region.
5 Conclusions

This study investigates the sea level variations of the Arctic

Ocean from 1979 to 2018 using the latest ORAS5 reanalysis data

with a spatial resolution of 0.25° on monthly intervals. The results

demonstrate that the ORAS5 data effectively reproduces the spatial

pattern and temporal evolution of SSH in the Arctic Ocean during

the period of 2003-2014 when compared with validated satellite

altimeter data.

The Arctic Ocean’s most striking feature in sea level variations

is its seasonality, with large amplitude occurring along the coast of

the Eurasian continent and the largest amplitude of 13 cm located

on the coast of East Siberian Sea. EOF analysis reveals that the

seasonal SSH variation has no phase difference across the entire

Arctic Ocean, with the lowest SSH occurring in April and the

highest SSH occurring in September. The seasonal cycle of SSH is

consistent with changes in SLP and sea ice, with lags of one or two

months due to the slow response of the ocean to external forcings.

Significant inter-annual variability of sea level is observed in the

deep basins and some marginal seas of the Arctic Ocean, with the

largest amplitude exceeding 10 cm located in the Beaufort Sea,
FIGURE 9

(A) Rate of SSH for 1979-2018 (mm/yr.). (B) Time series of annual mean (red curve) and linear trend (dashed and solid blue lines) of SSH averaged
across the Arctic Ocean for 1979-2018. Rate of SSH for different periods (C) 1979-1995 and (D) 1996-2018.
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comparable to the largest amplitude of seasonal variability along the

coast of East Siberian Sea. The leading mode of low-frequency SSH

variability shows a clear decadal antiphase oscillation of SSH

between the deep basins and marginal seas, with a trend turning

point in 1995. This mode is linked to the anomalous atmospheric

forcing of AO, which alters the sea surface wind and drives

anomalous cross-shelf Ekman transport, leading to opposing sea

level anomalies between the Arctic shelf seas and deeper basins.

Previous studies indicate that the Ekman transport anomaly leads to

redistribution of liquid freshwater in the Arctic Ocean, causing

regional SSH variations through halosteric changes. The second

leading mode of low-frequency SSH variability exhibits antiphase

SSH changes between the areas on the Eurasian side and CAA side

of the Arctic Ocean on decadal timescales, which can be explained

by the trans-basin mass transport caused by DA related surface

wind forcing. The antiphase SSH pattern of this mode is not limited

to the deep basins but displays opposite signals between the two

parts of the Arctic Ocean under the forcing of anomalous

atmospheric circulation of DA, which differs slightly from the

conclusion of Xiao et al. (2020) based on the results of a high-

resolution ocean-sea ice model.

Over the past four decades, sea levels have risen in almost every

part of the Arctic Ocean, with a mean rise rate of 2.3 mm/yr

between 1979 and 2018, slightly higher than the global average. The

fastest sea level rise occurred in the Beaufort Sea, where satellite

altimeters observed the most dramatic increase since the 1990s. The

spatial pattern of sea level trends changed around 1995, a turning

point found in the time series of the leading mode of low-frequency

SSH variability. This suggests that decadal variability plays a crucial

role in sea level trends for a limited time length. Prior to 1995, the

Eurasian Basin experienced a dramatic drop in sea levels, with the

largest rate reaching -12.2 mm/yr. However, other areas of

the Arctic Ocean experienced sea level rise at varying rates. The

spatial pattern of SSH trends since 1995 resembles the whole period

of 1979-2018, except that the rates of sea level rise since 1995 are

higher. This implies that sea level rise of the recent two decades

dominates the sea level trend in the past four decades.

Using ORAS5 data of 1° resolution, we obtained slightly

different EOF modes of annual mean SSH and significantly

different correlations between the sea level PCs and climate

variability indices. Meanwhile, we found differences between our

results and those of Xiao et al. (2020), who studied low-frequency

SSH changes using a high-resolution sea ice-ocean model in the

Arctic Ocean. This suggests that the spatial resolution of data

impacts the results. Additionally, the calculated AO and DA

index may vary depending on whether winter, summer, or the

whole year’s data is used, as well as the spatial domain. In this paper,

we used SLP data for the whole year and selected the domain north

of 64.5° N to calculate the AO and DA index, resulting in the best

correlation between the changes of sea level and climate

variability indices.
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