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Abstract

A halocline in the Arctic Ocean significantly slows the upward heat flux from deep warm water, thereby inhibiting the
melting of surface sea ice. The western Arctic Ocean exhibits a double-halocline (DH) structure due to the complexity
of the water mass. Using in situ measurements, we analyzed the vertical structural characteristics of DH and its
interannual variation. The results indicated that the DH primarily occurs at the Northwind Ridge and the southern
Canada Basin, extending westward to the Chukchi Abyssal Plain and northward to the northern boundary of the Canada
Basin. From 2002 to 2022, there were changes in water masses that determined the structure of the DH. The significant
increase in Pacific Water has resulted in 42% and 65% increases in freshwater and the heat content of the DH,
respectively, along with a 14% reduction in stratification. Pacific Winter Water characterized by salinity of 33 has
exhibited a gradually decreasing trend, suggesting that the lower halocline may be difficult to ventilate. The combined
effects of Ekman pumping, mesoscale eddies, and positive buoyancy forcing (heat and freshwater input) from Pacific
Water have altered the thickness and stratification of the DH. This study has enhanced our understanding of the
evolution of vertical heat flux in the upper western Arctic Ocean.
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1 Introduction within this depth range averaged over the 21st century
(Shu et al., 2022). This has resulted in a persistent decline

The Arctic Ocean, the smallest of the world’s oceans, in the extent of the summer sea ice, reaching a historic

is connected to the Pacific Ocean through the Bering
Strait and to the Atlantic Ocean via the Fram Strait, the
Barents Sea opening, and the waterways among the Arc-
tic Archipelago. The inflow into the Arctic Ocean is com-
posed of high-salinity Atlantic Water (AW) and low-salin-
ity Pacific Water. The Arctic Ocean is currently undergo-
ing unprecedented warming (Zhao et al., 2015), with the
upper 2 000 m warming at 2.3 times the global mean rate

minimum of 3.34 x 10% km? in 2012 (Liu, 2022). The ex-
tent of sea ice in September 2020 was only half the aver-
age from 1979 to 2000 (Ye et al., 2024). In addition to so-
lar radiation, the warm water inflow from the Atlantic
constitutes a critical source of heat that influences the
melting of sea ice (Shimada et al., 2006). After entering
the Arctic Ocean, AW moves in a cyclonic manner along
the continental slope as a boundary current. The substan-
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tial amount of heat the water carries affects the thermal
balance of the Arctic Ocean, thereby contributing to the
rapid retreat of sea ice (Zhang et al., 1998; Polyakov et al.,
2010). As AW flows deeper, its heat progressively dissi-
pates, establishing a pronounced halocline structure be-
tween the cold, fresh surface water and the warm, salty
AW. This halocline is important for providing a density
barrier trapping heat from the AW at depths away from
the ice throughout the Arctic (Toole et al., 2010). If the
halocline weakens or disappears, a substantial volume of
meltwater will enter the North Atlantic, hindering deep
water formation and consequently weakening the strength
of Atlantic Meridional Overturning Circulation (Lin et al.,
2023a). The strength of the halocline may serve as a nov-
el indicator of climate change in the Arctic Ocean
(Polyakov et al., 2018). The vertical structure of the halo-
cline and its role in the variation of sea ice have become
central topics in Arctic studies.

The Arctic Ocean is divided into the western Arctic
Ocean and the eastern Arctic Ocean along 0° and 180°
meridians. The eastern Arctic Ocean is characterized by a
single vertical permanent halocline, called as cold halo-
cline, whereas the western Arctic Ocean exhibits distinct
halocline structure: a summer halocline, an upper halo-
cline (UH), and a lower halocline (LH) in order from top
to bottom. The summer halocline, commonly known as
the seasonal halocline as it occurs exclusively in summer,
is positioned between cold, fresh surface water (compris-
ing sea ice meltwater and river freshwater) and warm,
salty Pacific Summer Water (PSW). The UH is located
between PSW and Pacific Winter Water (PWW). Pacific
Water entering the Arctic Ocean via the Bering Strait
sinks beneath the surface water and is subsequently trans-
ported laterally into the Beaufort Gyre (Timmermans
et al., 2014, 2017). The sinking depth of Pacific Water
varies between summer and winter. In winter, PWW be-
comes denser due to the formation of ice and brine rejec-
tion from coastal polynyas, ultimately sinking beneath the
PSW (Weingartner et al., 1998; Shimada et al., 2005). The
LH is positioned between the PWW and AW. AW from
the Fram Strait and the Barents Sea opening is character-
ized by higher salinity than PWW, and thus, it will sink
upon reaching the Beaufort Sea (Steele et al., 2004).
Therefore, permanent double-halocline (DH), including
UH and LH, formed by the advection mechanism that per-
sists year-round (Aagaard et al., 1981; Shi et al., 2005).

The variation in the DH in the western Arctic Ocean is
linked to processes at different spatial scales. Atmospher-
ic forcing, the Arctic Oscillation anomaly, and increased
glacial meltwater all contribute to changes in the salinity
of surface seawater, subsequently resulting in variation in
the halocline. In the southern Canada Basin, the clock-
wise-rotating, wind-driven Beaufort Gyre effectively traps
a substantial amount of freshwater (McPhee et al., 2009).
Darby and Bischof (2004) found that the Arctic Oscilla-
tion influenced the pathway of the transpolar drift, there-
by affecting the drift trajectory of thick ice within the

Beaufort Gyre and consequently influencing the freshwa-
ter content of the halocline. Climate warming has acceler-
ated the melting of continental glaciers in Alaska, result-
ing in the freshening of Pacific Water (Chan et al,
2011). Based on long-term observational mooring data de-
ployed at the Bering Strait, PWW is freshening at a rate of
0.03 per year in salinity, a rate that could influence the
ventilation of the halocline. In addition, convective pro-
cesses (Shimada et al.,, 2006; Woodgate et al., 2010),
along with diffusion and double-diffusion phenomena
(Bourgain and Gascard, 2011), contribute to alteration in
the vertical structure of the halocline.

Significant changes have occurred in the DH due to
the rapid decrease in sea ice and the increase in the heat
content in the upper ocean. Further investigation is re-
quired to understand the mechanisms influencing the
changes in the depth and thickness of the DH. Since the
stratification of the halocline and the changes in the verti-
cal heat flux through the DH have not been evaluated, we
addressed these issues in the present study using compre-
hensive in situ hydrographic information and reanalysis
data from 2002 to 2022. Section 2 describes the data and
methods. Section 3 shows the variability of the DH and its
corresponding influencing factors. The main conclusions
are summarized in Section 4.

2 Data and methods

2.1 In situ measurements

The study area was divided into four regions based on
topographical and circulation characteristics: the Chukchi
Abyssal Plain (CAP), the Northwind Ridge (NwR), the
northern Canada Basin (NCB), and the southern Canada
Basin (SCB) (Fig. 1). The NwR and SCB are located at
the center of the Beaufort Gyre, whereas the CAP and
NCB are located at the edges of the gyre. We collected
various in situ measurements of the western Arctic Ocean
from 2002 to 2022 (Table 1). The principal scientific
projects included the Chinese National Arctic Research
Expedition (CHINARE), the Beaufort Gyre Exploration
Project (BGEP), Ice Tether Profilers (ITP), the Unified
Database for Arctic and Subarctic Hydrography
(UDASH), and the World Ocean Database (WOD). Fig-
ure 1 depicts the distribution of the stations involving the
DH structure from 2002 to 2022.

2.2 Reanalysis data

To quantify the interannual variability of the halo-
cline, we used the GLORYS12 monthly global ocean re-
analysis product provided by the Copernicus Marine Envi-
ronment Monitoring Service. This product has a horizon-
tal resolution of (1/12°) and comprises 50 vertical levels.
Since the depth of the halocline is directly affected by Ek-
man pumping, we selected multi-source reanalysis data
products to calculate the velocity of Ekman pumping and
performed linear interpolation to obtain a monthly aver-
aged dataset with a spatial resolution of 0.25° (latitude) x
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Coverage of the composite historical in sifu dataset. There are 5 166 stations showing the double-halocline

(DH) structure from 2002 to 2022 with a wide distribution in 2008. CS: Chukchi Sea; BS: Beaufort Sea; CAP: Chukchi
Abyssal Plain; NwR: Northwind Ridge; NCB: northern Canada Basin; SCB: southern Canada Basin.

Table 1. Summary of historical in sifu hydrographic data

Projects Year Source
CHINARE 2003-2020 http://www.chinare.org.cn
BGEP 2003-2022 http://www.whoi.edu/beaufortgyre
ITP 2004-2022 http://www.whoi.edu/itp
UDASH 2002-2015 https://doi.pangaea.de/10.1594/PANGAEA.872931
WOD 2002-2022 http://www.ncei.noaa.gov/products/world-ocean-database

0.75° (longitude). The sea ice concentration and surface
wind speed at 10 m were obtained from ERAS released by
the European Centre for Medium-Range Weather Fore-
casts (ECMWF); these data have a spatial resolution of
0.5° x 0.5° and a temporal resolution of 1 month. Sea ice
drift data were obtained from Polar Pathfinder Daily
25 km EASE-Grid Sea Ice Motion Vectors, Version 4 re-
leased by the National Snow and Ice Data Center; the da-
ta have a spatial resolution of 25 km x 25 km and a tem-
poral resolution of 1 month. Dynamic ocean topography
(DOT) was obtained by a monthly averaged dataset pro-
duced by Armitage et al. (2020) that has a monthly (annu-
al) average uncertainty of 1.1 cm (0.9 cm). The DOT fea-
tures a spatial resolution of 0.25° (latitude) x 0.75° (longi-
tude) and covers a range from 70.0°N to 81.5°N. The tem-
poral resolution is 1 month, and the temporal range ex-
tends from 2003 to 2020.

2.3 Methods for determining DH boundaries

Although isohalines and isopycnals have commonly
been used to delineate the boundaries of the halocline
(Rudels et al., 1996; Korhonen et al., 2013; Polyakov
et al., 2020), the freshening of Pacific Water (Woodgate
and Peralta-Ferriz, 2021) introduces errors using these
methods on a time scale of decades. According to Berto-
sio et al. (2022), the boundaries of the UH are determined
based on the core location of the water masses. The in situ
observations suggest that the UH can form when the tem-
perature difference between the PSW and PWW exceeds
0.3°C. Therefore, the top boundary of the UH is deter-
mined by the core of the PSW (Fig. 2), specifically at the
depth of temperature maximum within the salinity of
29-33 and deeper than 40 m. The PSW core is primarily
composed of Alaska Coastal Water (ACW, 29-32.2 in
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salinity), with minor proportions of summer Bering Sea
Water (BSW, 29.2-33 in salinity) (Steele et al., 2004).
ACW is regarded as the PSW core when both water mass-
es are present, whereas BSW becomes the PSW core only
due to a lack of ACW. The bottom boundary of the UH,
which also serves as the top of the LH, is defined by the
PWW core, identifying the temperature minimum within a
salinity of 32.7-33.3.

The base of the LH was determined using the density
gradient ratio (R) proposed by Bourgain and Gascard
(2011). This ratio is defined as a function of both the tem-
perature and salinity gradients:

R = aAT/(BAS), ey

where o represents the thermal expansion coefficient;
B denotes the saline contraction coefficient; AT and AS
indicate changes in temperature and salinity in 1 m inter-
vals. A smaller R value indicates a stronger salinity gradi-
ent but a weaker temperature gradient, a key characteristic
of the structure of a halocline. The observational data in-
dicated that R = 0.05 yielded the best fit for the LH base.

2.4 Quantification of DH characteristics

The accumulation of freshwater content (FWC) and
heat content (HC) within the halocline influences the ther-
modynamic and dynamic processes in the upper ocean,

thereby affecting the large-scale thermohaline circulation.
Freshwater content is defined as

FWC = j (St —5)/Sdz, @)

where z; represents the depth of the halocline bottom; z,
denotes the depth of the halocline top; S, isthe refer-
ence salinity of 34.8.

Heat content is defined as

HC = [ pCy(0—)ds, 3)

where p represents the density of seawater; 6 and 6; are
the potential temperature and freezing point, respectively.
C, 1s the specific heat capacity of seawater, a function of
the salinity and potential temperature.

Given that the DH in the western Arctic Ocean com-
prises multiple water masses, the Brunt-Vaisild Frequen-
cy (N?), also known as the buoyancy frequency, was cal-
culated to evaluate the stratification of the water column:

N? = —gdp/pdz, ©)
Niean = [, e/, ®)

where g is the acceleration of gravity; p indicates the den-
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Fig. 2. Typical profiles of salinity (shown in blue; the top x-axis of the left panel), temperature (shown in red; the
bottom x-axis of the left panel), and buoyancy frequency (shown in black; right panel) for a single cast at a station
(76.0°N, 140.0°W) on August 21, 2007. The DH is delimited by horizontally shaded segments. Water masses are
schematically plotted in the middle panel. SW: Surface Water; PSW: Pacific Summer Water; PWW: Pacific Winter
Water; AW: Atlantic Water; SH: Summer Halocline; UH: Upper Halocline; LH: Lower Halocline.
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sity of seawater; Ak is the difference between z; and z,.
Vertical heat flux (F,) caused by diapycnal mixing is
defined as

Fh = pCpk(61 = 62)/(z1 — 22), (6)

where p represents the density of seawater; ¢, is the poten-
tial temperature at the halocline bottom; 6, is the potential
temperature at the halocline top. k is the diapycnal diffu-
sivity, here we assume a constant k = 2 x 107¢ m2/s (Lique
etal., 2014).

Ekman pumping can affect the boundaries of the DH
via vertical movement of the water parcels; this is numeri-
cally equivalent to the stress curl acting on the ocean sur-
face (Hibler III, 1979; Hibler III and Bryan, 1987). In
open water, the ocean surface stress 7, is a function of the
surface wind speed U,. According to Zhong et al. (2018),
the ocean surface stress 7, in regions covered by sea ice is
a function of the difference between ice motion Ui, and
geostrophic flow U, below the Ekman layer. We neglect-
ed the vertical variation in Ekman pumping (Kenigson
et al., 2021), and the resulting formulas were as follows:

e = VX Total/ (fow) (7
Tiotal = ATio + (1 = @)Tho, ®)
Tao =paCy ljs ljs» )

- —
Uice = Uoce

[(ﬁice - ljoce)cosﬁ+lz>< (ﬁice - ljoce)sinﬁl,
(10)

Tio = pwCiw

where o is the ice concentration; the air density p, =
1.25 kg/m3; the atmospheric drag coefficient ¢; =
1.25 x 1073; the seawater density p, = 1 023 kg/m3; and
the ice-ocean drag coefficient C;, = 5.5 x 1073. Since U oce
is positioned beneath U, a reversal of the angle (i.e.,
25°) is necessary to define the relationship between the
two (Zhong et al., 2018).

Ekman pumping gives rise to a baroclinically unsta-
ble tilt of isopycnals, generating mesoscale eddies that re-
duce their slope via along-isopycnal fluxes. Consequently,
the total transport in an isopycnal layer is known as the
residual mean defined by ¥* = ¥ + ¥*. The residual circu-
lation ™ through a layer has a component eddy-induced
circulation ¥* in addition to the Eulerian mean ¥ because
there can be correlations between the lateral flow and the
thickness of the layer, leading to a significant bolus trans-
port (Timmermans and Marshall, 2020). Meneghello et al.
(2017) showed that if the lateral transport of Pacific Wa-
ter is ignored, the residual circulation within the steady
Beaufort Gyre is small enough to maintain an equilibrium
between ¥ and ¥*. The Eulerian mean circulation can be
expressed in terms of Ekman pumping as ¥=7/(p,f). The
eddy-induced circulation can be represented by the hori-

zontal buoyancy flux as ¥* = Vb /(0b/dz). This leads to
Vb =—Kp(db/0r), resulting in ¥* = KplI. Here, I denotes
the slope of the halocline, and Kp represents the eddy dif-
fusion when the residual circulation is zero. Ultimately,
we could derive a formula

I'=-7/(Kppof), (1
which indicates that the slope of the halocline is jointly
determined by surface stress and the eddy buoyancy diffu-

sivity.
3 Results and discussion

3.1 Spatial distribution of the DH

Figure 1 shows that the spatial coverage of the DH
over the western Arctic Ocean is primarily centered
around the Northwind Ridge and the southern Canada
Basin. The UH is composed of PSW and PWW, whereas
the LH is composed of PWW and may also include a mi-
nor proportion of AW in certain areas. There is a strong
correspondence between the DH and N2, with the UH
demonstrating low N? values and the LH exhibiting high
N? values (Fig. 2). This phenomenon can be attributed to
the differences in temperature and salinity between the
PSW and PWW. During winter, the PWW becomes
denser due to the formation of ice and brine rejection in
polynyas, resulting in the formation of the LH. The verti-
cal density gradient of the PWW is more pronounced than
that of the PSW, resulting in the water column being less
susceptible to displacement.

Given that hydrographic stations in 2008 were dis-
tributed widely in the West Arctic Ocean (Fig. 1), we
chose this year to examine the differences in the DH
across the four regions. The results showed the DH oc-
curred at a depth of 41-257 m in 2008 (Figs 3a—c), with
the UH exhibiting a thickness of (97 + 36) m and the LH
being approximately (55 + 21) m thick. From CAP and
NCB to NwR and SCB, the DH deepened from 41-177 m
to 98-257 m. These spatial distributions reflected the fun-
damental characteristics of the Beaufort Gyre. In 2008,
the center of the Beaufort Gyre was situated in NwR and
SCB, where Ekman transport caused a substantial accu-
mulation of freshwater, leading to increased sea surface
height and downwelling (Shimada et al., 2005). Conse-
quently, the halocline was deeper in NwR and SCB than
in CAP and NCB. Furthermore, the strength of down-
welling was influenced by surface wind, the concentra-
tion of sea ice, and geostrophic flow. In 2008, the total
stress input led to an Ekman pumping velocity twice the
climatological average (Figs 3h and 1), resulting in a deep-
er DH.

The thickness of the DH did not have a consistent spa-
tial distribution with depth. In 2008, both UH and LH
reached their maximum thickness at NwR, gradually de-
creasing toward the surrounding regions (Fig. 4). The dis-
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crepancy between the locations of maximum halocline
thickness and maximum Ekman pumping velocity indicat-
ed that the central position of the Beaufort Gyre was not
the main factor influencing halocline thickness. Further-
more, a BSW-type DH structure was present in NCB,
leading to a thicker and deeper UH.

3.2 Interannual variation of the DH

From 2002 to 2022, the regionally averaged depth of
the UH showed a generally increasing trend, but there was
significant phase variation (Figs 5a and b). Between 2002
and 2008, the UH and LH deepened rapidly by (36 + 11)
m, while both exhibited only minor fluctuations in the fol-
lowing 14 a until 2022. During the same period, the thick-
ness of the UH across the four regions increased by (31 +

14) m, exhibiting a trend similar to the UH depth (Figs 5c
and d). The changes in the thickness of the LH were par-
ticularly notable, being characterized by a sharp decrease
from 2002 to 2007, a rapid increase from 2007 to 2010,
and a gradual decrease from 2010 to 2022. Between 2002
and 2010, the LH thickness exhibited a reverse pattern,
whereas the UH thickness consistently demonstrated a
trend of stable increase. This indicates that the UH and
LH thickness are not in a compensatory relationship,
thereby ruling out the possibility of the LH water cross-
ing into the UH.

In the four regions, the freshwater content of the
UH was nearly three times that of the LH (Fig. 5¢). Ac-
cording to Eq. (2), two factors jointly influence the fresh-
water content within the DH: seawater salinity relative to
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34.8 and the thickness of the halocline. However, the latter
was the primary factor, as indicated by the Pearson corre-
lation of 0.91. Lin et al. (2023a) pointed out that from
2003 to 2019, the total freshwater content in the seasonal
and permanent halocline increased from 14.6 m to 20.0 m,
with an increase of 37%. We found that the average fresh-
water content of the UH increased from (6.7 + 2.4) m to
(9.5 £ 3.8) m from 2002 to 2022 due to an increase in
thickness. This 42% increase reflects the significant fresh-
ening of Pacific Water. Although the freshwater content
of the LH experienced fluctuations between 2002 and
2010, the level gradually recovered to (2.0 £ 0.2) m in the
subsequent period (Fig. 5f). The heat content of the UH
increased from (2.1 + 0.3) x 108 J/m?2 in 2002 to approxi-
mately (4.0 + 1.4) x 108 J/m2 in 2022 (Fig. 5g). This near-
ly 100% increase indicated significant warming of Pacific
Water. Timmermans et al. (2018) attributed this warming
effect to the melting of sea ice in the Chukchi Sea and the
increase in solar radiation entering the surface ocean in
summer. The heat content of the LH did not change no-
tably during this period (Fig. 5h).

3.3 Mechanisms of influencing depth and thick-
ness of the DH

3.3.1  Equilibrium between Ekman pumping and
mesoscale eddy activity
We could estimate the slope of the halocline using sur-
face stress and the eddy buoyancy diffusivity according to
Eq. (11). However, Kp cannot be measured directly.
Zhong et al. (2019a) calculated the actual eddy diffusivity

K; in the Beaufort Gyre from 80 m to 400 m using clima-
tological data, and they chose a constant value of 500 m2/s
as the typical eddy diffusivity, assuming that there is no
additional lateral advection or injection of PWW. Thus,
Ah = TAL/(Kppof) = 27 m, where 7 = 5 x 1073 N/m2, 5 =
1.5 x 104 S71, Kp = 500 m%/s, and AL =400 km (the ra-
dius of the Beaufort Gyre). The results were generally
consistent with observational data. The difference in the
depth of the LH between the central region (NwR and
SCB) and the edge region (CAP and NCB) of Beaufort
Gyre is (32 + 16) m (Fig. 6). Therefore, on a climatologi-
cal timescale, the balance between Ekman pumping and
mesoscale eddy activity governs the intensity of depres-
sion of the halocline across different regions.

Analysis of the interannual variation of the halocline
identified a strong correlation between the Ekman pump-
ing velocity and the upper boundary depth of the UH
(Fig. 6). In NwR, NCB, and SCB, the Pearson correla-
tions exceeded 0.60, with SCB reaching as high as 0.81.
These strong correlations indicate that Ekman pumping
predominates for the upper boundary depth of the UH.
Furthermore, the LH is sensitive to upper ocean pressure
due to its relative thinness. From 2002 to 2007, the sea ice
conditions in the western Arctic transitioned from multi-
year ice to first-year ice, accompanied by a strengthening
of surface winds. This change increased the total stress
curl input into the ocean and enhanced Ekman pumping
(Zhong et al., 2019b), leading to a decrease in the thick-
ness of the LH (Figs 5d and 6). After 2007, both sea ice
and wind speed gradually returned to normal climatologi-
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and heat content (HC) (g and h) of the upper and lower haloclines during the period 2002-2022.

cal levels, and the thickness of the LH also recovered to
(50 £ 7) m.

From 2002 to 2022, there was a stable deepening trend
of the LH in the four regions that cannot be explained by
Ekman pumping (Fig. 6). The average deepening rate of
the upper boundary was (3.1 £ 0.3) m/a; the lower bound-
ary was (2.7 = 0.5) m/a. We think this phenomenon may
be related to the positive buoyancy forcing of Pacific Water.

3.3.2 Buoyancy forcing from Pacific Water

The newly ventilated Pacific Water that determines
the structure of DH becomes warmed by solar radiation
and freshened by melting sea ice. We selected a long-span
station (78.0°N, 140.0°W) for the period 20042018 to il-
lustrate the impacts of positive buoyancy forcing (Fig. 7).
The PWW core deepened from (132 + 9) m to (173 + 6)
m. In the long term, the newly ventilated Pacific Winter
Water (NPWW) became fresher and warmer, resulting in
a shallower neutral buoyancy depth. The old Pacific Win-
ter Water (OPWW) demonstrating an oxygen minimum
(Fig. 7d) sank due to the intrusion of the NPWW. Also,

newly ventilated Pacific Summer Water (NPSW) occu-
pied the position originally held by old Pacific Summer
Water (OPSW), leading to the sinking of OPSW.

In fact, not only is the Pacific Water at this station be-
came fresher and warmer, but the entire Western Arctic
Ocean was undergoing this change. Based on the trends of
the DH thickness, we selected 2003—-2007 and 2016-2020
for comparative analysis. The in situ data and GLORYS12
were utilized to calculate the thickness of the UH and LH,
with results shown in Table 2. In the four areas, the halo-
cline thickness error between the two data sets is less than
11%. Therefore, we thought GLORYSI2 could reflect
changes in Pacific Water volume, providing a basis for a
more detailed assessment.

For each grid in GLORYS12, the volumes of water
masses within 40-400 m were calculated with a resolu-
tion of AS, = 0.1, and the volumes corresponding to the
same salinity were aggregated. We can see an increase in
the volume of low-salinity water, which is the manifesta-
tion of freshening in the PSW (Fig. 8). The volume series
of water masses for the two periods was then differenced.
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Fig. 7. Profiles of temperature (a), salinity (b), density anomaly (c), oxygen concentration (d), and buoyancy frequen-
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The results showed that the core salinities of OPSW and
OPWW we calculated from in situ data (red and blue dots
in Fig. 9) corresponded precisely to the minimum volume
differences in CAP, NwR, and SCB and that the core
salinity of NPSW corresponded to the maximum volume
difference. This indicated that GLORYS12 effectively

captured the freshened Pacific Water in these three re-
gions. However, for NCB, there was a lack of correspon-
dence between the core salinity and the peak volume dif-
ference. Additionally, the volume of the water masses cor-
responding to 33—34 in salinity exhibited serrated fluctua-
tions, indicating that the simulation results of GLORYS12
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Table 2. Characteristics of the double halocline based on GLORYS12 and in situ data

2003-2007 2016—-2020
Halocline Region yolume (GLORYS12) Thickness (GLORYS12/in situ) Volume (GLORYS12) Thickness (GLORYS12/in situ)
/km3 /m /km3 /m
UH CAP 25932 82/87 34 632 110/119
UH NCB 23123 79/75 29 845 102/107
UH NwR 20521 99/95 28 154 150/129
UH SCB 31492 104/98 42 664 141/134
LH CAP 14 155 45/48 12 643 40/42
LH NCB 12 585 43/46 13171 45/47
LH NwR 11947 58/53 12 702 61/56
LH SCB 16 596 55/55 17 026 56/54
—@— 2003-2007 —@— 20162020
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Fig. 8. Salinity versus the sum of volume of the halocline water in CAP (a), NwR (b), NCB (¢), and SCB (d) during
the periods 2003-2007 and 2016—2020. Salinities marked in blue/red were calculated from in situ data.

in NCB were unreliable. Based on the volume difference,
we visually identified the core salinity of NPWW for the
period 2016-2020 (the green dots in Fig. 9). Finally, the
core characteristics of the DH water masses were ob-
tained by integrating both in situ data and GLORYS12
and are presented in Table 3.

On average, from the periods 2003-2007 to 2016-
2020, the salinity of PSW decreased from 31.6 to 30.9,
while the salinity of PWW decreased to 32.4 from 33.0.
The intensity of freshening was similar in the Pacific Wa-
ter, with no significant regional differences (Table 3).
Warming of the PSW was more pronounced than the

PWW, with the former increasing averagely by 0.4°C on
average. There were minimal changes in the PSW and
PWW in the earlier period compared with OPSW and OP-
WW in the later period, indicating that the Pacific Water
before freshening had not completely dissipated and re-
mained at a detectable level. Analysis of the volume dif-
ferences in water masses in the CAP, NwR, and SCB (Fig. 9)
revealed that the increases in NPSW and NPWW signifi-
cantly exceeded the decreases in OPSW and OPWW. This
lag effect led to the coexistence of different Pacific Water
masses. Consequently, the average UH thickness in-
creased by (34 £ 12) m in 2022 compared with 2002. Ad-
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Table 3. Average temperature and salinity of the core water masses in the DH

2003-2007 2016-2020
Region
Water mass Salinity Temperature/C Water mass Salinity Temperature/ C
CAP - - - NPSW 31.1 -0.39
CAP PSW 31.8 —0.64 OPSW 31.8 —0.71
CAP - - - NPWW 32.2 —1.15
CAP PWW 32.9 —1.54 OPWW 32.9 -1.41
NwR = = - NPSW 30.8 0.11
NwR PSW 31.4 -0.21 OPSW 31.4 -0.16
NwR - - - NPWW 32.4 —1.28
NwR PWW 33.0 -1.49 OPWW 33.0 -1.31
SCB - - - NPSW 30.8 0.30
SCB PSW 31.5 -0.29 OPSW 31.5 -0.29
SCB - - - NPWW 32.4 -1.28
SCB PWW 33.0 -1.52 OPWW 33.0 —1.38

Note: — means non-existence.

ditionally, OPWW exhibited varying degrees of loss
across the four regions, resulting in a thinning of LH in
the later period. In other words, the changes in water
masses caused by the positive buoyancy forcing of Pacif-
ic Water significantly altered the thickness of the DH.
Furthermore, the LH depth has responded to the inter-

annual pattern of the positive buoyancy forcing. There
was a 1-a lag relationship of LH depth between NwR and
SCB (Fig. 6), with a correlation of 0.85. Lin et al. (2023b)
noted that a branch of the Chukchi Shelf Current flowing
into the NwR may eventually shift eastward into SCB,
thus becoming part of the Beaufort Gyre. The distance be-
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tween the centers of NwR and SCB is approximately
300 km. We chose a typical geostrophic current speed of
1.5 cm/s that allowed us to estimate the time required for
the water mass to travel between the two locations as 310 d.
Therefore, the lateral transport of the newly ventilated Pa-
cific Water affected the spatial variation of LH depth.

In summary, the DH structure underwent continuous
changes from 2002 to 2022; these changes were influ-
enced by the synergistic effects of Ekman pumping,
mesoscale eddies, and positive buoyancy forcing of Pacif-
ic Water. The first two factors collaboratively regulated
the strength of downwelling within the Beaufort Gyre, re-
sulting in spatial variation in halocline depth across the
different regions. The positive buoyancy forcing promot-
ed the coexistence of multiple Pacific Water masses that
further altered the thickness and depth of the DH.

3.4 Influence of changes in the DH on the upper
ocean

The stratification of the DH decreased by 14% from
2002 to 2022, with different trends in different periods.
Between 2002 and 2012, the notable freshening of Pacific
Water led to a significant thickening of the central UH

upper halocline

2.4

part with low N2 values (Fig. 7e), consequently causing a
decrease in the mean buoyancy frequency (Fig. 10e). The
freshening process decelerated from 2012 to 2022, lead-
ing to stabilization of the UH thickness and a continued
decline in mean buoyancy frequency. Nguyen et al.
(2012) noted that the ventilation time of the halocline wa-
ter in the western Arctic Ocean was 10-21 a. However,
our findings indicate that PWW before freshening re-
mained detectable in the DH, with no significant reduc-
tion in water volume. This suggests that the LH is diffi-
cult to ventilating.

Warming of the Pacific Water has increased the heat
content of the DH, from (3.3 + 0.2) x 108 J/m?2 in 2002 to
(5.4 £ 1.4) x 108 J/m?2 in 2022, a 65% increase. The addi-
tional heat will melt 0.9 m of sea ice, taking the latent heat
of melting to be 2.67 x 10° J/kg and the density of sea ice
to be 900 kg/m3. The average temperature of the OPWW
core has increased by 0.15°C (Table 3), potentially as a re-
sult of the mixing of the OPWW with adjacent water
masses. In this context, the temperature difference of the
LH continued to increase, and the vertical heat flux
through the DH exhibited an upward trend, rising from
(0.17 £ 0.02) W/m?2 in 2002 to (0.21 + 0.01) W/m? in 2022.

lower halocline

0.8

2 b w
o 1.6 W O o W
g — o s 04r
< o8t H‘: :’_g'—':::::.—”' ° < — ——
2002 2007 2012 2017 2022 2002 2007 2012 2017 2022
Year Year
25 1.2
c d
20 M 1.1} -l L
3 e o " 2 —— M
15} P — ~ . 10} ~
s . . . oL . . ) )
2002 2007 2012 2017 2022 2002 2007 2012 2017 2022
Year Year
1.4 2.6
~ e ~ f
‘tll ‘tll /
< 12F [ v ’—°—> > o——0—0—0—0
= ~ ™« 2 18t N —
= — =
510} — ~
= =
0.8 L— . . . . . . . . .
2002 2007 2012 2017 2022 2002 2007 2012 2017 2022
Year Year
0.2 0.2
g h
4 . "E . _
RN 1} emo—tu -
E; —_— =~ —" o— o E: —
59 = - < —
0Ll . . . . 0L . . . .
2002 2007 2012 2017 2022 2002 2007 2012 2017 2022
Year Year
0= CAP —e— NCB o= NwWR —e— SCB
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4 Conclusions

This study has presented a comprehensive analysis
of the spatial variation and interannual differences in the
DH in the western Arctic Ocean, using in situ measure-
ments and the reanalysis data. We investigated the mecha-
nisms contributing to the changes in depth and thickness
of the DH, ultimately offering a quantitative assessment
of halocline stratification. The main conclusions are as
follows.

(1) The upper western Arctic Ocean is characterized
by a DH that contrasts sharply with the single halocline in
the eastern Arctic Ocean. The DH is particularly promi-
nent in the Northwind Ridge and the southern Canada
Basin. In comparison to the upper halocline, the lower
halocline exhibits a pronounced vertical density gradient
and stronger stratification.

(2) Between 2002 and 2022, the DH increased in
thickness by (31 + 14) m, with the freshwater and
heat contents increasing by 42% and 65%, respectively.
Overall, the stratification of the DH has gradually de-
creased, resulting in an increase in vertical heat flux
through the DH that rose from (0.17 + 0.02) W/m? in 2002
to (0.21 +£0.01) W/m? in 2022.

(3) The depth and thickness of the halocline are influ-
enced by two primary mechanisms: the balance between
Ekman pumping and mesoscale eddies, and the positive
buoyancy forcing from the Pacific Water. The former
mechanism is closely associated with the interannual vari-
ability of the halocline depth. Ekman pumping regulates
the upper boundary depth of the UH and the depression of
the LH across the four regions. The positive buoyancy
forcing from the Pacific Water alters the thickness and
stratification of the DH. The buoyancy gain leads to a
shoaling of New Pacific Water, causing the sinking of the
old Pacific Water. Meanwhile, the volume of OPWW has
remained relatively stable, and its core thermohaline char-
acteristics have not undergone significant changes, sug-
gesting that the ventilation of the halocline has been sig-
nificantly inhibited.

The DH in the western Arctic Ocean thickened,
warmed, and became less stratified between 2002 and
2022, indicating that the heat content is continuously in-
creasing and is likely to reach the seasonal halocline and
mixed layer. The increased heat content will likely accel-
erate the retreat of sea ice.
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