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B Hauane 1990-X rr. B KIMMaTU4YeCKOl cucTteMe APKTUKU MPOU30LIeS CABUT B CTOPOHY MOTEIJIEHUS, KOTOPOE COMPOBO-
JKIaJI0Ch U3MEHEHUSIMU TeMIIepaTypPhl ¥ COJIEHOCTU BOTHBIX MAacC APKTHUYECKOTO OacceliHa Mmoj| BIUSHUEM BO3POCIINX PUTO-
KOB aTIaHTUYECKOI1 BO/IbI, MOCTYIIJIEHUSI CO CTOKOM PEK, OCalKaMU U OT TasiHUsI JibAa. Mbl OLleHMBaeM U3MEHEHHUsI B COiepKa-
HUU U TIPUTOKAX TIPECHOI BOIBI B BEPXHUIA CIION APKTUUECKOTO OacceitHa oT aecatuiieTus K necsatuietuto ¢ 1950-e mo 2010-e
IT. U CBSI3b MEXIy U3MEHEHUSIMU B APKTHUUECKOM OacceitHe u B Tponuueckoii CeBepHoii AtnaHtuke. [lonydyeHHbIe pe3yibTaThl
TTOKA3bIBAIOT, UTO COMEepXKaHMe IMPECHON BOIBI B BEpXHEM ciioe ApkTudeckoro 6acceitHa B 1990—2000-¢ rr. moHukanoch B EB-
pasuiickoii 1 pociio B AMepa3uiickoit ero yactsx. B cpenHeM Bo BcéM OacceliHe npeobiiagan pocT U3-3a OOJbIIEro BKJaga
Awmepasuiickoit yactu, 3aHuMartoleit 61 % riornaau 6acceiina. HaunGosbliee conepkaHue MpecHOi BoIbl BO BCEM OacceiiHe
mosydeHo B 1960-e IT., mpealiecTByOIINe OTPUIATEIbHOM CON€HOCTHOI aHoManuu B CeBepHoii ATnaHTuke B 1960—1970-x rT.
CoxkpailieHue coepKaHus pecHoit Boabl B EBpasuiickoM 6acceiiHe Mponu301uIo B pe3yibTaTe yBeauueHHoro ¢ 1990-x rr. npu-
TOKA aTJIAaHTUYECKOI BOABI U 0COJIOHEHUsT BepxHero 100-MeTpoBOro cjiost BOIPEKU POCTY OCAJIKOB M pEUHOT0 CTOKA B ApKTUYE-
ckuit 6acceiiH. HakorieHue npecHoit BOIbl TpoucXoauT B Kpyropopote bodopTa u Bo Beeii AMepasuiickoii yactu 6acceiiHa.
B kpyrosopore bodopra conepxkanue rpecHoit Boasl B cioe 0—100 m yBeamuyumnock B 2000—2010-x rr. Ha 36 % 1Mo cpaBHEHUIO
¢ 1970-mu rr. Bosee Bcero (Ha 46 %) conepkaHue MPECHO BOIbI yBEIMYMIOCH B 3TOT MeprojL B BepxHeM 50 M ciioe.
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In the early 1990s, there was a shift in the Arctic climate system towards warming. This shift was accompanied by water tem-
perature and salinity changes in the Arctic Basin due to increased Atlantic water inflow, river runoff, precipitation, and ice melting.
We estimated changes in the freshwater content (FWC) and freshwater inflows into the upper layer of the Arctic Basin decade by
decade from the 1950s through the 2010s and showed the connection between changes in the Arctic Basin and the tropical North
Atlantic. Our results show that the FWC in the upper layer of the Arctic Basin in the 1990—2000s decreased in the Eurasian
Basin and increased in the Amerasian Basin. On average, the FWC increase prevailed for the whole basin due to the larger con-
tribution of FWC changes in the Amerasian Basin that occupies 61 % of the Arctic Basin. The largest FWC for the entire Arctic
Basin was observed in the 1960s and preceded the negative salinity anomaly that occurred in the North Atlantic in 1960—1970s.
The reduction of the FWC in the Eurasian Basin happened due to the increased Atlantic water inflow since the 1990s that caus-
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es salinification of the upper 100 m layer despite the increased precipitation and river runoff into the Arctic Basin. A freshwater
accumulation occurs in the Beaufort Gyre and the entire Amerasian part of the Arctic Basin. The FWC in the upper 0—100 m
layer of the Beaufort Gyre increased in the 2000—2010s by 36 % compared to that in the 1970s. The largest FWC increase (46 %)
occurred in the upper 50 m layer during this period.

Key words: Arctic Basin, freshwater balance, Atlantic water, low latitudes.

1. Introduction

One of the causes of Arctic warming is an increase in the heat and water vapor supply from low latitudes in winter
[1, 2] associated with large-scale atmospheric circulation, which is affected by anomalies of the sea surface tempera-
ture (SST) [3—6]. The influence of SST is especially significant at low latitudes, where a significant part of the heat
from solar radiation and anthropogenic forcing is stored [7, 8]. SST here also affects the heat and salt transfer to the
Atlantic Arctic seas and the Arctic Basin.

Atlantic waters enter the Arctic Basin through the Norwegian, Greenland, and Barents Seas, and then occupy an
intermediate layer from 150 to 800 meters, indicated by higher temperature and salinity relative to the waters above
and beneath [9, 10]. The Atlantic water (AW) flow and temperature increase affect the structure of water masses in
the Arctic Basin and the heat transfer to the overlying layer and the lower boundary of the sea ice above the main AW
[11,12].

Polyakov et al. [13] found that long-term changes in the Arctic Basin freshwater content (FWC) between the be-
ginning of the 20th century and the 2000s correspond to increases and decreases in the temperature of the AW in the
Arctic region. Modeling results in [14] showed that the inflow of AW explains most of the variability of the FWC in
the upper 1000 m in the model without the freshwater inflows. Findings in [15] also confirm the connection between
changes in the Arctic Basin and the tropical North Atlantic. In the early 1990s, a warming shift occurred in the Arctic
climate system [16, 17], manifested, in particular, as a temperature increase of the water entering the Arctic Basin
from the North Atlantic through Fram Strait [18]. The atmospheric heat and moisture fluxes from the adjacent areas
over the North Atlantic and the Pacific Ocean have also increased [19, 20]. These processes were accompanied by
changes in the temperature and salinity of the Arctic Basin waters driven by the increases in the inflow of AW, river
runoff, precipitation, and ice melting [21].

The warming observed in the early 1990s to the north of the Kara Sea in the waters of Atlantic origin was later
registered throughout the entire Arctic Basin [22]. The distributions of the maximum temperature of the AW layer,
constructed with the oceanographic stations data throughout the 1990s and 2000s [23—25], show a widespread in-
crease in temperature relative to the 1970s, reaching 1.0 °C in the AW flow near the continental slope. The upper
boundary of the AW layer, identified by the zero-isotherm position, shoaled several tens of meters (up to 60 m and
more) relative to its position before the warming. The AW layer’s maximum temperature depth decreased, as well.
The AW lower boundary, also determined by the zero-isotherm depth, sinked, which, combined with the rise of the
upper boundary, indicates an increase in the volume of AW in the Arctic Basin. Such large-scale changes in one of
the layers affected the vertical structure of the entire water column of the Arctic Basin.

The study [26] established changes in the Atlantic origin water layer and the freshwater content in the Arctic
upper layer from the 1970s to the mid-2010s. These changes were traced from the 1950s to the end of the 2010s with
subsequent research. The research employs additional sets of oceanographic data, new field observations, improved
methods of interpolation, and grid construction, as well as estimates of freshwater flow to the Arctic seas and the
basin.

The article presents the results of studies of interdecadal changes in the freshwater content in the upper layer of
the Arctic Basin based on observational data from the 1950s to the 2010s, and also considers the relationship of the
AW inflow into the Arctic Basin with changes in SST in the tropical North Atlantic and inflow estimates affecting the
freshwater content.

2. Materials and methods

In this study, we used oceanographic observations in the Arctic Basin from the 1950s to 2018, obtained during
the Severny Polyus (North Pole) expeditions in the 1950s—1980s and 2000s, in High-latitude Air Expeditions in the
1950s and 1970s, ship expeditions in the 1990—2010s, and with the help of autonomous drifting ITP (Ice Tethered
Profile) buoys in the 2000—2010s. For decades 1950—1980, gridded data of temperature and salinity at standard verti-
cal levels from the Environmental Working Group (EWG) atlas [27] were additionally used. Figure 1 shows the maps
of the oceanographic stations over the Arctic Basin by decades of the 1950s—2010s.
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Fig. 1. Spatial distribution of oceanographic data in the Arctic Ocean by decade. Gridded data from
the EWG atlas [27] is shown in gray. Points indicate oceanographic stations.

Gridded mean fields were constructed with the DIVAnd algorithm [28], which allows a multivariate variational
analysis of observations randomly distributed in space. The DIVAnd interpolation method produces smooth fields
of oceanographic parameters while maintaining the necessary level of details. The ability to take into account the
bathymetry is the advantage of the method, which prevents interpolation across physical boundaries (capes, islands,
etc.). The features of the DIVAnd algorithm are described in detail in the article [28]. The initial data was presented
as a set of oceanographic stations grouped by decade. For each decade, text files were generated containing the date
of the station, its coordinates, the depth of the measurement, and the salinity value. The data were sorted by year and
depth. Preliminary interpolation to standard levels was not performed because DIVAnd allows processing 3-dimen-
sional arrays. To improve the quality of spatial interpolation for decades 1950—1980s, where coverage of the region
with observational data was insufficient, we used data from the EWG atlas [27]. All observational data went through
standard IODE qulity control procedures and were interpolated to grid nodes with the 0.5 degree spatial resolution.
The study area included the entire Arctic Basin with depths greater than 500 m (Fig. 2).

FWC was calculated for the upper layer 0—100 m relative to the salinity of 34.80 %o. The AW layer boundary
positions (depth) were determined by the depth of the zero isotherm.

Precipitation data were obtained from data sets of the GPCC project (Global Precipitation Climatology Center)
[29], data on river discharges — from datasets R-ArcticNet [30], ArcticGRO [31].

The HadISST reanalysis (http://hadobs.metoffice.com.hadsst/) provided SST data in the Arctic with a spatial
resolution of 1 X 1° for the period from 1951 to 2019, and the mean monthly SST in low latitude areas of the World
Ocean was provided by the NCEP project (http://www.cpc.ncep.noaa.gov/data/indices).

Changes in the temperature of water flowing from the Atlantic to the Barents Sea were characterized by tem-
perature changes in the 50—200 m layer in the section along the Kola meridian according to PINRO data [32]
(http://www.pinro.vniro.ru). The water temperature in the Kola section is used as an effective indicator of warming
signal propagation along the AW flow path to the Arctic Basin through the Barents Sea.

The article assesses FWC in the entire Arctic Basin and in its individual parts in accordance with the division into
regions (Fig. 2).

To assess the contribution of freezing-melting processes to changes in FWC, we used the calculation of the ice
cover parameters with the coupled ocean-ice model AARI-IOCM [33]. The model was used to calculate the con-
centration, thickness, ice hummocking, and ice volume. According to the conservation of the volume of ice, the
increase and decrease in the volume are calculated for each annual cycle “freeze-melt” for subsequent use in accor-
dance with the formulas

ve

melt

=VE —VE —ymel (1

min out

27



Anexcees I’ B., Cmupros A.B., ITnowkos A.B., Bazunroea A.E., Kyaaxoe M. IO., [hox H.U.

-1
Vﬁeez = Vrfglax - Vrﬁin + Vojlj;eez ’ (2)
It -1
AV}é‘eez = Vﬁeez - Vrfelt = (Vogteez + V(J’Zte ) - (Vn‘iin - Vrﬁin )’ (3 )

where Visice volume, g is year, melt and fireez are melting and freezing phases, max is maximum and min is minimum
of the ice volume, out is removal from the basin.

3. Results

3.1. Tropical Atlantic SST influence on the temperature of Atlantic water in the Arctic Basin

The analysis of the warming signal propagation from the tropical North Atlantic to the North European Ba-
sin and further to the Arctic Basin leads to the construction of the scheme shown in Fig. 3. Field observations
between 1963 and 2015 were used to form AW temperature time-series for squares smaller than 200 x 200 km in
the Arctic Basin. The center coordinates of the squares are indicated in Fig. 3. The AW maximum temperature of
a given profile within a square was attributed to the center of that square. The obtained time-series of AW annual
temperature values contained gaps, therefore to calculate the correlations, pairs of time-series were formed, taking
the gaps into account.

The SST anomaly in the Fram Strait has a four-year lag compared to the tropical Atlantic during which some inter-
actions between the circulation in the ocean and the atmosphere take place. Further, the anomaly spreads to the Arc-
tic Basin in the AW layer, manifesting itself sequentially at the Arctic Cape (Severnaya Zemlya archipelago), at 80°N,
120°E., and reaches the North Pole area in 5 years. The time lag between Atl and Km (Fig. 3) is 3 years, and between Atl
and Fram is 4 years despite the equal or slightly greater distance from Atl to Km, which is explained by the faster signal
propagation through the Norwegian and Barents Seas due to the peculiarities of atmospheric circulation. Fronts of the
cyclones passing through the Barents Sea generate SW and W winds that accelerate water transfer, while at the back of
the cyclones, the NE and N winds over the Norwegian and Greenland Seas slow down the Wes-Spitsbergen Current
(WSC) transfer. Correlations and lags between anomalies in Fram Strait, the North Pole (NP) region and the point
at 80°N, 120°E do not contradict the condition of transitivity with delays (2+1+2) and (2+1) and correlations (0.63 x
x 0.84 x 0.89 <0.56) and (0.63 x 0.84 < 0.60).

The correlation coefficients 0.60 and 0.56 are given to check the transitivity of correlations and lag times between
points on the diagram. AW between Fram and NP does not propagate directly but follows a trajectory along the con-
tinental slope and the Lomonosov Ridge (as in the Fig. 3).

The average AW temperatures in Fram Strait in different decades (Table 1) show a rapid increase in the 1990s
following an increase in inflow and AW temperature. The same trend is seen in the observations in the WSC off the
coast of Spitsbergen, taken from the site http://www.mosj.no/.

a) b)

0.63(2) 0.84 (1)

0.69 (1) 0.60 (3)

0.63 (4)

Fig. 3. Propagation of warming signal from the tropical North Atlantic into the Arctic Basin: @ — the warming signal propagation

scheme (Atl — area in the tropical North Atlantic, Km — section at the Kola meridian in the Barents Sea, Fram — the Fram

Strait, 93°N 90°E — region with the center at 83°N, 90°E, 80°N 120°E — region at 80°N, 120°E, NP — the North Pole),
b — correlation graph between changes of water temperature in the regions with relevant delays (years in brackets).
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Table 1
Water temperature in the Fram Strait and the West-Spitsbergen Current
in the decades 1920—2010s based on the expedition data
1920s 1930s 1940s 1950s 1960s 1970s 1980s 1990s 2000s 2010s
Tg,, °C 5.30 5.67 — 4.66 4.12 4.26 4.37 5.70 5.94 5.96
Twsc, °C - - - - 4.15 4.26 4.53 5.45% 5.62 5.44

*The value of 2.24 for 1998 excluded when calculating the average over the decade.

3.2. Influence of Atlantic water inflow changes on fresh-water content in the upper layer of the Arctic Basin

The AW contribution to the Arctic Basin water column increased with the inflow, while the volume remained
unchanged, presumably due to a reduction in the thickness of the upper-most dynamic layer. Accordingly, the FWC
of this layer should have decreased. Our calculations of the decadal average FWC in the 0—100 m layer from the
1950—2010s have confirmed this assumption (Fig. 4).

Figure 4 shows a transition to a new distribution of FWC in the 1990s, manifested in a drop in the Eurasian and an
increase in the Amerasian region of the Arctic Basin. During the following two decades, the distribution persists with
a slight FWC increase in the Eurasian and more noticeable growth in the Amerasian Basin. In the 1960s, the FWC
distribution was similar to the 2010s, especially the increased FWC in the Amerasian Basin, which corresponded to
the negative salinity anomaly in the North Atlantic in 1960—1970s [34].

The decrease in FWC in the 1990s in the Eurasian part of the basin occurred under the influence of the AW
inflow, which is confirmed by a salinity increase at a 100 m depth, also registered at 25 m (Fig. 5). In the Amerasian
sector, salinity decreased most of all in the 2000s and 2010s. In the 1960s, a decrease in salinity was most noticeable
in the Eurasian part of the Arctic Basin (Table 2).

Quantitative estimates of the mean over a decade of FWC in the Arctic Basin and its two parts (Fig. 6, Table 3)
confirm the changes found in the spatial distribution of FWC. Figure 6 shows a decrease in FWC in the Eurasian and
an increase in the Amerasian part of the basin in the 1990—2010s with a gradual increase in the average FWC in the
entire basin. More detailed estimates of FWC changes are in Table 3.

Table 2
Mean salinity (%o) at different depths (m) in the upper 100 m layer in two parts of the Arctic Basin
Region Amerasian part Eurasian part
Years 25 50 75 100 25 50 75 100
1950s 29.90 30.65 31.63 32.32 32.31 32.72 33.42 33.97
1960s 30.00 30.56 31.46 32.22 31.36 32.10 33.07 33.79
1970s 30.46 30.93 31.68 32.30 31.82 32.40 33.18 33.79
1980s 30.72 31.01 31.65 32.28 32.07 32.60 33.34 33.85
1990s 29.76 30.33 31.43 32.47 32.83 33.14 33.71 34.22
2000s 28.88 29.73 31.08 32.25 32.72 32.99 33.66 34.34
2010s 28.41 29.43 30.94 32.17 32.78 33.04 33.69 34.38
12+

10

FWC 0-100m, m

1950 1960 1970 1980 1990 2000 2010

I Arctic Basin I A merasian part
[ Eurasian part

Fig. 6. Diagram of mean decadal fresh water content in the
Arctic Basin, Eurasian and Amerasian parts of the Arctic Basin.
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Table 3
Mean decadal fresh water content in the upper layers of the Arctic Basin
(FWC — equivalent layer of fresh water, m)

Region Total Basin Eurasian® Amerasian part* Amerasian/Eurasian
Li{yee;sm 0-100 | 0-50 | 50-100 | 0-100 | 0-50 | 50—100 | 0—100 | 0—50 | 50—100 |0—100| 050 | 50100
1950s 7.64 4.84 2.80 4.27 3.00 1.27 9.55 5.88 3.67 2.24 1.96 2.89
1960s 8.69 5.41 3.28 4.67 3.09 1.58 10.96 6.72 4.24 2.35 2.17 2.68
1970s 7.73 4.67 3.06 4.53 2.87 1.66 9.54 5.69 3.85 2.11 1.98 2.32
1980s 7.50 4.59 2.91 4.66 3.20 1.46 9.10 5.37 3.73 1.95 1.68 2.55
1990s 7.50 491 2.59 3.29 2.36 0.92 9.89 6.36 3.53 3.01 2.69 3.84
2000s 8.41 5.60 2.81 3.22 2.45 0.77 11.35 7.39 3.96 3.52 3.02 5.14
2010s 8.65 5.84 2.81 3.16 2.44 0.73 11.75 7.76 3.99 3.72 3.18 5.47

Changes compared to 1970s,%
1990s -3 5.1 —15 =27 —18 —45 4 12 -8 - - -
2000s 9 20 -8 -29 —15 —54 19 30 3 — — —
2010s 12 25 —8 -30 —15 —56 23 36 4 — — -

*The border between the Eurasian and Amerasian parts of the Arctic Basin runs along the Lomonosov Ridge.

Table 3 shows the difference in FWC between the Eurasian and Amerasian parts of the Arctic Basin in every de-
cade. In 1950—1980, the FWC in the Amerasian part was more than two times higher in the 0—100 m layer, almost
two times in the 0—50 m layer, and about three times in the 50—100 m layer. In the 1990—2010s, the excess increased,
and by the 2010s, it reached almost four times in the 0—100 m layer, more than three times in the 0—50 m layer, and
five times in the 50—100 m layer.

A comparison of FWC in different decades with the 1970s reveals that the most changes happened in the 1990—
2010s. FWC in the Eurasian basin decreased during this period in all three layers, especially in the 50—100 m layer
(56 % in the 2010s). In the Amerasian part, the FWC increased, especially in the 0—50 m layer (36 % in the 2010s). In
this region, FWC expanded significantly in the 1960s (15 % higher than in the 1970s).

The influence of the AW flow on the FWC is especially noticeable in the Nansen and Fram Basins, where the
main AW flow spreads, and in the area of the Beaufort gyre, in which freshwater inflows accumulate [35]. The dia-
gram in figure 7 shows significant changes in FWC in these areas. The decrease in the FWC in the 1990s is more pro-
nounced in the Fram Basin compared to the Nansen Basin, where the FWC was initially lower, but after the 1990s,
the FWC in the basins leveled. On the contrary, in the Beaufort Gyre, there was an increase in FWC, specifically in
the 2000s and 2010s. A noticeable increase in FWC in the area of circulation was noted before, in the 1960s.

Table 4 shows quantitative estimates of the content and changes in FWC from the 1950s to the 2010s.

There was an anomalous FWC decrease of more than 60 % in the 50—100 m layer in the Nansen and a 50 %
decrease in the Fram Basins in the 2000—2010s. At the same time, there was also a decrease in FWC in the upper

FWC 0-100m, m

1950 1960 1970 1980 1990 2000 2010

[ Nansen Basin I Bcaufort Gyre
I Fram Basin

Fig. 7. Diagram of mean decadal fresh water content in the
areas of the greatest changes.
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Table 4
Mean values of fresh water content in the Arctic Basin areas with the greatest changes
(FWC — equivalent layer of fresh water, m)
Region Nansen Basin (NB) Fram Basin (FB) Beaufort Gyre (BG) BG/NB FB/NB
Layer, m |0—100 | 0—50 [ 50—100 | 0—100 | 0—50 | 50—100 | 0—100 | 0—50 | 50—100 | 0—100 | 0—50 | 50—100 | 0—100 | 0—50 | 50—100
years

1950s 348 | 2.57 0.91 5.92 | 3.90 2.02 11.16 | 7.08 4.07 3.20 2.75 4.47 1.70 1.52 2.22
1960s 3.54 | 2.41 1.12 6.73 | 4.26 2.47 12.02 | 7.26 4.76 3.40 3.01 4.24 1.90 1.76 2.20
1970s 3.65 | 2.34 1.32 6.71 | 4.14 2.58 10.78 | 6.52 4.26 2.95 2.79 3.23 1.84 1.77 1.96
1980s 3.72 | 2.70 1.03 6.77 | 4.43 2.34 10.45 | 6.23 4.22 2.81 2.31 4.12 1.82 1.64 2.28
1990s 2.65 | 1.95 0.70 444 | 3.07 1.37 11.78 | 7.37 4.41 4.44 3.77 6.32 1.68 1.57 1.97
2000s 2.62 | 2.10 0.52 4.39 | 3.07 1.31 14.73 | 9.65 5.08 5.61 4.59 9.73 1.67 1.46 2.51
2010s 2.43 | 1.96 0.47 447 | 3.20 1.27 14.65 | 9.43 5.21 6.04 | 4.81 11.17 1.84 1.63 2.72
Change relative to the 1970s,%

1990s =27 | =17 | —47 —34 | =26 | —47 9 13 3 — — — — — —
2000s —28 | —10 | —61 —35 | =26 | —50 37 48 19 — — — — — —
2010s -33 | —16 | —64 —-33 | 23 | 51 36 45 22 - — — — - —

0—50 m layer in both regions. Comparison of the FWC in these basins shows the excess of FWC in the Fram Basin
almost two times in the 0—50 m layer and more than double in the 50—100 m layer. In the 2010s, the ratio slightly
decreased for FWC in the 0—50 m layer and increased for a layer of 50—100 m.

In the Beaufort Gyre, the FWC during the 1950—1980s exceeded the FWC in the Nansen Basin 3—4 times. Later
in the 1990—2010s, it was almost 5 times higher in the 0—50 m layer and 10—11 times in the 50—100 m. During these
years, the most noticeable FWC increase in the gyre relative to the 1970s was registered in the 0—50 m layer (36 %).

3.3. Freshwater inflows into the Arctic seas and the Arctic Basin

Increased freshwater inflows with river runoff and precipitation served as the sources of FWC growth in the
Amerasian sector of the Arctic Basin. On average, the inflow per year is determined primarily by the river run-
off (42 %), then the inflow through the Bering Strait (32 %), and precipitation minus evaporation (26 %) [36].
Aagaard & Carmack (1989) [37] estimated the contribution of river flow to be 56 %, 28 % of the inflow through
the Bering Strait, and 15 % of net precipitation. At the same time, half of the average annual river inflows come
from the three largest Siberian rivers: Ob, Yenisei, and Lena [37]. The total runoff of the three main Siberian
rivers and the largest North American Mackenzie River is about 60 % of the average annual volume of freshwater
entering the Arctic seas [38,39]. There is an increase in the total average annual discharge of six rivers (Ob, Lena,
Yenisei, Kolyma, Mackenzie, Indigirka), and each river average runoff (Table 5), significant in the 2000s and
especially in the 2010s.

The decade average annual runoff increased in the 2000s, reaching 2113 km3yr—!, which is more than 150 km3yr~!
more than in the previous two decades.

Precipitation was calculated for the water area of the Arctic Basin and the adjacent Arctic seas: the Kara, Laptev, East
Siberian, Chukchi, and Beaufort seas, with an area of 8.881 million km? in total. The initial monthly data on precipitation
was averaged over the entire region for each month, summed up over the year, and multiplied by the area of the water area,
and then the average annual precipitation over the decade was derived. The results of the calculation are presented in Table 6.

The combined annual freshwater supply with river runoff and precipitation averaged over a decade is presented
in Table 7.

Table 5
Mean decadal annual runoff of six rivers, km? year—!

Years Ob Lena Yenisei Kolyma Mackenzie Indigirka Total six rivers
1980—1989 376 548 582 98 273 53 1930
1990—1999 405 532 613 105 283 53 1991
2000—2009 417 590 641 106 304 55 2113
2010—-2019 419 590 579 109 280 56 2033
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Table 6

Mean decadal annual precipitation (km3/year) at the Arctic Basin
and Arctic seas water area based on three monthly precipitation data arrays

Decade GPCC ERAS Observations
1980—89 2317 3010 2188
1990—-99 2208 3056 2209
2000—09 2482 3094 2281
2010—19 2860 3217 2312

Table 7

Mean decadal annual river runoff (km3/yr) of six largest rivers (Ob, Lena, Yenisei, Kolyma, Indigirka,
Mackenzie), flowing into the Arctic seas, and annual precipitation (km3/yr) at the water area
of the Arctic Basin and Arctic seas, calculated by data of GPCC data array

Decade Annual runoff Annual precipitation — evaporation Supply
1980—1989 1930 1483 3413
1990—1999 1991 1413 3404
2000—2009 2113 1588 3701
2010—-2019 2033 1830 3863

The precipitation volume is reduced by the losses from evaporation. In the work of Serreze et al., 2006, precipi-
tation is estimated at 3300 km?/year, and evaporation is 1200 km?/year. The evaporation / precipitation ratio is 0.36.
Then (P-E) = 0.64 R. We used this ratio to calculate (P-E) in Table 7.

The contribution of sea ice melting is the difference between summer melting and winter freezing. This difference
was calculated from the ice-cover parameters with the joint ocean-ice model AARI-IOCM [33, 40] and appeared to
be negative for the entire Arctic Ocean, i.e. more ice freezes over a year than it melts. According to formula (3), the
excess of the ice buildup is equal to the annual removal of ice minus the increase in summer ice melting. In a stable
climate, the growth of melting is zero, and with warming, it increases.

Table 8 shows the calculation results of the average annual volumes (103 km?) of ice melting in the Arctic Ocean
over a decade.

Obviously, the average annual increase in ice melting over a decade in Table 8 is a small fraction of the annual ice
removal through Fram Strait, equal to 2400 + 640 km?according to the estimate [41].

For the Beaufort Gyre, the ice-melt contribution estimate to the desalination of the upper layer was 50 % [42].
Our estimates of changes in ice volume in the area of the Beaufort Gyre (71—80°N, 130—160°W) based on the AARI—
IOCM model did not show a noticeable excess of winter growth over summer melting.

Average for the 1980—2019s, the melting excess over freezing in the Beaufort Gyre averages 15 km?in the annual
cycle. The maximum summer melting surplus of 420 km?3 was obtained for 2008. The estimates are calculated without
accounting for the export of ice outside the gyre, which alternatively would raise the estimates of summer melting.

The accumulation of freshwater observed in the last two decades in the gyre is primarily supplied from external
sources: from precipitation, river runoff (Tables 5—7), water from the Pacific Ocean, also ice melting in the Chukchi
and East Siberian seas, where an excess of melting over freezing was simulated on the model.

4. Discussion

Estimates of FWC changes in the 2000—2010s relative to the 1970s in the 0—100 m layer in the Arctic Basin and
its parts (Table 9) show a climatic shift in FWC from the cooling period in the 1970s to warming in the 2000—2010s.

Table §
Mean decadal annual volumes (km?)

of ice melting rise (V"” l_ps ) in the Arctic Basin

min min

AVelr
1981—-1989 153
1990—1999 41
2000—2009 359
2010—-2017 127
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Table 9
Changes of mean fresh water content (AVy,) in the layer 0—100 m
of the Arctic Basin and its parts since 1970s till 2000—2010s

No Arctic Basin region Area, km? AVy,, km? AV, %

1 Arctic Basin 4194402 3356 10.3

2 Eurasian part 1626154 -2179 -29.6

3 Amerasian part 2568248 5162 21.0

4 Beaufort gyre 740412 2895 36.3

Changes in FWC between the 1950—1980s and the 2000—2010s are not associated with calculation errors of the
decadal averages, which are small due to the large dataset (more than 10,000) of FWC values averaged in each decade
at individual points. As a result, the standard deviation of the decadal averages (0.21) is an order of magnitude greater
than the errors of the averages (0.011).

FWC in the upper 100 m layer of the Arctic basin in the 2000—2010s increased by 10 % compared to the 1970s. At
the same time, in the Eurasian part of the basin, FWC decreased by 30 %, and in the Amerasian region, it increased
by 21 %. On average, the growth of FWC prevailed in the entire basin due to the biggest FWC contribution from the
Amerasian region, which occupies 61 % of the basin area. In the Beaufort gyre, FWC increased in the 2000—2010s by
36 % compared to the 1970s. In the study of Proshutinsky et al. [44], the FWC increase in the gyre from the 1970s to
the 2003—2018s is estimated as 40 %.

The highest FWC in the entire basin was obtained in the 1960s, preceding the negative salinity anomaly in the
North Atlantic in the 1960—1970s [34]. Moreover, the greatest decrease in salinity during this period was registered
in the Eurasian Basin (Table 2).

The largest FWC drop (more than double compared to the 1970s) occurred in the 50—100 m layer of the Eurasian
Basin in the 2000—2010s. The drop was caused by the salinity increase in the layer located above the AW (Fig. 5).
The influence of the AW on the FWC decline in the 50—100 m layer is most noticeable in the Nansen Basin, through
which the AW passes. Here FWC in the 2000—2010s decreased by more than 60 % (Table 4). In-situ observations
during these years along a transect near the continental slope of the Nansen Basin reflected the rise of the upper
boundary of the AW and an increase in salinity in the overlying layer (Fig. 8).

A gradual increase is apparent in the AW temperature and the rise of the upper and deepening of the lower 0-iso-
therms, demarcating the growing AW layer. The upper intermediate layer between AW and desalinated near-surface
water becomes saltier. These changes were caused by an expanded inflow of saltier and warmer AW, which increased
in the 1990s, concurrent the most noticeable increase in salinity at the 100 m, and the corresponding decrease in
FWC (Fig. 4, 5, 7). Subsequently, the increased inflow of AW was retained, and heat and salt from the expanded AW
layer gradually spread into the overlying layer, suggesting the “atlantification” of the upper layer in the Eurasian part
of the Arctic basin [43, 44]. An increase in the AW volume also contributed to a reduction in the FWC in the upper
layer resulting from a decrease in its thickness [26].

In the Fram Basin, to the north of the Nansen Basin, the reduction in FWC in the 50—100 m layer was 50 %.
Initially, the FWC in the 0—50 m layer was more than 1.5 times higher in the Fram Basin, and in the 50—100 m layer,
it was 2—2.5 times higher than in the Nansen Basin due to the difference in salinity. First, this salinity distribution
feature in the upper layer of the Arctic Basin near the continental slope was described by N.N. Zubov (1944) [45],
who explained its origin by winter mixing with the underlying Atlantic waters. Later A.F. Treshnikov (1959) [46] also
noted, based on more complete data, high salinity values near the continental slope of the Kara and Laptev Seas. In
the outermost part of the Fram Basin, near the North Pole, the upper intermediate layer also became slightly saltier,
and the freshwater content in the 2000s and 2010s decreased relative to the 1970s. Most of all (46 %) FWC increased
in BG during this period in the upper 50 m layer. The increase in the FWC in the gyre is associated with the anticy-
clonic effect of wind [35, 47], melting of sea ice [42], the runoff of the Mackenzie River [48], and the inflow of the
Pacific Ocean [49, 50].

The data in Table 9 confirmed the decrease in FWC in the Eurasian Basin, despite the increase in precipitation
and river runoff into the Arctic Basin resulting from the increased inflow of Atlantic water since the 1990s and sali-
nization of the upper 100-meter layer. According to our estimates (Table 7), the freshwater inflow from runoff and
precipitation increased in the 2010s compared to the 1980s by 450 km? per year (13 %) on average. Freshwater accu-
mulates in the Beaufort Gyre and throughout the Amerasian Basin. In the 1960s, freshwater also accumulated in the
same regions. The outflow of freshwater and ice through the Fram Strait caused the “great salinity anomaly” in the
North Atlantic [34].
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5. Conclusion

Decadal changes in the content and inflow of freshwater into the upper 100-meter layer of the Arctic Basin from
the 1950s to the 2010s were evaluated for the first time.

The results show that the freshwater content (FWC) in the upper layer of the Arctic Basin by the 2000—2010s
expanded relative to the 1970s by 10 %. At the same time, FWC decreased in the Eurasian and increased in the Am-
erasian regions of the basin. The growth prevailed due to the contribution of the Amerasian region, which occupies
61 % of the basin area. The highest freshwater content in the entire basin was registered in the 1960s, preceding the
negative salinity anomaly in the North Atlantic in the 1960—1970s.

The decrease in FWC in the Eurasian Basin resulting from an increased inflow of Atlantic water since the 1990s
and a related increase in temperature and salinization of the upper 100 meter layer, despite an increase in precipita-
tion and river runoff into the Arctic Basin.

The rise in inflow and temperature of Atlantic water in the Arctic Basin begins in the tropical North Atlantic.

Freshwater accumulates in the Beaufort Gyre and throughout the Amerasian Basin. In the Beaufort Gyre, FWC
in the 0—100 m layer increased in the 2000—2010s by 36 % compared to the 1970s. The most significant increase of
FWC (46 %) occurred during this period in the upper 50 m layer.

The average annual inflow from six rivers (Ob, Lena, Yenisei, Kolyma, Mackenzie, Indigirka) was increasing, as
is the inflow from precipitation- evaporation difference. The total average annual inflow increased from the 1980s to
the 2010s by 450 km?3/year.

Based on the calculation of the ice cover parameters on the joint ocean-ice model AARI-IOCM, the contri-
bution of sea ice melting to the freshwater balance of the Arctic Basin was estimated. In a year, ice freezing exceeds
melting by the amount of annual ice removal from the basin minus the growth of summer ice melting. With a stable
climate, the increase in melting is equal to zero. During the observed warming since 1980, it increased on average by
0.17 + 0.14 km?3/year, and in the 2000—2010s by 0.24 + 0.14 km?/year.
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Fig. 2. Geographical areas of the Arctic Basin: ¢ — Eurasian part,
b —Amerasian part, c — Nansen Basin, d — Fram Basin.
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Fig. 5. Water salinity in the Arctic Basin in the decades 1950—2010s at the layers of 25 and 100 m.
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Fig. 8. Water temperature and salinity based on CTD measurements on the continental
slope of Nansen Basin in the area of 125° E in 2002—2016.
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