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The regional variability of sea level is an integral indicator of changing oceanographic conditions due to
different processes of oceanic, atmospheric, and terrestrial origin. The present study explores the nature
of sea level variability in the Barents Sea—a marginal shelf sea of the Arctic Ocean. A characteristic feature
that distinguishes this sea from other Arctic shelf seas is that it is largely ice free throughout the year.
This allows continuous monitoring of sea level by space-borne altimeters. In this work we combine
satellite altimetry, ocean gravity measurements by GRACE satellites, available hydrography data, and a
high-resolution ocean data synthesis product to estimate the steric and mass-related components of sea
level in the Barents Sea. We present one of the ﬁrst observational evidence of the local importance of the
mass-related sea level changes. The observed 1–3 month phase lag between the annual cycles of sea level
in the Barents Sea and in the Nordic seas (Norwegian, Iceland, Greenland seas) is explained by the annual
mass-related changes. The analysis of the barotropic vorticity budget shows that the mass-related sea
level variability in the central part of the Barents Sea is determined by the combined effect of wind stress,
ﬂow over the varying bottom topography, and dissipation, while the impact of vorticity ﬂuxes is
negligible. Overall, the steric sea level has smaller amplitudes and mainly varies on the seasonal time
scale. The thermosteric sea level is the main contributor to the steric sea level along the pathways of the
Atlantic inﬂow into the Barents Sea. The relative contribution of the halosteric sea level is dominant in
the southeastern, eastern, and northern parts of the Barents Sea, modulated by the seasonal sea ice
formation/melt as well as by continental runoff. The variability of the thermosteric sea level in the
Barents Sea is mostly driven by variations in the net surface heat ﬂux, whereas the contribution of heat
advection becomes as important as the ocean-atmosphere heat exchange at interannual time scales.
& 2013 Elsevier Ltd. All rights reserved.
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1. Introduction
The Barents Sea (BS) is a marginal sea of the Arctic Ocean
located on the continental shelf between the northern European
coast and three archipelagoes—Spitsbergen, Franz Josef Land, and
Novaya Zemlya (Fig. 1a). It is a rather deep shelf sea with an
average depth of 222 m and a maximum depth of about 600 m.
The river runoff is small (163 km3/year) compared to other marginal
seas of the Arctic Ocean; the Pechora River contributes most of the
runoff (130 km3/year) [Lebedev et al., 2011]. The atmospheric
circulation over the BS is dominated by cyclones coming from the
North Atlantic. The strongest atmospheric pressure gradients are
observed in winter months, when southwesterly and westerly
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winds prevail in the southern part of the sea and southeasterly
and easterly winds dominate in the north (Terziev et al., 1990).
The BS is one of the gateways between the Atlantic and the
Arctic oceans (Fig. 1a). Approaching the southwestern boundary of
the BS the Norwegian Atlantic Current (NwAC) splits into the West
Spitsbergen Current that ﬂows north towards the Fram Strait, and
into the North Cape Current that veers eastward and enters the BS
between the continent and Bear Island. The NwAC transports
warm and salty Atlantic Water (AW), about half of which enters
the BS (Skagseth et al., 2008). The Norwegian Coastal Current
enters the BS along the coastline and also carries some AW. While
transiting the BS, the AW undergoes transformation due to heat
loss to the atmosphere, mixing with ambient water masses, net
precipitation, river runoff, and ice freezing and melting. Substantially modiﬁed water then exits the BS primarily to the north of
Novaya Zemlya (Loeng et al., 1993). Changes in the volume and
properties of the AW inﬂow as well as changes in atmospheric
circulation and buoyancy ﬂuxes greatly impact the variability of

D.L. Volkov et al. / Continental Shelf Research 66 (2013) 92–104

Spitsbergen

EGC

WSC

lya

m

Ze

Bear
Island

Novaya

NCC

NwCC

White Sea

Pechora River

NwAC

N

o

rw

a

y

Lofoten
Basin

Russia

Fig. 1. (a) Bottom topography of the study domain (color) and major currents
(arrows). (b) Standard deviation (cm) of SLAT, measured with satellite altimetry.
Contours show the bottom topography. Abbreviations: NwAC—Norwegian Atlantic
Current, NCC—North Cape Current, NwCC—Norwegian Coastal Current, WSC—West
Spitsbergen Current, EGC—East Greenland Current. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version
of this article.)

oceanographic conditions in the BS (Furevik, 2001). Because of the
AW inﬂow, the BS is never completely covered with sea ice, but the
sea ice cover is subject to signiﬁcant seasonal and interannual
variability.
This paper aims to explore the causes of sea level variability in
the BS. Sea level is an integral quantity that reﬂects (i) changes in
the thermohaline properties of water masses, driven by the
variations in buoyancy ﬂuxes and advection by ocean currents,
and (ii) changes in the mass of the water column, caused by the
variations in wind forcing as well as the redistribution of water
between the ocean, atmosphere, and land. Thus, the total sea level
variability can be decomposed into the steric (expansion or
contraction of water column due to the density variations) and
mass-related sea level variability. The steric sea level variability
can be further decomposed into the thermosteric and halosteric
components.
Although the BS has been extensively surveyed over decades,
the nature of the local sea level variability has not been adequately
addressed. There have been a number of studies dedicated to the
sea level variability in the Nordic seas (Mork and Skagseth, 2005;
Steele and Ermold, 2007; Li et al., 2011; Richter et al., 2012), but
only a few partially considered the BS (Proshutinsky et al., 2004,
2007; Volkov and Pujol, 2012; Henry et al., 2012; Calafat et al.,
2013). Historically, sea level has been measured by tide gauges, the
majority of which is located in the southern part of the BS along
the Norwegian and Russian coasts. The BS tide gauges have been
combined with other tide gauges along the Russian Arctic coast by
Proshutinsky et al. (2004, 2007) to study the variability of sea level
in the entire Arctic Ocean. Henry et al. (2012) analyzed the linear
trends in tide gauge data along the Norwegian and Russian coasts
and found an important contribution of the mass related change.
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Calafat et al. (2013) also analyzed the tide gauge records and
explained the observed near-shore sea level variability by wind
forcing and poleward propagation of sea level anomalies.
The advent of satellite altimetry has greatly advanced sea level
studies by providing nearly global sea level measurements (Fu and
Cazenave, 2001). From 1991 to 2012 the European Space Agency′s
satellites ERS-1, ERS-2, and Envisat were measuring sea level
between 821S and 821N, thus completely covering the BS. Because
of the ongoing long-term decrease of sea ice cover in the Arctic
Ocean (Comiso et al., 2008), the sea ice edge in the BS is also
retreating northeastward (Lebedev et al., 2011), which has made
most of the BS area available for altimetry measurements. Lebedev
et al. (2011) performed calibration and validation of satellite
altimetry measurements in the BS and demonstrated its usefulness for local environmental monitoring. Volkov and Pujol (2012)
showed that the quality of the recent global satellite altimetry
product, distributed by AVISO (www.aviso.oceanobs.com), is adequate to study the synoptic and large-scale variability of sea level
in the Nordic and Barents seas. The authors also estimated the
amplitudes and phases of the annual cycle in the area and noted
that the annual maximum sea level in the BS occurs 1–3 months
later than in the Nordic seas. The launch of GRACE twin satellites
in 2002 brought new perspectives of studying the variability of
ocean mass (Chambers, 2006a, 2006b).
In this study, we aim to ﬁll remaining gaps in the understanding of the mechanisms of local sea level changes. In particular, we want to (i) investigate the relative contribution of steric
and mass effects to the regional sea level variability, (ii) explain the
phase lag between the annual cycle in the BS and the neighboring
Norwegian and Greenland seas, and (iii) study the role of wind
forcing, net surface heat ﬂux, and heat advection as drivers of the
BS sea level variability. Hereafter, we use the following nomenclature for sea level anomaly (SLA) components: the total sea level
anomaly (SLAT), the mass-related sea level anomaly (SLAM), the
steric sea level anomaly (SLAS), the thermosteric sea level anomaly
(SLATS), and the halosteric sea level anomaly (SLAHS).

2. Observational and modeled data
2.1. Satellite altimetry measurements
We use the AVISO maps of SLAT from October 1992 to April
2012, generated by merging multi-satellite altimetry data. The
high-latitude (above 661) data are based on either ERS-1/2 or
Envisat measurements. The data are corrected for instrumental
errors, geophysical effects, tidal inﬂuence, and atmospheric wind
and pressure effects, and objectively interpolated to a 1/31 Mercator projection grid (Le Traon et al., 1998). A dynamic atmospheric correction is applied to reduce the aliasing of the highfrequency sea level variability, especially in coastal regions
(Carrere and Lyard, 2003; Volkov et al., 2007). Although the
separation between the satellite′s ground tracks and the ERS-1/2
and Envisat 35-day repeat period limits the resolution of eddy
variability, the convergence of the ground tracks at high latitudes
provides sufﬁcient spatial and temporal coverage to adequately
resolve the synoptic-scale variability in the Nordic and Barents
seas (Volkov and Pujol, 2012).
Displayed in Fig. 1b is the standard deviation of SLAT in the BS
and in the neighboring areas. The maximum variability of SLAT
reaching about 15 cm is observed in the Lofoten Basin of the
Norwegian Sea. It has been shown that among other factors this
variability is largely due to the cyclonic propagation of topographic
Rossby waves (Volkov et al., 2013). In the BS, the maximum SLAT
variability of 8–12 cm is observed in the south, over the shallow
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areas along the continent. The SLAT variability gradually decreases
down to 4–5 cm towards the northern boundary of the BS.

5000
Temperature measurements
Salinity measurements

For SLAM, we use gravity anomalies observed with the Gravity
Recovery and Climate Experiment (GRACE), based on spherical
harmonics from the Center for Space Research of the University of
Texas and distributed as a 11  11 gridded product via the GRACE
Tellus website at Jet Propulsion Laboratory (http://grace.jpl.nasa.
gov/). The processing of the monthly GRACE gravity observations
and the derivation of ocean mass changes is described in detail in
Chambers and Bonin (2012). The GRACE project recently released a reprocessed data set (Release-05, RL05), which features (among several
other updates) a new version of the ocean de-aliasing model
(OMCT; Thomas, 2002) to remove high-frequency bottom pressure
changes during processing. Chambers and Bonin (2012) found that
overall RL05 has lower noise levels than RL04 (Release-04).
Spatially, uncertainties of ocean mass are larger toward high
latitudes, where 1-sigma errors on the monthly ocean mass changes
can be up to 1.5 to 2 cm. Using the error estimation of Wahr et al.
(2006), we found an uncertainty of 1.6 cm for the GRACE average
over the Barents Sea, consistent with Chambers and Bonin (2012).
While no in-situ observations of bottom pressure exist in the Barents
Sea, it has been shown that GRACE can reliably observe Arctic Ocean
mass changes. Chambers and Bonin (2012) found good agreement
between GRACE and in-situ bottom pressure recorders near the
North Pole. In addition, we compared GRACE SLAM against bottom
pressure recorders in the Fram Strait (just west of Spitsbergen)
between 2003 and 2009, and found local correlations of 0.6, with
similar values throughout most of the interior Arctic Ocean as well as
the Nordic seas (not shown). Although ocean bottom pressure and
mass changes have a much smaller signal-to-noise ratio than water
storage variations over land, GRACE can observe these variations.
GRACE satellites do not see changes of sea level induced by
local atmospheric pressure variations. However, because water is
incompressible, GRACE data need to be corrected for the globally
averaged atmospheric pressure, i.e. global inverted barometer (IB)
correction. We compute the global IB correction using the monthly
mean sea level pressure from ERA-Interim reanalysis (Dee et al.,
2011) and subtract it from GRACE SLAM. The global IB correction
varies predominantly on the seasonal time scale with a standard
deviation of about 0.5 cm and is expected to have a signiﬁcant
impact on the annual cycle of SLAM in the BS.
2.3. Hydrographic measurements
To investigate the role of steric effects in the variability of sea
level in the BS, we use the vertical proﬁles of temperature and
salinity from the hydrographic database of the Arctic and Antarctic
Research Institute (St. Petersburg, Russia, www.aari.ru). These
proﬁles are mostly represented by discrete measurements at
standard depth levels (0, 5, 10, 15, 25, 50 etc.). In total, we use
measurements from 33,516 irregularly spaced oceanographic stations (including 23,912 proﬁles with salinity measurements)
carried out from 1950 to 1995 (Fig. 2). The period of 1950–1995
was chosen as the most covered with ship-based, nearly all-yearround oceanographic surveys and, hence, the parameters of the
annual cycle can be considered as having no or little seasonal bias.
2.4. ECCO2 ocean data synthesis
To investigate the sea level budget of the BS we use an ECCO2
(Estimating the Circulation and Climate of the Ocean, Phase II) ocean
data synthesis product. An ECCO2 data synthesis is obtained by leastsquares ﬁt of a global full-depth-ocean and sea-ice conﬁguration of
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Fig. 2. The number of temperature and salinity proﬁles over the 251E–451E and
731N–771N area in each month during the 1950–1995 time interval, used for the
computation of monthly mean climatology.
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Fig. 3. The truncated ECCO2 model domain that we used in this study. Color shows
the log10 of depth and two black contours bound the areas, over which averaging of
quantities was performed: the entire Barents and White seas (Region-1) and the
central part of the Barents Sea (Region-2). (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)

the Massachusetts Institute of Technology OGCM (Marshall et al.,
1997) to the available satellite and in-situ data. This least-squares ﬁt
is carried out for a small number of control parameters using a Green′s
function approach (Menemenlis et al., 2005a). The control parameters include initial temperature and salinity conditions, atmospheric surface boundary conditions, background vertical
diffusivity, critical Richardson numbers for the Large et al. (1994)
KPP scheme, air–ocean, ice–ocean, air–ice drag coefﬁcients, ice/
ocean/snow albedo coefﬁcients, bottom drag, and vertical viscosity. Data constraints include sea level anomalies, time-mean sea
level, sea surface temperatures, vertical temperature and salinity
proﬁles, and sea ice concentrations, motion, and thickness. The
solution requires the computation of a number of sensitivity
experiments that are free, unconstrained calculations by a forward
model. The experiments are designed to adjust the model parameters, forcing, and initial conditions. Then the model is run
forward again using the adjusted parameters, free of any constraints, as in an ordinary model simulation. The global ECCO2
conﬁguration is eddy permitting. The model′s mean horizontal
grid spacing is 18 km and it has 50 vertical layers with thicknesses
ranging from 10 m at the surface to 456 m near the bottom.
Bathymetry is based on a global one arc-minute grid from the
General Bathymetric Charts of the Oceans (GEBCO).
We use both the monthly and 3-day averages of the modelsimulated sea level, bottom pressure, velocities, temperature, salinity,
wind stress, and net surface heat ﬂux. The monthly averages are used
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for comparison with satellite altimetry and GRACE observations,
while the 3-day averages are used to estimate the components of
the local barotropic vorticity budget. The period of the model run
used in this study is 16 years (from January 1992 to December 2007).
This yields 192 monthly and 1947 3-day records at each grid point.
Displayed in Fig. 3 is the truncated model domain that we used in
this study. The contours bound the regions used for spatial averaging:
the entire Barents and White seas (Region-1) and the central part of
the BS (Region-2).

3. Methods
In this section, we brieﬂy review the principles of sea level
dynamics and describe how the observational and modeled data
were processed. The main factors that determine the variability of
sea level, not related to tides and to the static effect of atmospheric
loading (inverted barometer), are deduced from the continuity
equation:
1 ∂ρ
∂w
þ∇uþ
¼ PE þ R
ρ ∂t
∂z

ð1Þ

where ρ is the sea water density, u is the vector of horizontal
velocity, w is the vertical velocity, P—precipitation, E—evaporation,
R—river runoff. Because the fresh water balance terms cause a
nearly instantaneous and uniform sea level change over the ocean
basin, these terms can be neglected for the temporal and spatial
scales of our interest. Integrating Eq. (1) from the sea surface to the
bottom and using the boundary conditions w ¼ ∂SLAT =∂t at the
surface (z ¼0) and w ¼0 at the bottom (z ¼H), we obtain
Z 0
∂SLAT
1 dρ
dz
ð2Þ
¼ ∇  ðuHÞ
∂t
H ρ dt
where u is the vertically averaged velocity and uH is the vertically
integrated transport. Eq. (2) states that sea level changes due to
(i) the divergence of water mass (mass effect) and (ii) the
contraction or expansion of water column because of the changes
in its density (steric effect). Satellite altimetry measurements,
corrected for the inverted barometer effect, provide estimates of
SLAT, which, according to Eq. (2), are the sum of the mass-induced
(SLAM) and the steric (SLAS) sea level anomalies (SLAT ¼SLAM+SLAS).
Spatial averaging over the 251W–451W and 731N–771N area for
the observational data and over Region-1 and Region-2 (Fig. 3) for
the ECCO2 ﬁelds is performed for the comparison of time series.
The choice of the averaging area for the observational data is
dictated by the desire to ﬁlter out the synoptic variability not
resolved by GRACE and to stay away from the coast where the
contamination of GRACE ocean data by land signals is the largest.
In order to directly compare the altimetry-measured SLAT and the
GRACE-derived SLAM we subtract the monthly mean climatology
from both time series, computed as the multiyear (from 2003 to
2011) average value for each month. By doing so, we remove a large
part of the steric variability that dominates the seasonal variability of
SLAT. Thus, we expect that the non-seasonal variability of SLAT will be
dominated by mass signals (except the interannual variability) and
can be directly compared to the non-seasonal variability of SLAM. It is
worth mentioning that for the comparison between the concurrent
altimetry-measured SLAT and the GRACE-derived SLAM, prior to the
computation of the monthly mean climatology, we subtract the
linear trend from both data sets. Therefore, our analysis does not
account for (and is not contaminated by) the long-term contributions
to the sea level variability from vertical land movements, thermal
expansion of the oceans, or melting glaciers.
The estimates of SLAS are obtained from hydrography data and
the ECCO2 output as the sum of the thermosteric (SLATS) and
halosteric (SLAHS) components, computed from the vertical
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proﬁles of temperature (T) and salinity (S):
SLAS ¼ SLATS þ SLAHS ¼ ρ1
0

Z

0
H

Z
ρðT; S; zÞdz þ

0
H

!
ρðT; S; zÞdz

ð3Þ

where ρ0 ¼ 1027.5 kg m  3 is a reference density, and T and S are the
time mean values of T and S. The separation into the thermosteric
and halosteric heights is approximate due to the nonlinear nature of
the equation of state. The integration of both the in situ and modeled
data is performed over the entire depth range.
The variability of SLATS, averaged over an area A, is determined
by the net surface heat ﬂux and lateral advection of heat:
Z
∂SLATS
αQ NET α 0
¼
þ
ð4Þ
∮ ðuT Þdldz
A H l
∂t
ρ0 C P
where Q NET is the area averaged net surface heat ﬂux (positive into
the ocean), α is the thermal expansion coefﬁcient, Cp is the speciﬁc
heat capacity of seawater, and l is the contour bounding the area A.
One of the largest and most physically deterministic signals in
the sea level variability is the annual cycle (SLAANN), which we
approximate by a least-squares ﬁt of a harmonic function with an
annual frequency (ω) to the monthly mean climatology of SLA
components:
SLAANN ðtÞ ¼ a cos ðωt þ φÞ

ð5Þ

where a is the annual amplitude, ω is frequency, φ is phase, and
t—time. The phase of the annual cycle is represented as the month
of the yearly maximum of SLAANN.
The parameters (amplitude and phase) of the hydrographybased annual cycle of SLAS, SLATS, and SLAHS are estimated over the
area 251E–451E and 731N–771N using the following methodology.
First, the monthly temperatures and salinities are interpolated by
the inverse-distance weighted method onto a regular 100 
100 km grid for each year from 1950 to 1995. At prognostic grid
nodes and for each month of the year the search radius is varied
from 60 to 200 km depending on station density. Then, the
obtained temperature and salinity values are further averaged
over the entire region (24 grid nodes) for each month at every
standard depth. The standard errors of the mean temperatures and
salinities are calculated to quantify the uncertainties in the
seasonal steric changes. Because the considered period of hydrographic measurements (1950–1995) does not overlap with the
concurrent satellite altimetry and GRACE records (2003–2011), we
assume that all parameters of the annual thermohaline changes
are rather constant and not strongly conditioned by recent climatic
changes. This assumption will be justiﬁed in the next section.
The interannual SLA time series are computed as running means
with a time window of 1 year after the monthly mean climatology
has been removed. To estimate the relative contribution of each
component of the variability, we also compute their standard
deviations and explained variance. The percentage of variance (s)
of a variable x, explained by another variable y, is computed as


varðxyÞ
s ¼ 100%  1
ð6Þ
varðxÞ
4. Results
4.1. Components of sea level variability from observations
4.1.1. Annual cycle
The amplitude and phase of the annual cycle of the altimetrymeasured SLAT are estimated for the 1993–2011 monthly mean
climatology (Fig. 4). The amplitude of the annual SLAT (Fig. 4a)
reaches 8–10 cm over shallow areas in the southern part of the BS.
In the central and northern parts of the BS, the annual amplitude
varies from 3 to 5 cm. The annual maximum is observed in
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Fig. 4. (a) Amplitude (cm) and (b) phase (month of the annual maximum) of the
annual cycle of altimetric SLAT computed from the 1993–2011 monthly mean
climatology. The dashed rectangle bounds the area used for averaging the time series.

December in the southeastern and eastern (near the Novaya
Zemlya archipelago) parts of the BS, and in October–November
in the northern, western and central parts of the BS (Fig. 4b).
There is a sharp contrast between the occurrence of the annual
maximum in the relatively shallow BS and in the neighboring
Norwegian and Greenland seas. In the latter, the annual maximum
is observed mostly in September, while in the BS it occurs from
1 to 3 months later. We hypothesize that the observed phase lag
can be due to (i) the SLAM variability due to the inﬂuence of wind,
(ii) the SLAS variability due to the variable advection of warm and
saline AW from the Norwegian Sea and/or the regional impact
of the net surface heat ﬂux, and (iii) the impact of non-linear
processes like large-scale propagating waves (e.g. Calafat et al.,
2013). The variability of wind stress can affect the redistribution of
water and, hence, bottom pressure, the inﬂow of the AW into the BS,
and lead to the wind-induced changes in the baroclinic structure.
Displayed in Fig. 5a are the annual cycles of SLAT and SLAM,
estimated for the 2003–2011 time interval common for satellite
altimetry and GRACE measurements, and averaged over 251E–451E
and 731N–771N in the center of the Barents Sea. The annual amplitude
of SLAT is about 3.5 cm. It appears that in RL05 data the annual cycle of
SLAM is about two times smaller than in RL04 data: the annual
amplitude of SLAM is about 2.4 cm in RL04 and only about 1.2 cm in
RL05. The annual maximum of SLAM in RL04 data occurs in January (in
February in RL05 data), while the annual maximum of SLAT is observed
in November. If the space-borne observations did not contain errors,
the time series of SLAS could be computed by subtracting SLAM from
SLAT. If we do so for SLAM, the annual amplitude of SLAS is about 3.8 cm
for both RL04 and RL05 data products and the annual maximum is
observed in September–October (Fig. 5a, blue solid and dashed
curves). These observations thus indicate a 3-month lag between the
annual maxima of SLAS and SLAM. The phase of SLAT is determined by
the interference of the steric and mass components. It should be noted
that the amplitude of SLAS, computed as the difference of SLAT and
SLAM, is highly sensitive to their phases.
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Fig. 5. (a) Annual cycles of SLAT from satellite altimetry (black), SLAM from GRACE
RL04 (solid red) and RL05 (dashed red), and SLAS, computed as the difference
between SLAT and GRACE-RL04 SLAM (solid blue) and between SLAT and GRACERL05 SLAM (dashed blue). The time series of SLAT and SLAM are averaged over the
251W–451W and 731N–771N area (dashed rectangles in Fig. 4a and b). (b) Monthly
mean climatology of steric (thin black), thermosteric (red), halosteric (blue) sea
level anomalies, and the annual cycle of SLAS (bold black), computed from
hydrography data for the time period of 1950–1995 over the 251W–451W and
731N–771N area. The error bars show the standard errors on the determination of
the monthly mean values at 95% conﬁdence level. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version
of this article.)

Table 1
The amplitudes (A, cm) and phases (φ, months of the annual maximum) of the
annual cycle of SLAS, SLATS, and SLAHS for three time intervals: 1950–1995, 1950–
1965, and 1980–1995.
Time interval

1950–1995
1950–1965
1980–1995

SLAS

SLATS

SLAHS

A

φ

A

φ

A

φ

1.6
1.7
1.6

Sep
Sep
Sep

1.5
1.5
1.2

Oct
Oct
Oct

0.4
0.8
0.6

Aug
Aug
Aug

To validate the estimates of the annual cycle of SLAS, obtained
from altimetry and GRACE measurements, we present the monthly
mean climatology of SLAS, calculated for the 1950–1995 time
interval and averaged over 251W–451W and 731N–771N (Fig. 5b,
black curve; Table 1). The annual amplitude and phase of SLAS are
obtained by ﬁtting a harmonic function with an annual frequency
(Fig. 5b, bold black curve). The amplitude of the annual SLAS,
estimated from hydrography, is 1.6 cm, which is about two times
smaller than the amplitude of the annual SLAS estimated from
altimetry and GRACE (Fig. 5a). The annual maximum of the
hydrography-derived SLAS is observed in September, which is
close to that estimated from altimetry and GRACE RL04 data. If
we subtract the hydrographic SLAS from SLAT, we obtain SLAM with
annual amplitude of 2.3 cm and maximum in December. The
closer agreement between these estimates and GRACE RL04 in
terms of the amplitudes and phases (in contrast to GRACE RL05)
indicates that GRACE RL05 potentially attenuates the annual cycle
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Fig. 6. (a) Standard deviation (cm) of the non-seasonal altimetric SLA and (b) its
explained variance (%).
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of SLAM in the BS. In an attempt to resolve these discrepancies, we
investigated differences over the study region of the monthly
mean de-aliasing OMCT models used in the GRACE processing.
While the RL04 and RL05 OMCT models differ over the study
region (RMS of 1.4 cm between 2003 and 2011, detrended), the
RMS differences between the RL04 and RL05 SLAM is larger
(1.8 cm). This indicates that other GRACE processing steps or
parameters contribute to the differences, or that residual submonthly variability (not properly resolved in OMCT) is aliased into
the monthly gravity ﬁelds. The discrepancies between RL04 and
RL05 are most prominent for the annual cycle, but much less
pronounced for the non-seasonal variations (see next section).
Using hydrography data we also estimate the thermosteric and
halosteric contributions to SLAS (Fig. 5b; Table 1). The amplitude of
SLATS is about three times greater than the amplitude of SLAHS. The
annual maximum of SLATS is observed in October when the heat
content of seawater reaches its highest value. The annual maximum of SLAHS is observed in August. This is possibly related to the
annual minimum of salinity transport from the Norwegian Sea
due to the inﬂuence of the continental runoff that during the
spring–summer period reduces the salinity of the NwAC. The
spring–summer melt of sea ice in the BS may also contribute to the
SLAHS maximum in August, especially during the 1950–1995 time
interval when the seasonal ice cover was larger than today.
To justify the previously made assumption that the parameters
of the annual thermohaline changes do not change much over
time, we present estimates of the amplitudes and phases of the
annual cycle of SLAS, SLATS, and SLAHS separately for two 16-year
time intervals: 1950–1965 and 1980–1995 (Table 1). The parameters of the annual cycle appear to be rather steady, especially
for SLAS. It should be noted, however, that errors on the determination of the annual cycle for each 16-year time interval are a
priori larger than for the entire time interval. Also, the errors on
the determination of the annual cycle of SLAHS are larger than for
the annual cycle of SLATS, because in each month of the year there
are less salinity measurements than temperature measurements
(Fig. 2). This is probably why the amplitude of the annual cycle of
SLAHS for the 1950–1995 interval signiﬁcantly differs from the
amplitudes for the 1950–1965 and 1980–1995 time intervals.
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4.1.2. Non-seasonal variability
The non-seasonal SLA in both the satellite altimetry and GRACE
data is obtained by subtracting the 2003–2011 monthly mean
climatology. The standard deviation of the non-seasonal SLAT in the
BS (Fig. 6a) varies from about 3 cm in the western and northern parts
to about 4–5 cm in the central and southeastern part of the sea.
Along the Russian coast in the southeastern part of the BS, the
standard deviation reaches 7–10 cm. The non-seasonal SLAT variability explains 70–80% of the variance in the center of the BS (Fig. 6b).
It is interesting to note that the relative contribution of the nonseasonal variability is largest approximately along the 250 m isobath
in the central part of the BS. This is the area where Lien et al., (2013)
reported on changes in barotropic ﬂow induced by the cross-slope
Ekman transport off the northern BS shelf. In the southern part of the
BS the non-seasonal variability explains from 30% to 50% of the
variance, while the rest is contributed by the annual cycle.
Displayed in Fig. 7 are the time series of the non-seasonal SLAT
and SLAM, averaged over 251W–451W and 731N–771N. The nonseasonal SLAT manifests substantial interannual variability over the
1993–2011 time interval (Fig. 7a). The standard deviation of the
non-seasonal SLAT is 3.5 cm, while the standard deviation of its
running mean with a time window of 1 year is 2 cm. The standard
deviation during the 2003–2011 time interval (2.8 cm), common
for altimetry and GRACE measurements, is smaller compared to the
preceding time interval (3.5 cm). For the comparison between
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Fig. 7. (a) The non-seasonal SLAT from satellite altimetry for the 1992–2011 time
period (black) and it yearly running mean (red); (b) the de-trended time series of
the non-seasonal SLAT (black) versus SLAM from GRACE RL04 (red) and RL05 (blue)
products for the 2003–2011 time period. The time series are averaged over 251W–
451W and 731N–771N. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)

the non-seasonal SLAT and SLAM over the 2003–2011 time interval
the linear trend was removed from both time series (Fig. 7b). As was
done for the annual cycle, we consider the non-seasonal SLAM for
both the GRACE RL04 and RL05 datasets. The correlation between the
time series is 0.75. The standard deviation of each is approximately
2 cm and the standard deviation of the difference between them is
1.5 cm. This means that the uncertainty of GRACE data in the region
is rather large and without adequate regional validation it is
impossible to tell which dataset is more reliable. Nevertheless, both
the non-seasonal SLAM time series from GRACE RL04 and RL05 are
correlated with the non-seasonal SLAT. The correlation coefﬁcients
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Fig. 9. The yearly running means of the de-trended non-seasonal SLAT (black
curves), SLAM (red curves), and SLAS ¼SLAT  SLAM (blue curves). The SLAM time
series are shown for GRACE RL04 (a) and RL05 (b) data. The time series are
averaged over 251W–451W and 731N–771N. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 8. (a) Standard deviation (cm) of the interannual SLAT from satellite altimetry
and (b) its explained variance (%).

are 0.62 and 0.71, respectively, signiﬁcant at 95% conﬁdence.
Computed using Eq. (6), the non-seasonal variability of SLAM in
RL04 and RL05 explains 35% and 50% of the non-seasonal SLAT
variability, respectively. As a complement to previous modeling (e.
g. Bingham and Hughes, 2012), this is the ﬁrst observational
evidence of the importance of the mass-related intra-seasonal
variability of sea level in the BS.
4.1.3. Interannual variability
The interannual SLAT and SLAM are calculated as running means
of the non-seasonal SLAT and SLAM with a 1-year window. The
interannual variability of SLAT in the BS is relatively small compared to the neighboring Norwegian and Greenland seas (Fig. 8a).
Its standard deviation generally ranges between 1 and 2 cm. Only
in the southern part of the BS along the coast, the standard
deviation of the interannual SLAT reaches 4–5 cm. The interannual
SLAT variability (Fig. 8b) explains 30–35% of the non-seasonal SLAT
variance near the western boundary, at the location, where most
of the AW inﬂow takes place. Then, the explained variance
gradually decreases towards the east and the southeast of the BS.
The interannual SLAT (Fig. 9, black curve) and SLAM from GRACE
RL04 (Fig. 9a, red curve) and RL05 (Fig. 9b, red curve) datasets,
averaged over 251W–451W and 731N–771N, show that the variability of SLAM plays an important role at the interannual time scale.
As suggested by both the RL04 and RL05 datasets, during the
2003–2005 time interval the contribution of SLAS, computed as the
difference between SLAT and SLAM, was rather small compared to
the contribution of SLAM. After 2005 the contribution of SLAS
became comparable to the contribution of SLAM.
4.2. Components of sea level variability from ECCO2
4.2.1. Total, mass, and steric sea level variability
The advantage of using a model over observations is the easiness
to accurately estimate the components of sea level budget. Unlike the

space-borne and in situ measurements, the model data are free of
sampling errors, the aliasing of unresolved signals, the contamination
by land signals, etc. The advent of ocean models constrained by
observations, like ECCO2, opens new perspectives in studying ocean
dynamics (Menemenlis et al., 2005b). In the ECCO2 model, SLAM is
derived from the bottom pressure output and SLAS is simply given by
the difference SLAT–SLAM.
In Fig. 10a–c, we show the standard deviations of the monthly
SLAT, SLAM, and SLAS, calculated from the ECCO2 output. Although
the ECCO2 model somewhat underestimates the SLAT variability,
its spatial distribution is similar to that in satellite altimetry data
(compare Fig. 10a and Fig. 1b). The maximum variability of SLAT in
the BS is observed along the Russian coast and it exceeds 7 cm. In
the central part of the BS the variability of SLAT is about 5 cm,
which is the same as observed by satellite altimetry. The maximum variability of SLAM is also observed along the coast and in
the center of the BS it reaches nearly 4 cm (Fig. 10b). The
variability of SLAS in the BS is relatively small and varies from
about 1 to 3 cm (Fig. 10c), mainly on the seasonal time scale (not
shown). Its maximum values of about 5 cm are observed along the
NwAC near the western boundary of the BS. It appears that SLAM
explains most of the variance of SLAT in the BS (Fig. 10d). In the
central, eastern, and southern parts of the BS, SLAM explains
70–90% of the variance. In the northern part it explains 50–80%
of the variance. Near the western boundary, in the area where the
AW enters the BS, SLAM explains only 30–50% of the SLAT variance
suggesting the dominance of steric signals in this advective region.
Using Eq. (3) we estimate contributions of the thermosteric and
halosteric effects to the SLAS variability from the ECCO2-simulated
monthly ﬁelds of temperature and salinity. The standard deviations of
SLATS (Fig. 11a) generally depict the distribution of the AW in the
Nordic seas and its further transport into the Arctic Ocean. In the BS,
there are two distinct branches carrying AW: the North Cape Current
and the Norwegian Coastal Current. Along these currents the standard
deviation of the SLATS variability reaches 2–3 cm. Over most part of the
BS, the standard deviations of SLAHS do not exceed 1.5 cm (Fig. 11b).
The minimum SLAHS variability takes place along the North Cape
Current. Along the Norwegian Coastal Current that is more inﬂuenced
by the continental runoff, the standard deviations of SLAHS exceed
2 cm. In the southeastern part of the BS and in the other regions
subject to the seasonal sea ice formation and continental runoff the
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Fig. 10. Standard deviations (cm) of SLAT (a), SLAM (b), and SLAS (c). (d) Variance explained by SLAM (%) in the ECCO2 model. Bottom topography is shown for 100, 250, 1000,
2000, and 3000 m.

standard deviations of SLAHS exceed 3 cm. The SLATS variability
explains most of the SLAS variance in the western, central, and
southern parts of the BS (Fig. 11c), while the SLAHS variability
dominates in the southeastern, northern, and eastern parts of the BS
(Fig. 11d), where the seasonal sea ice formation takes place. This
suggests that the salinity advection from the Norwegian Sea does not
strongly impact the SLAHS in the BS.

4.2.2. Annual cycle
The amplitudes and phases of the annual cycle of SLAT, SLAM,
and SLAS are presented in Fig. 12. The maximum annual amplitude
of SLAT reaching 8–10 cm is observed along the Russian coast,
while in the central part of the BS the amplitude is about 3–4 cm
(Fig. 12a). This compares well with the annual amplitude estimated from satellite altimetry (Fig. 4a). The agreement between
the annual phases estimated from the ECCO2 model (Fig. 12d) and
from satellite altimetry measurements (Fig. 4b) is also satisfactory.
Similar to satellite altimetry, the ECCO2 model also exhibits a 1–3
month phase lag between the BS and the adjacent areas to the
west. In the ECCO2 model, the annual maximum of SLAT takes
place in October–December in the BS and in September–October
in the Nordic seas. The annual amplitude of SLAM (Fig. 12b) is
several times larger than the annual amplitude of SLAS (Fig. 12c)
along the coast.
In the central part of the BS (Region-2 in Fig. 3), the annual
amplitude of SLAM is 1.8 cm, while the annual amplitude of SLAS is
2.2 cm (Fig. 13a). These estimates reasonably match the ones we
obtained from GRACE RL04 (Fig. 5a) and from hydrography data
(Fig. 5b). The annual cycle of SLAS in the area is mostly due to the

thermosteric variability (Fig. 13b). The amplitude of SLATS is about
1.7 cm, while the amplitude of SLAHS is 0.3 cm. These numbers are
also close to those obtained from hydrography data (see Fig. 5b).
Therefore, these comparisons suggest that the ECCO2 model
adequately reproduces the annual cycle and can be used to
investigate the reason for the observed phase lag between the
BS and the Nordic seas.
As we mentioned earlier, the lag can be caused by the advection of warm and saline AW from the Norwegian Sea, by wind, by
variations of the net surface heat ﬂux, or by non-linear processes
like the propagation of large-scale waves. So, the ﬁrst question we
need to answer is whether the lag is caused by mass-related or
steric signals. As revealed by the annual phases of SLAM, and SLAS
(Fig. 12e and f), only the mass-related variability manifests a
distinct phase difference between the BS and the Nordic seas.
The annual phase of the steric variability is distributed rather
uniformly suggesting that neither the anomalies in the AW inﬂow
nor the variations of the net surface heat ﬂux are responsible for
the delay of the annual maximum of sea level in the BS compared
to the neighboring Nordic seas.
4.2.3. Forcing of mass-related variability
In this section we investigate the mechanisms driving the
mass-related variability of sea level in more detail by analyzing
the barotropic vorticity balance in the central part of the BS. The
barotropic vorticity equation for the depth-integrated ﬂow is
expressed as follows:


τ
∂ζ
ζ þ f ∂SLAM
1
þ u∇ζ þ βv
D
ð7Þ
þ u∇H ¼ ∇ 
∂t
H
ρ
H
∂t
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Fig. 11. The standard deviations of the thermosteric (a) and halosteric (b) sea level, and the portion of the SLAS variance explained by the thermosteric (c) and halosteric
(d) signals. Bottom topography is shown for 100, 250, 1000, 2000, and 3000 m.

where H is depth, u(u,v) is the depth-integrated velocity vector, f is
the planetary vorticity, ζ ¼ ∂v=∂x∂u=∂y is the relative vorticity,
β ¼ ∂f =∂y, τ(τx, τy) is the wind stress vector, ρ is density, and
D—dissipation. The left side of Eq. (7) represents the sum of the
time change of the relative vorticity, the advection of the relative
vorticity tendency, the advection of planetary vorticity, (in brackets)
the vortex stretching term and the topographic term (representing
the ﬂow over the varying topography). The right side of Eq. (7)
contains forcing: the wind stress term and dissipation. Because we
are interested only in the wind-induced changes of SLAM ignoring the
freshwater balance, the mass-related variability of sea level is
computed as the divergence of the depth integrated ﬂow:
∂SLAM
¼ ∇  ðuHÞ
∂t

ð8Þ

The terms on the left side of Eq. (7) and the wind stress term
are calculated directly from the ECCO2 output. These terms are
averaged over the Region-2 (Fig. 3) away from the coast in order to
minimize friction. The use of the 3-day averaged data does not
allow us to accurately estimate the nonlinear terms, namely the
advection of the relative vorticity tendency and dissipation,
because the contribution of the variability with periods shorter
than 3 days is ignored. By assuming that this contribution is small,
we estimate the dissipation term as the residual of all other terms
in Eq. (7).
Displayed in Fig. 14 is a zoom-in on the 2000–2003 time
interval showing the sum of the left side terms (black curve), the
wind stress term (red curve), and the dissipation term of Eq. (7)
(blue curve). The sum of the left side terms is almost fully balanced
by the wind stress term. The balance is mostly due to the topographic

and wind stress terms that are on average more than an order of
magnitude larger than the remaining terms on the left side of the
Eq. (7), so that
τ
ζþf
1

ðu∇HÞ≈ ∇ 
D
ð9Þ
H
ρ
H
The variability of the dissipation term is about two times
smaller than the topographic and wind stress terms (Fig. 14), but
greater than the remaining terms. The absolute value and the
variability of dissipation are largest during the winter months
when the magnitude and ﬂuctuations of wind stress are the
strongest.
From Eq. (7) the variability of SLAM is
τ
∂SLAM
∂ζ
k
¼ k þ kðu∇ζ þ βvÞu∇H ∇ 
þ kD
ð10Þ
∂t
ρ
H
∂t
where k ¼ H=ðζ þ f Þ. The ﬁrst three terms on the right side of
Eq. (10) are of the same order of magnitude as the residual
(consisting of the last three terms) and can be compared with
∂SLAM =∂t (Fig. 15). The correlation coefﬁcient between ∂SLAM =∂t
and k  ∂ζ=∂t is rather small (r ¼  0.23), but signiﬁcant at 95%
conﬁdence for 1947 (length of time series) degrees of freedom.
This means that when a cyclonic/anticyclonic circulation anomaly develops, sea level tends to decrease/increase (Fig. 15a). There
is almost no relationship between ∂SLAM =∂t and the advection of
the relative vorticity tendency and ∂SLAM =∂t and the advection of
planetary vorticity (Fig. 15b and c). The correlation coefﬁcient
between ∂SLAM =∂t and ku∇ζ is 0.01 and between ∂SLAM =∂t and
kβv is  0.14. Therefore, the impact of non-linear processes on the
mass-induced variability of sea level in the central part of the BS
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is probably negligible. What does determine the mass-related
changes of sea level in the BS is the combined effect of wind
stress, ﬂow over the varying topography, and dissipation
(Fig. 15d). The correlation coefﬁcient between ∂SLAM =∂t and



u∇Hkρ1 ∇  τ=H þ kD is 0.8.

4.2.4. The role of heat ﬂuxes
As was demonstrated earlier, the thermosteric effect dominates
the SLAS variability over a large part of the BS, affected by the
advection from the Nordic seas (Fig. 11c). In this section, we use
Eq. (4) to assess the role of the net surface heat ﬂux and the lateral
advection in the SLATS variability, simulated by the ECCO2 model.
Displayed in Fig. 16a are the time series of the time derivative of
SLATS and the terms of the right side of Eq. (4) related to the net
surface heat ﬂux and heat advection by ocean currents averaged
over the entire Barents and White seas (Region-1 in Fig. 3). It
appears that most of the thermosteric sea level variability over the
BS is determined by the net surface heat ﬂux (red curve in
Fig. 16a). The average net surface heat ﬂux is negative meaning
that on average the BS looses heat to the atmosphere. This average
heat loss is compensated by heat advection from the neighboring
Norwegian Sea (blue curve in Fig. 16a). The heat advection is
always positive leading to the increase of the thermosteric sea
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The terms of Eq. (10) are averaged over Region-2 (Fig. 3).

level in the BS. As expected, the annual cycle of the thermosteric
sea level tendency is mostly driven by the net surface heat ﬂux,
which reaches a maximum value in June (Fig. 16b, red curve). Heat
advection is also subject to small seasonal variations with annual
amplitude of 0.5  10  7 cm/s and maximum in November
(Fig. 16b, blue curve).
Although the variability of heat advection is several times
smaller than the variability of the net surface heat ﬂux, its
contribution is particularly important at interannual time scales.
The yearly averages of the terms of Eq. (4) (Fig. 16c) show that the
interannual amplitude of heat advection exceeds the interannual
amplitude of the net surface heat ﬂux. The maximum increase of
the model-simulated thermosteric sea level in 1999 was solely
induced by the increase of heat advection. This result conﬁrms the
recent ﬁndings of Årthun et al. (2012), who also found a correlation between the inﬂow of heat and sea ice extent in the BS.

5. Discussion and conclusions
Climate change in the Arctic Ocean, where dramatic warming
and decrease in sea ice cover is being observed, poses considerable
concerns for society. Sea level is an integral indicator of climate
variability. The BS is the only shelf sea of the Arctic Ocean that is
mostly ice-free all year round, thus permitting regular satellite
altimetry measurements. Coupling these measurements to GRACE
and hydrography data, when measurement and processing errors
are minimized, allows the determination of the sea level budget
components. In this paper, we have presented one of the ﬁrst
attempts to analyze the local sea level budget using the combination of space borne and in-situ observations as well as a highresolution ocean data synthesis product.
Using satellite altimetry and GRACE observations, we have
presented the ﬁrst observational evidence of the relative importance

of the mass-related changes of sea level in the BS. We have shown
that the non-seasonal mass-related changes of sea level are
responsible for the large part (up to 50%) of the non-seasonal
sea level variability in the BS. Signiﬁcant contributions of the
mass-related sea level variability, of the same magnitude or larger
than the steric sea level variability, are also observed at interannual time scales. The difference of two GRACE data releases,
however, highlights existing uncertainties, probably related to the
processing algorithms of GRACE measurements and uncertainties
in the high-frequency de-aliasing models used to estimate
monthly GRACE gravity ﬁelds. We have shown that the recently
released GRACE RL05 data attenuates the annual cycle signal
compared to the previous RL04 product. By comparing the
difference between the annual cycles of the altimetric SLAT and
GRACE-derived SLAM to the hydrography-derived annual cycle of
SLAS and the ECCO2-derived annual cycles of SLAM and SLAS, we
conclude that RL04 gives a more realistic result in the BS than the
newer RL05. In terms of the non-seasonal variability, the standard
deviation of the difference between the RL04 and RL05 time series,
averaged over 251W–451W and 731N–771N, is 1.5 cm. These
comparisons indicate that the uncertainties in GRACE data are
still rather large and regional validation of GRACE products is
warranted.
The phase of the annual cycle of SLAT exhibits a distinct
difference of 1–3 months between the BS and the neighboring
Norwegian and Greenland seas. The annual cycle of SLAT is the
interference of the annual cycles of SLAM and SLAS. The analysis of
GRACE observations shows that the annual maximum of SLAM
(from RL04) lags behind the annual maximum of SLAT by three
months. This suggests that the local importance of the massrelated sea level variability can be responsible for the observed
phase difference between the BS and Nordic seas. To investigate
this question in more detail, we have analyzed the mechanisms
of the annual cycle in the ECCO2 model. It turns out that the phase
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of the annual cycle of SLAS from ECCO2 is distributed rather
uniformly over the BS and the Nordic seas. This rules out the
possibility of the phase difference caused by the anomalous
advection or the spatial variations in the net surface heat ﬂux.
The phase difference between the BS and the Nordic seas is seen
only in the annual cycle of SLAM.
The amplitude of the annual cycle of SLAS, obtained as the
difference between the altimetric SLAT and GRACE-derived SLAM, is
about twice greater than the annual cycle of SLAS, calculated from
hydrographic data. This discrepancy is most likely caused by errors
in GRACE data. We have demonstrated that the uncertainty of
GRACE data, estimated as the difference between the two recent
GRACE products, is rather large. The use of different time intervals
for the satellite- and hydrography-based estimates of the annual
cycle should not have a great impact. We have shown that the
parameters of the annual cycle did not change much over the period
of hydrographic surveys, considered in this study. In the ECCO2
model, the annual cycle of SLAM in the central part of the BS is of
about the same magnitude as the annual cycle of SLAS. The
amplitude and phase of the annual cycle of SLAS in the model
are rather close to the estimates, obtained from hydrography.
Because the mass-related variability of sea level is dominant in
the BS, we have analyzed the barotropic vorticity balance in order
to investigate the mechanisms of the barotropic variability in more
detail. Neglecting the impact of fresh water ﬂuxes to and from the
BS, the variability of SLAM is driven either by wind or by vorticity
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ﬂuxes. We have shown that the advection of the relative vorticity
tendency and the advection of planetary vorticity do not signiﬁcantly inﬂuence the variability of SLAM. What does drive the
variability of SLAM in the central part of the BS is the combined
effect of wind forcing balanced by the ﬂow over the varying
bottom topography (topographic inﬂuence) and dissipation. The
variability of wind stress curl over the BS forces water to ﬂow in or
out of the area thus changing the area-averaged sea level. With
regard to the annual cycle, this means that the time-integrated
cyclonic (anticyclonic) anomaly of wind stress observed in winter
(summer) months (Fig. 14) leads to a decrease (increase) of sea
level in the BS that reaches a minimum (maximum) in May–June
(November–December) (Fig. 13a), i.e. several months after the
actual maximum (minimum) in the wind stress curl anomaly,
which is consistent with Ekman dynamics.
Using hydrography and the ECCO2 output we have estimated
the contributions of the thermosteric and halosteric effects to the
variability of sea level in the entire BS. As expected, the largest
contribution of the thermosteric sea level in the BS is observed
along the main paths of the AW advection: the North Cape Current
and the Norwegian Coastal Current. The halosteric effects dominate in the southeastern, eastern, and northern parts of the BS,
subject to the seasonal formation and melt of sea ice and to the
river runoff. In terms of the annual cycle in the center of the BS,
both the hydrography and ECCO2 data show the dominance of the
thermosteric sea level with a maximum in the fall when the heat
content of the water column reaches it highest value. The
amplitude of the annual cycle of SLAHS is about 3 times smaller
than the amplitude of the annual cycle of SLATS. The annual
maximum of the SLAHS takes place at approximately the same
time (August for hydrography and October for ECCO2), so that both
signals complement each other. The halosteric sea level peaks
along with the fresh water content due to the ice melt, continental
runoff, and decreased salinity transport from the Norwegian Sea.
Using the ECCO2 output we have determined the relative
contribution of the net surface heat ﬂux and the lateral advection
of heat to the variability of the thermosteric sea level. The
variability of SLATS is dominated by the seasonal signal and, as
expected, most of the variability is explained by heat exchange
with the atmosphere. The contribution of heat advection to the
annual cycle of SLATS is small. However, heat advection becomes
important at the interannual time scale, when its contribution is
equal or exceeds the contribution of the net surface heat ﬂux. This
means that the variability of the AW inﬂow into the BS on the
interannual time scale can greatly inﬂuence the oceanographic conditions of the region, in particular, the regional extent of sea ice cover.
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