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Abstract

The article studies the interannual variability of the Arctic Ocean water circulation regimes
according to altimetry data for the area from 65°N to 89.75°N including the ice-covered
area of the ocean. The purpose of the work is to study the variability of the ocean level and
the velocities of surface geostrophic currents depending on the value of the Arctic oscilla-
tion index, and to establish quantitative patterns between them. In addition, the paper con-
siders the influence of different ocean circulation regimes and the value of the Arctic oscil-
lation index on the steric level variability as an indicator of freshening/salinization process-
es in the polar region north of 81.5°N. The steric component of level was calculated as the
difference between the dynamic topography from altimetry data and the GRACE data of the
manometric level component. On an interannual time scale, the sea level response averaged
over the Arctic Ocean is in antiphase with the Arctic Oscillation Index. Based on the meth-
od of multiple regression, quantitative estimates of the dependence of the sea level and geo-
strophic velocity components on the value of the Arctic oscillation index were obtained. The
level difference between the shelf and the deeper part of the ocean was ~ 4 cm per unit of the
Acrctic oscillation index. The difference between the areas of positive and negative values of
the sea level anomalies creates a pressure gradient, which leads to an increase in the anomalies
of surface geostrophic velocities and enhances the inflow of Atlantic waters along the shelf
edge in an easterly direction during the cyclonic regime (Arctic Oscillation Index is greater
than 0). Under the anticyclonic regime of atmospheric circulation (the index is less than 0),
the effect becomes opposite. This agrees with the estimates of the linear regression
coefficients for the velocity anomalies of geostrophic currents, which amounted to ~ 0.5 cm/s
per 1 index unit. On the basis of the obtained results, a conceptual scheme of the regimes of
circulation and distribution of desalinated waters depending on the phase of the Arctic
oscillation is proposed.
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AHHOTaNMSA

CraTbs NOCBSIIEHA U3YYCHUIO MEXXTOJL0BOH U3MEHUYMBOCTH PEXKMMOB LIUPKYJIILIUH BOJ
Ceseproro JIef0BATOTO OKeaHa IO JaHHBIM albTUMETPUU i obnactu oT 65°
10 89.75° c. 1., BKJIFOUas 06JACTh OKEaHa, MOKPBITYIO JbaoM. Llenb paGoThl 3aKmodaercs
B UCCJIEI0BAaHUM W3MEHYMBOCTH YPOBHS OKEaHa M CKOPOCTEil MOBEPXHOCTHBIX Te0CTPO (U -
YECKHX TeYCHHUH B 3a BUCUMOCTH OT BEJIMYHHBI HHIECKCA apKTUYECKOIl OCIMIIIALNHY, a TaKXKe
B YCTaHOBJICHHH KOJIMYECTBEHHBIX 3aKOHOMEPHOCTEH MeXIy HUMH. J[OIOTHHUTEIbHO
PacCMOTPEHO BIHMSHUE PA3INYHBIX PEXKMMOB IUPKYJSIUH OKeaHA M BEIMYHMHBI WHIEKCA
APKTUYECKOW OCIMIUIANNHA Ha W3MEHYHUBOCTH CTEpHYECKOTO YPOBHS KaK MHAMKATOpa
IPOIECCOB PacIpPEeCcHEHHs/0COJOHeHNS B TOJIIpHOW oOmactu ceBepHee 81.5° c. mI.
Crepryeckasi KOMIOHEHTa YPOBHS PAacCUMTHIBAJIACH KAaK PasHHUIA MEXIy JUHAMHYECKOH
Tomorpadueil Mo JaHHBIM adbTUMeTpuu U naHHbIMH GRACE 0 MaHOMETpHYECKOH KOMIIO -
HeHTe ypoBHs. Ha MexxronoBoM macitabe BpeMEHHOH H3MEHUNBOCTH OTKIMK YPOBHS MO -
ps, ocpennenHoro mno CesepHomy JlemoBUTOMy oOKeaHy, HaxoOuTcsi B HpoTHBO(a3e
C MHJEKCOM apKTHYECKOil ocumwupinuu. Ha ocHOBe MeTona MHOKECTBEHHOW perpeccuu
HOJy4eHbI KOJMIECTBEHHBIC OIEHKU 3aBHCUMOCTH YPOBHS MOPS M KOMIIOHEHT IeocTpodu -
YECKOU CKOPOCTH OT BEIMYUHBI MHJAEKCA apKTUYeckoil ocummanuu. Ilepenan ypoBHs Me-
KAy menshoM u Oosee TIyOOKOBOJIHONW YacThIO OKEaHa COCTaBMI ~4 cM Ha | exwHUIy
MHJIEKCa apKTHIECKOH ocnmBInui. PasHuIa Mex Iy 00IacTAMH MOJIOKUTEIBHBIX W OTPH -
[aTeJbHBIX 3HAaYCHUH aHOMAJIMi YPOBHS MOPS CO3JaeT TPaJueHT JABICHUSA, YTO NPUBOIHUT
K YBEJIIMYCHHUIO aHOMAJMH IMMOBEPXHOCTHBIX T€OCTPOPHICCKUX CKOPOCTEH M YCHIIBAET 10 -
CTYIUICHHE aTJAaHTHYCCKUX BOJ BIOJIH KPOMKH IIesib(da B BOCTOYHOM HATPaBIICHUH
IPU OUKJIOHUYECKOM peXUMe (MHIEKC apKTHYECKOH OCHMJIISUMH OOoJbllle HyJI).
[Ipy aHTUIM KIIOHUYECKOM pEeXHUME IUPKYJSIUK aTMoc Gepbl (MHACKC MEHbIIe HyJst) 3 -
(heKT CTaHOBHUTCSI MPOTUBOMOJIOKHBIM. C 3THM COTJACYIOTCS OLEHKU K03(QUIMEHTOB U -
HEHHOW perpeccuu AJisi aHOMaJUH CKOPOCTHU reocTpo(HUECKUX TEUEHHH, KOTOPHIE COCTa-
B ~ 0.5 cm/c Ha 1 enununy mHAekca. Ha oCHOBaHMM MOJIyYEHHBIX Pe3yJbTaTOB MpE -
JI0)KEHa KOHIENTyaJbHas CXeMa PEeXHMOB IHPKYJHIUH M PACHPOCTPAHEHHS pacipec-
HEHHBIX BOJ B 34 BUCUMOCTH OT (pa3bl apKTHIECKOI OCIIHIUISIINH.

KiroueBbie cinoBa: CeBepHblil JIenoBUTHIM OKeaH, albTUMETPUS, CTEPUYECKUN YPOBEHbD,
apKTHYECKash OCIMIIALNS, PeXKUMBI IUPKyIsuu okeana, GRACE
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Introduction

The Arctic Ocean near-surface circulation is mainly characterized by the alter-
nation of anticyclonic and cyclonic phases on interannual variability scales [1-3].
Such a description of the circulation was based on the analysis of the dynamic
topography calculated from the data of hydrological observations, as well as
on numerical modelling [1-3]. According to modem field studies, the most dra-
matic changes in the Arctic Ocean occurred in the 2010s [1].

The area around the North Pole (NP) north of 81.5°N, sometimes called
a “blind” spot (NP area in Fig. 1) due to the lack of any altimetry data there until
2011, is important for understanding hydrophysical changes in the Arctic Ocean.
Sea ice and desalinated surface waters are carried by the Transpolar Drift (TPD)
through this region towards the North Atlantic and largely determine the
thermohaline structure of its subpolar regions. Therefore, such parameters as ice
thickness, bottom pressure, and steric level (reflecting the vertical hydrological
structure of waters) are key indicators of the variability of the entire Arctic Ocean.

Independent assessments of the freshwater balance based on the analysis of
hydrological data showed two independent trends in the variability of the Arctic
Ocean freshwater balance [4]. On the one hand, freshening was observed
in the Canadian basin with a rate of change in the freshwater layer thickness
0f2.04 + 0.64 m/10 years, and on the other hand, salinization was observed
in the East Eurasian basin with a trend of 0.96 + 0.86 m/10 years [4]. According
to long-term hydrological observations, freshening was also noted in the North
Pole region with a trend of 1.19 +0.02 m/10 years [4].

As a result of the analysis of complex data from field studies in the area of
the Beaufort Gyre, it was concluded that the fresh water supply increased by 40 %
from 2003 to 2018 compared to the long-term average for 1970-2000. Accumula-
tion of fresh water due to the impact of anticyclonic atmosp heric circulation was
considered as the main mechanism of freshening [5].

Based on the results of sea level analysis according to altimetry data
for the area of the Beaufort Gyre and the North Sea, opposite level trends of
2009-2011 were identified. [6]. As a result, it was concluded that the shift in sea
level variability in these areas took place due to changes in large-scale atmospheric
circulation associated with the Arctic Oscillation (AO) Index [5, 6].

The Arctic Oscillation (AO) is a climate index that characterizes the distribu-
tion of atmospheric pressure and peculiarities of the wind field over the Arctic.
When most of the Arctic is occupied by a cyclone, the AO Index is positive. It be-
comes negative during the anticyclonic circulation of the atmosphere. During
the positive phase of the AO Index, the inflow of warm Atlantic waters increases
and the distribution of the Pacific waters weakens. In addition, the transport of sea
ice and near-surface desalinated waters to the Atlantic increases, and the distribu-
tion routes of the runoff of the Eurasian rivers change. During the negative phase
of the AO Index, an anticyclonic pressure area is located over the Arctic,
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and the sign of the current discharge anomaly changes to the opposite one [2].
The ocean circulation cyclonic mode lags behind the AO Index by about 1 year
[7-9]

The article studies the variability of the ocean level and the velocities of sur-
face geostrophic currents depending on the value of the AO Index, as well as
the establishment of quantitative pattems between them. In addition, the paper con-
siders the influence of different ocean circulation regimes and the value of the AO
Index on the steric level variability as an indicator of freshening/salinization pro-
cesses in the area of the Beaufort Gyre and in the polar region north of 81.5°N. The
reconstructed steric component of level was calculated as the difference be-
tween the dynamic topography from altimetry data and the GRACE data of
the manometric level component. Then, the reconstructed steric level was averaged
over the area of the Beaufort Gyre and over the blind polar area north of 81.5°N,
which was inaccessible to satellite altimetry until 2011 (Fig. 1).

Data and Methods

After 2011, new Envisat and CryoSat-2 satellites were launched in high-
altitude orbits, which receive altimetry data in the “blind” spot area up to 89.75°N
and improve the accuracy of anomalous sea level measurements [9].

Methodological work was carried out to compare altimetry data with sea level
measurements using coastal tide gauges. The results showed a fairly high degree
of correlation between them for periods of open water: in the Norwegian Sea,
the average values were 0.86 [9, 10], and in the Barents Sea, 0.89 [2].

The obtained new altimetry data were used to estimate the dynamic topogra-
phy of the entire Arctic Ocean, including the area north of 81.5°N, according to the
following formula:

Hpr =Hssi— Hs, (1)

where Hpr — dynamic ocean topography; Hssy — sea surface height; Hg — geoid sur-
face height [9, 10]. Surface geostrophic velocities were calculated from the Hpr
dynamic topography values obtained by formula (1) [10, 11].

Two arrays of satellite altimetry data in the form of monthly average data
of dynamic ocean topography and surface geostrophic velocities provided
by the Centre for Polar Observation and Modelling, University College London
(www.cpom.ucl.ac.uk/dynamic_topography), were used in the paper. The first
array consists of the data for 20032014 covering from 65° to 81.5°N on a grid of
0.75° x 0.25° [11], and the second array includes the data for 2011-2020 with a
higher resolution (20 x 20 km) on a polar stereographic grid covering from 65° to
89.75°N. Both arrays include data concerning ocean areas covered with ice. The
description of the method for calculating sea level is given in [10].

In addition, gravimetry data (Gravity Recovery And Climate Experiment
(GRACE)), version RLO06, grid 1° x 1°, monthly averages, 2002-2017, and
GRACE-FO, 2018-2021, covering the entire ocean up to 89.9°N, were used
(https://podaac.jpl.nasa.gov/datasetlist?search=tellus).
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Fig. 1. Scheme of the surface currents of the Arctic Ocean:
dynamic topography and geostrophic currents averaged from altime-
try data for 2003-2014. BS — “blind” spot — the region north of
81.5°N; NwC — Norwegian Current; LT — Labrador Current; WSC —
West Spitsbergen Current; EGC — East Greenland Current; TPD —
Transpolar Drift; BG — Beaufort Gyre

Results

For the Arctic Ocean, the mean values of dynamic topography and surface ge-
ostrophic velocities for 2003-2014 were calculated (Fig. 1). Figure 1 illustrates the
following main currents and large-scale elements of the ocean circulation marked
with white symbols: the Norwegian Current, the Labrador Current, the West Spits-
bergen Current, the East Greenland Current, the Transpolar Drift, and the Beaufort
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Gyre (Fig. 1), which correspond to the known pattem of currents * and to the esti-
mates of geostrophic velocities obtained for these regions from earlier altimetry
products [10].

The average current velocities calculated by us for the period 2003-2014 are
~ 10 and ~ 15 cm/s in the area west of Spitsbergen and near Novaya Zemlya,
respec-tively. The level difference between the shelf and the deep part of the
basin reaches 30 cm (Fig. 1).

In addition, when compared with the data of current meters at ten mooring
buoys for 20112018, the correlation value for the Laptev Sea and the Beaufort Sea
was 0.7, and for the Fram Strait it was 0.34. At the same time, the root-mean-
square (RMS) deviations between the modules of geostrophic current velocities
according to altimetry data and contact measurements by ADCP at mooring buoys
amounted to 1-2 cm/s, and the RMS deviations of the difference in angle values
were about 60° for 2005-2008 [10].

To analyze the interannual sea level variability, intraseasonal fluctuations were
removed using a moving average filter with a window width of 12 months, then
series of sea level anomalies were formed as deviations from their long-term aver-
age values. Figure 2 shows the obtained sea level anomalies averaged over the en-
tire Arctic Ocean.

Both altimetry arrays are in good agreement with each other in the 20112014
data overlap interval (Fig. 2).

Anticyclonic regimes in the Arctic Ocean identified by positive sea
level anomalies Hpr were observed in 2006-2007, 2009-2013, and 2016-2017

(Fig. 2).
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Fig. 2. Plots of dynamic topography averaged over the Arctic Ocean (cm)
according to altimetry data (HpT) for the period 2003-2014 (red dashed line),
for the period 2011-2020 (red solid line) and the Arctic Oscillation (AO)
Index (blue line) after filtering by a moving average with a window width of
12 months

D Treshnikov, A.F., 1985. [Arctic Atlas]. Moscow: Glavnoe Upravlenie Geodezii i Kartografii, 204 p.
(in Russian).
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Cyclonic regimes (negative level anomalies) were observed in 2005, 2008,
and 2014 (Fig. 2). For the entire period of altimetry observations for 2003—2020,
the maximum duration of the anticyclonic regime of the ocean was ~ 3.5 years in
2009-2013, and this corresponded to the negative phase of the AO Index (Fig. 2).
Conversely, during the positive phase of the AO Index (2013-2016), when the
cyclonic regime is identified in the surface atmospheric pressure field, negative
values of sea level anomalies are observed with a maximum duration of ~ 2.5 years
(Fig. 2).

The AO Index data provided by NOAA/NWS Climate Prediction Center
(USA)?, were used in the paper. Long periods of the AO Index negative phase can
be observed in 2003—2006, 20092011, 2012—2013, and 2016-2017. This corre-
sponds to the anticyclonic circulation in the Arctic Ocean: average values of dy-
namic topography over the water area are positive (Fig. 2). For the AO Index posi-
tive phase, negative values of the dynamic topography averaged over the Arctic
Ocean are observed, most pronounced in 2013-2016 (Fig. 2). During the period
when the cyclonic regime prevailed in the atmosphere during the AO positive
phase, the cyclonic circulation of the ocean manifested itself in a decrease in the
mean sea level with a time delay of about 1 year relative to the AO Index phase
(Fig. 2).

Sea level H consists of the sum of steric level component Hs, stipulated
by seawater density changes, and manometric level component H,,, stipulated
by variations in the water mass of the liquid column, with their different character-
istic time scales of variability [12, 13]:

H= Hsm + Hman- (2)

The variability of the manometric level in the Norwegian and Barents Seas is
mainly intraseasonal in nature, and its contribution reaches 80 % of the total dis-
persion. Therefore, the barotropic response of sea level to wind forcing has a scale
of several months and can be masked by longer-term steric level variability.

In papers [12, 13], based on the analysis of GRACE data and numerical
modelling, it was found that on the intraseasonal scales, the variations in the
manometric sea level had a high correlation with the anomalies of the wind field
for the sector under consideration.

To analyze the interannual variability of dynamic topography data and sur-
face geostrophic velocities, a linear trend was removed from the data at each grid
point after filtering by the moving average with the window width of 12 months.
The resulting ocean level anomalies were averaged over the periods of the posi-
tive (AO > 0) and negative (AO < 0) phases of the AO Index [14]. First, such
an approach was tested for the ocean sector (65°-81.5°N, 0°-~70°E) that includes

2 NWs. Artctic Oesillations. 202. [onine] Available at: http://www.cpc.ncep.noaa.gov/products/
precip/CWIink/daily_ao_index/ao.shtml [Accessed: 30 March 2023].
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the North, Norwegian, and Barents Seas for 2003—2014 [9]. During the periods
when the AO Index is in its positive phase, the central part of the Arctic Ocean is
occupied by a cyclonic area with negative values of level anomalies up to -3 cm,
the zero level isoline corresponds approximately to the isobath of 300 m.
In the southem part of the Barents Sea and in the Kara Sea, positive level anoma-
lies up to 3 cm are distinguished; the vectors of velocity anomalies (~1 cm/s) corre-
spond to the cyclonic circulation regime. For the periods when the AO Index was
in its negative phase, the anomalies of the ocean level and velocities corresponded
to the anticyclonic circulation regime. Similarly, for the entire water area of
the Arctic Ocean for 2011-2020, the cyclonic circulation regime of the ocean
during the positive phase of the AO Index > 0 and the anticyclonic circulation re-
gime during the negative phase of the AO Index < 0 were distinguished.

To estimate quantitatively the effect of the AO Index on the variability of sea
level anomalies Hpr and surface geostrophic velocities U, V, linear regression
analysis [15] was used:

HIiDT :aiDT'AO""S:DTa
U'=0a, AO+g,, (3)
V'i=a, -AO+g,

where regression coefficients for level ol , cm, and velocity component o, , oy,

cm/s, were estimated at each i-th node of the grid, and SiDT , SL , siv are uncorre-
lated white noise. Figure 3 shows the sea level regression coefficients in the form
of isolines and the corresponding coefficients of the current velocity modulus

in the form of vectors aimodv :
oy = [(0))? + (05, )T, 4)

The spatial distribution of the coefficients of linear regression of the sea level
and surface geostrophic velocities corresponds to the cyclonic circulation regime
in the Arctic Ocean at positive values of the AO Index according to expression (3)
(Fig. 3) and, thus, is consistent with the distribution of the sea level and velocities
averaged for the positive phase of the AO Index. Similarly, for the negative phase
of the AO Index, the distribution of the linear regression coefficients of the sea lev-
el and surface velocities changes sign to minus according to (3), which gives
an anticyclonic pattern of circulation and is consistent with the map of sea level
values and current velocities averaged over periods of the negative phase of the AO
Index. To increase the robustness of the regression estimates, the linear trend was
eliminated from the data of the AO Index, dynamic topography, and velocities after
filtering by the moving average with the window width of 12 months. The anoma-
lies obtained in this way were processed according to regression formula (3), and
the results are shown in Figs. 3, 4.
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Fig. 3. Spatial distribution of linear regression coefficients for sea
level anomalies o'pr (cm/AO Index unit) and for current velocity
anomalies ((cm/s)/AO Index unit) as vectors for 2003—-2014

As a result, regression relations for the sea level and geostrophic velocity
components depending on the value of the AO Index were obtained. Calculated
linear regression coefficients OtiDT for sea level anomalies are more than ~2 cm
in the shelf zone and about -2 cm in the deep part of the ocean (Fig. 3).

For the Norwegian Sea, the northem part of the Barents and Kara Seas,
for the shelf of the Laptev Sea and the East Siberian Sea, the coefficients of
linear regression of the modulus of current velocity anomalies 0., have

values of ~0.5 cm/s per AO Index unit concerning altimetry data for 2003-2014
and 0.6+0.8 cm/s per AO Index unit concerning data for 2011-2020 (Fig. 3).
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120°E

Fig. 4. Spatial distribution of linear regression coefficients for sea
level anomalies (cm/AO Index unit) for 2011—-2020

For the “blind” spot 81.5°-89°N in the sector 30°-80°E and 130°-180°E, high val-
ues of the coefficients were also noted (0.6-0.8 cm/s per AO Index unit), and in the
sector 120° W — 30°E, on the contrary, low values (0.1-0.2 cm/s per AO Index
unit) were observed (Fig. 4).

The sea level difference between the shelf and the deeper part is ~ 4 cm/AO
Index unit (Fig. 4). This difference intensifies in the Kara Sea to ~ 5 cm, and in
the Laptev and East Siberian Seas to ~ 8 cm/AO Index unit in the 150°-180°E
sector (Fig. 4).

An increase in sea level gradients leads to an increase in pressure gradients
between the shelf and the deeper part of the ocean and, as a result, to an increase
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in geostrophic velocities up to ~1.5 cm/s per AO Index unit (Fig. 4). Consequently,

during the positive AO phase, there is an increase in the transport of fresh water
from the shelf of the Laptev Sea and the East Siberian Sea to the central part of
the ocean.

Thus, during the positive phase of the AO Index, when the central part of
the Arctic is occupied by a cyclone, there is an increase in the magnitude of cur-
rent velocity anomalies, which contributes to the inflow of warm Atlantic waters
into the Barents Sea and the central part of the ocean, and a decrease in the inflow
of waters through the Bering Strait is also observed. During the negative AO phase,
when an anticyclonic pressure area is located over the Arctic, the signs of the cur-
rent velocity anomaly reverse, which reduces the inflow of warm Atlantic waters into
the Arctic Ocean and increases the inflow of Pacific waters through the Bering Strait.

Altimetry and GRACE data were used to estimate the manometric component
of the Arctic Ocean level. Manometric level H,.., is stipulated by the variations
of the water column mass. Ocean level H is determined by altimetry data. Thus,
the reconstructed steric component of sea level Hgy is equal to sea level H minus
the manometric component of the level. Using relation (2), the steric level fields
were reconstructed in accordance with altimetry and GRACE data. The recon-
structed steric level was compared with the steric level calculated from the hydro-
logical data (Unified Database for Arctic and Subarctic Hydrography, UDASH,
Available at https:/doi.pangaea.de/10.1594/PANGAEA.872931). It was shown
in [4, 5] that the contribution of the halosteric component prevails over the
thermosteric component in the steric level of the Arctic Ocean. Thus, the
variability of the Arctic Ocean steric level is an indicator of the ocean upper layer
freshening [4]. The method for calculating the steric level from altimetry and
GRACE data and its validation is described in [9]. Altimetry data for 2011-2020
in the polar re-gion north of 81.5°N made it possible to obtain estimates of the
steric level for the “blind” spot area (Fig. 2). Figure 5 shows the reconstructed
steric level av-eraged over this area.

The steric level in the “blind” spot area can be considered as an indicator
of the freshening/salinization process, since the main contribution to the steric level
is made by its halosteric component in the subpolar regions of the ocean. The trend
of the steric level in this area is positive and amounts to 0.3-0.4 cmfyear (Fig. 5),
which indicates an increase in the fresh water supply in 2011-2020.

The reconstructed steric level experiences significant interannual fluctuations
and reaches maxima during the negative AO phase, for example, in 2012-2013
and 2015-2017, which indicates an increase in the freshening of water masses
(Fig. 5). Accordingly, during the periods of the positive AO phase in 2010-2012
and 20142015 minima of the steric level were observed, which indicates an in-
crease in salinity during these periods (Fig. 5). The peculiarity of the steric level
variability during the negative AO phase in 2018-2020 should be noted. Thus,
the amplitude of fluctuations fell by 3—4 times while keeping a positive trend.
This conclusion is confirmed by comparing the content of fresh water in the polar
region, calculated from the data of hydrological surveys [4, 5]. Thus, the trend of fresh
water content in the upper 100-meter layer for 19942008 was 11.19 cm/year [4].
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Fig. 5. Plotsofthe reconstructed steric level (cm) averaged over the area of
the “blind” spot (Fig. 1) for 2011-2020 (red solid line), trend (red dashed line),
and the AO Index (blue line) after being filtered by a moving average with
a window width of 12 months. GRACE data for 07.2017-05.2018 were inter-
polated (grey area)

The conversion to the steric level was carried out using the constant 35.5 [5], which
gives the steric level trend value of 0.34 cm/Ayear and corresponds to the reconstruct-
ed steric level trend of 0.3-0.4 cm/year obtained by us.

Similarly, for the area of the Beaufort Gyre (Fig. 1), a positive trend of the re-
constructed steric level was obtained (Fig. 6). The value of the trend of the steric
level reconstructed from the altimetry and GRACE data was 0.45 cm/year, and
the recalculation of the trend of fresh water content in the upper 100-meter layer of
the Beaufort Gyre from hydrological data for 1994-2008 gives 0.57 cmlyear,
which agrees with our estimate with consideration to the error in determining
the freshwater content trend [4]. It is interesting to note that the accumulation of
fresh water during the positive AO phase was observed in the Beaufort Gyre
in 20102013, while in 2013-2015, on the contrary, a decrease in the steric level
was observed due to the removal of desalinated water from the Beaufort Gyre.
After 2015, the accumulation of fresh water had occurred during the negative AO
phase, which led to an increase in the steric level (Fig. 6).

The analysis of the atmospheric circulation variability identified by the phases
of the AO Index, spatial and temporal variability of the dynamic topography,
and reconstructed steric level makes it possible to propose a conceptual scheme of
the Arctic Ocean circulation, which is given in Fig. 7. During the negative AO
phase, high surface pressure over the Arctic causes anticyclonic circulation over
most of the Arctic Ocean (Fig. 7, a). Desalinated waters from the runoff of the Eur-
asian rivers spread through the Eurasian basin and are carried out of the Arctic
Ocean in the region of the Transpolar Drift (Fig. 1), which is shown in Fig. 7, a
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Fig. 6. Plots of the Beaufort gyre area-averaged (Fig. 1) reconstructed ste-
ric level (cm) for 2011-2020 (red solid line), its trend (red dashed line) and
AO Index after filtering by a moving average with a window width of 12
months. GRACE data for 07.2017—05.2018 were interpolated (grey area)

with dark blue arrows. The analysis of the variability of the reconstructed steric
level averaged over the area of the “blind” spot (Fig. 1) shows that it reaches its
maximum during the negative AO phase, for example, in 2012-2013 and 2015—
2017, which indicates an increase in the freshening of water masses (Fig. 5) and is
compliant with the scheme in Fig. 7, a. On the other hand, for the area of the Beau-
fort Gyre, the accumulation of fresh water was also observed during the negative
AO phase after 2015 (Fig. 6), which is stipulated by the convergence of the Ekman
transport of fresh water on the shelf and is shown by green arrows in Fig. 7, a
for the Beaufort Gyre, which corresponds to positive values of dynamic topography
according to the altimetry data (Fig. 1).

During the positive AO phase, low surface pressure over the Arctic causes cy-
clonic circulation in the Eurasian basin of the Arctic Ocean (Fig. 7, b). Desalinated
waters from the flow of the Eurasian rivers spread along the Arctic shelf of Russia
by geostrophic currents and the secondary circulation of the ocean and are captured
by the Beaufort Gyre, which is shown in Fig. 7, b with dark blue and purple ar-
rows. The analysis of the variability of the reconstructed steric level averaged over
the area of the “blind” spot shows that during the positive AO phase in 2010—2012
and 2014-2015 minima of the steric level were observed, which indicates
an increase in salinity during these periods (Fig. 5) and is compliant with the circu-
lation scheme in Fig. 7, b. For the area of the Beaufort Gyre, the accumulation of
fresh water was observed during the positive AO phase only in 2011-2013, while
in 2013-2015, on the contrary, a decrease in the steric level was observed (Fig. 6).
However, for the entire period of 2011-2020, the accumulation of fresh water
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Fig. 7. Conceptual scheme of the Arctic Ocean circulation: (a) during the negative
AO phase (anticyclonic, AO < 0); b) during the positive AO phase (cyclonic, AO >0).
The black arrows indicate surface geostrophic circulation, the orange arrows indicate
the inflow of Atlantic (1) and Pacific waters (2); the light blue arrows — Transpolar Drift
(3) and East Greenland Current (4). The dark blue and purple arrows show the distribu-
tion of fresh water from the Mackenzie River and from the Eurasian Rivers. Green ar-
rows show Ekman transfer of fresh water. The bold dark blue lines are for the rivers
flowing into the Arctic Ocean

increased in the Beaufort Gyre as the trend in the steric level was positive
(0.45 cm/year), which is also confirmed by the positive trend in freshwater content
in the upper 100 m layer of the Beaufort Gyre according to the hydrological data
for 1994-2008 [4, 5].

As a result, the proposed conceptual scheme shown in Fig. 7 integrates the re-
sults of the analysis of dynamic topography, surface geostrophic currents according
to the altimetry data, and reconstructed steric level and AO Index in the context
of the influence of atmospheric circulation regimes on the way of fresh water dis-
tribution in the Arctic Ocean.

Conclusion
The change in the level of the Arctic Ocean is an important indicator of cli-

mate variability in the Arctic and of the Earth’s climate system as a whole due
to the integral nature of sea level formation. For the Arctic, progress has been made
in the last decade in processing altimetry information and improving its accuracy,
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and the launch of the Envisat and CryoSat-2 satellites made it possible to increase
the coverage area at high latitudes up to 89.75°N. Therefore, the use of new altime-
try data both for the Arctic Ocean regions covered with ice and for the open water
area made it possible to obtain the estimates of dynamic topography and surface
geostrophic velocities, including the area of the “blind” spot north of 81.5°N,
for which altimetry data had not been available until 2011. Using the GRACE
gravity data, it was possible to obtain the estimates of the variability of the ocean
level manometric and steric components. These estimates are in good agreement
with the calculations based on the available instrumental observations. The effect
of atmospheric circulation regimes on the spatiotemporal variability of the ocean
level and surface currents was studied based on the analysis of the AO Index.

On the basis of the obtained results, a conceptual scheme of the regimes of cir-
culation and distribution of desalinated waters depending on the phase of the Arctic
oscillation is proposed. The scheme is compliant with the interannual variability of the
reconstructed steric level component for the polar region of the ocean for 2011-2020.

Thus, the main results can be summarized as follows.

1. The spatiotemporal variability of the steric and manometric components of
the sea level is specified, and estimates of their trends are obtained from the altime-
try, GRACE, and archival hydrological data. Estimates of the steric level variabil-
ity are obtained for the regions of the Arctic Ocean where the availability of hydro-
logical measurements has been low or almost absent, including the altimetry
“blind” spotnorth of 81.5°N after 2011.

2. The peculiarities of the response of the sea level and surface geostrophic
currents of the Arctic Ocean to the cyclonic/anticyclonic circulation of the atmos-
phere described by the AO Index are characterized.

3. Quantitative estimates of the dependence of the interannual variability of
sea level anomalies and surface geostrophic currents are obtained based on regres-
sion relationships depending on the value of the AO Index: the level difference
between the shelf and the deeper part is ~ 4 cm per AO Index unit, and for current
velocity anomalies it is ~ 0.6-0.8 cm/s per AO Index unit for 2003-2014. This
difference increases in the Kara Sea up to ~ 5 cm and to ~ 8 cm per AO Index unit
in the 150-180°E sector (in the Laptev Sea and the East Siberian Sea) in 2011-
2020. An increase in level gradients leads to an increase in pressure gradients
between the shelf and the deeper part of the ocean and, as a result, to an increase
in geostrophic velocities up to ~ 1.5 cm/s per AO Index unit.

Thus, during the positive phase of the AO Index, when the central part of
the Arctic is occupied by a cyclone, an increase in the anomalies of current veloci-
ties is observed, which contributes to the inflow of warm Atlantic waters. During
the negative AO phase, the anomalies of the current velocities reverse.

4. Estimates of trends and interannual variability of the steric component of
the level for the area of the “blind” spot north of 81.5°N are obtained for the first
time owing to the altimetry and GRACE reconstruction.
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5. According to the obtained quantitative patterns, during the negative AO
phase, there is an increase in the transport of fresh water from the shelf of the Lap-
tev Sea and the East Siberian Sea to the central part of the ocean. This is confirmed
by the interannual variability of the reconstructed steric component of the level
averaged over the “blind” spot region north of 81.5°N. As shown, the steric level is
an indicator of an increase in freshening/salinization of water masses for the Arctic
Ocean. Correspondingly, during the periods of the positive AO phase, minima of
the steric level are observed, which indicates an increase in salinity during these
periods of time.

6. On the basis of the obtained results, a conceptual scheme of the regimes of
circulation and distribution of desalinated waters depending on the phase of
the Arctic oscillation is proposed. The scheme is compliant with the ocean circula-
tion regimes based on the analysis of surface geostrophic currents according to
the altimetry data and the interannual variability of the reconstructed level steric
component for the polar region of the ocean for 2011-2020.
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