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ABSTRACT: The stability of the upper ocean is crucial for the exchange of momentum, heat, and salt between sea ice
and subsurface warm water in the Arctic Ocean’s Beaufort Gyre (BG) region. Here, based on multiple in situ observations,
the shifting phases of the BG during 2003–23 are objectively de� ned. We � nd that the potential energy anomaly (PEA) in
the upper 55 m decreased from 130.96 2.3 J m2 3 during 2006–12 with BG intensi � cation to 90.36 2.0 J m2 3 during 2013–19
with BG relaxation. Further, the mixed layer became saltier and deeper across all seasons. Decreasing PEA indicates an
overall weaker strati� cation in the upper water column which promotes stronger vertical entrainment. We also � nd that
the mixed layer heat content increased across nearly all seasons, except during July–September (summer). Our analysis us-
ing a Price–Weller–Pinkel model suggests that the cause of this warming was not atmospheric heat� uxes from above, but
rather subsurface heat entrainment upward. The key mechanism is that the seasonal amplitude of PEA is smaller during
2013–19 when the BG relaxes, thereby allowing mixing to greater depths under the same surface salt� ux as in 2006–12.
This is important for the future evolution of the sea ice melting and oceanic vertical mixing if the BG relaxes further.

SIGNIFICANCE STATEMENT: Our study demonstrates that the relaxation of the Beaufort Gyre during 2013 –19
resulted in a saltier and deeper mixed layer across all seasons, accompanied by a reduction in potential energy anomaly
(i.e., weakening strati� cation) and also its seasonal variation in the upper 55 m. This enhances subsurface heat entrain-
ment from both the near-surface temperature maximum and the Paci� c Summer Water layers during fall and winter,
which will likely impact future sea ice melting.
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1. Introduction

The Arctic Ocean ’s Beaufort Gyre (BG) is a large oceanic
freshwater reservoir that plays a key role in the local ocean
circulation and its hydrographic and ecosystem properties
(Polyakov et al. 2008; Carmack et al. 2016; Haine et al. 2015;
Proshutinsky et al. 2009, 2019; Morison et al. 2012; Timmermans
and Toole 2023). Over the past three decades, freshwater has
dramatically accumulated in the BG along with a near doubling
of the halocline’s heat content (HCT) in the basin interior
(Proshutinsky et al. 2019; Timmermans et al. 2018; Timmermans
and Toole 2023). Surface freshening contributed to a shoaling of
mixed layer depth across most seasons and regions during 1979–
2012 (Peralta-Ferriz and Woodgate 2015). Reduced vertical mix-
ing associated with this freshening enhanced the seasonal vari-
ability of halocline ( Rosenblum et al. 2022). However, recent
observation has suggested that the winter mixed layer has re-
verted to a saltier and deeper state (Cole and Stadler 2019). In
contrast, changes in the properties of Paci� c-origin in� ow waters

have contributed to fresher and warmer water below the mixed
layer in the basin interior ( Timmermans et al. 2018; Woodgate
and Peralta-Ferriz 2021; Lin et al. 2023). These changes together
lead us to ask: What is the implication of this saltier mixed layer
above and fresher Paci� c water beneath in recent years? Are
there any changes regarding the seasonal variability in theupper
BG in the context of different BG strengths?

The BG region is one of the regions in the Arctic Ocean that
experienced the most dramatic decline of sea ice in the past
three decades (Kwok 2018; Schweiger et al. 2019; Zhang 2021).
The decline of sea ice greatly impacts momentum� ux at the
ice–ocean interface, leading to an increase in wind power input
(Zhong et al. 2019a; Armitage et al. 2020). This could poten-
tially change the strength of vertical mixing in the Arctic Ocean
interior, which used to be regarded as a“ quiet” ocean beneath
the ice cover (Padman 1995; Fer 2009). However, observations
have revealed no such enhancement of mixing in the central
Canada Basin (Rippeth et al. 2015; Dosser et al. 2021; Fine and
Cole 2022; Cole and Roemer 2024) and even in a relatively ice-
free ocean during an intense cyclone (Lincoln et al. 2016). This
is because of the strong strati� cation in the BG region that
greatly inhibits vertical mixing ( Lincoln et al. 2016; Guthrie
et al. 2013; Guthrie and Morison 2021; Rosenblum et al. 2022)
and the larger vertical scale of internal wave are less prone to
breaking in an ice-free condition (Fine and Cole 2022). On the
other hand, studies have reported an occasional collapse ofthe
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Beaufort high as a result of sea ice decline (Moore et al. 2018;
Petty 2018). Further, the strength of the BG has weakened in
recent years (Zhang et al. 2020; Zhong et al. 2024), potentially
releasing freshwater (Zhang et al. 2021; Timmermans et al.
2011; Timmermans and Toole 2023). Some details of this fresh-
water release have been explored (Zhang et al. 2021, 2023), but
many details remain unclear. In addition, some have referred to
the recent state of the BG as a stabilization period (Zhang et al.
2016; Lin et al. 2023; Timmermans and Toole 2023), while
others use the term relaxation (Zhang et al. 2020; Zhong et al.
2024). This seeming contradiction occurs because different di-
agnostics are used and different upper-ocean layers are ana-
lyzed, which we will revisit here.

In this study, we seek to reveal the changes in seasonal vari-
ability in the upper BG in recent years and the potential out-
comes related to these changes in the context of the BG
relaxation. We explore the effect of a saltier mixed layer above
and fresher Paci� c Water beneath the upper BG. In section 2,
we present the data and methods that we used. The identi� ca-
tion of the BG relaxation period and the changing seasonal
variability of the upper BG system are presented in sections 3
and 4, respectively. In section 5, we implement the Price–
Weller–Pinkel (PWP) model ( Price et al. 1986) to explore the

different seasonal variability of the upper BG during the BG
spinup period versus during the relaxation period of the BG.
We conclude in section 6 by discussing the implication of the
relaxation of BG on the seasonal variability and the future
evolution of sea ice melting.

2. Data and methods

We compiled multiple in situ CTD observations for analysis
over 2003–23, including the Uni� ed Database for Arctic and
Subarctic Hydrography (UDASH) ( Behrendt et al. 2018), the
World Ocean Database (WOD) 2018 (Boyer et al. 2018), more
recent CTD data from the Beaufort Gyre Exploration Project
(BGEP) ( Proshutinsky et al. 2019), the ice-tethered pro� ler
(ITP) over January 2006–July 2023 (the fully processed level 3
data; Krish� eld et al. 2008; Toole et al. 2011), and the Chinese
Arctic Research Expedition data as that in Zhong et al. (2019b)
but with some additional updated data in recent years. Dupli-
cate stations are removed. We also removed those pro� les with
an initial depth deeper than 10 dbar and vertical resolution
coarser than 5 dbar.

To study the interannual hydrographic variability of the up -
per BG, we used the Mann–Kendall method ( Mann 1945;

FIG . 1. (a) The western Arctic Ocean is bounded by the red polygon in the Arctic region and is enlarged in (b).
(b) The spatial distribution of CTD positions inside the BG region (dashed pink polygon) in two time periods (i.e.,
blue for 2006–12 and red for 2013–19) and the central BG region is de� ned by the black polygon. (c) The number
of CTD pro � les inside the central BG region that binned into months.
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Kendall and Charles 1975; Wang 2020) to detect the abrupt
changes so that to reasonably partition the time series intodif-
ferent periods (method details in the online supplemental
material). The spatial coverage of CTD pro� les is generally
good for the study periods (Fig. 1), with comparable numbers
of pro� les across all months of the two time periods (which is
identi � ed in section 3) in the central BG region ( Fig. 1b). Our
de� ned central BG region (134.58–150.58W, 748–788N) encom-
passes a signi� cant portion of the BG area, with the gyre ’s cen-
troid remaining almost entirely within this region during 2 006–19
(Fig. S1). Therefore, it is reasonable to consider that changes
within the central BG region re � ect the overall strength of the
BG. Welch’st test was used to evaluate statistically signi� cant dif-
ferences in the gridded average value between periods.

Many methods have been proposed to de� ne mixed layer
depth, including the threshold method, the gradient method,
the hybrid method, and the maximum angle method. The most
widely used method in the Arctic Ocean is the threshold
method (e.g., Table 1 in Peralta-Ferriz and Woodgate 2015),
which is subjectively de� ned with a density threshold by exam-
ining the statistics of all hydrographic pro� les. A recent metric
proposed by Reichl et al. (2022) utilized the potential energy
anomaly (PEA) to relate the mixed layer to its “ mixing state.”
This metric is intriguing because it has a more physical meaning
than the threshold method and is connected with potential mix-
ing. In this study, the mixed layer depth is de� ned using two
methods: (i) a threshold method with a potential density cri te-
rion of 0.1 kg m2 3 against the shallowest CTD measurement

(usually in the range of ; 1–7 dbar) as widely used in previous
studies (Toole et al. 2010; Peralta-Ferriz and Woodgate 2015;
Cole and Stadler 2019; Zhong et al. 2022) and (ii) the PEA
method. For the latter, the mixed layer depth H is solved itera-
tively while imposing a � xed PEA value of 10 J m2 2 as in
Reichl et al. (2022), using the following equation (see also
Burchard and Hofmeister 2008):

f 5
� S

2 H
gz(r 2 r )dz, (1)

where r 5 [1/(S1 H)]
� S
2 H

r dz and S stands for the shallowest
measurement of CTD pro� le. While using a different PEA
value alters the mixed layer depth quantitatively, the seasonal
and interannual variations remain consistent. The two meth-
ods yield similar mixed layer depths across different seasons
over 2006–12, while the threshold-based method generally
yields higher values than the PEA method over 2013–19 dur-
ing January–March and April –June (Figs. S2and S3). We also
compared mixed layer salinity using the two methods (Fig. 5
and Fig. S4). Further, Eq. (1) enables us to quantify how much
heat can be entrained into the mixed layer with a prescribed
PEA value. Here, the PEA-based method is used throughout
the main text for illustration purposes, while results from the
threshold-based method are shown inFigs. S3and S4.

PEA is also used in our study to assess strati� cation in the up-
per 55 m of the water column, which approximately corresponds
to the typical maximum mixed layer depth over the entire year

FIG . 2. (a) The seasonal amplitude of sea ice volume changes during 2003–23 in the central
BG region is shown as the magenta bars, and the blue line is thefreshwater content volume with
the shading for the error estimates. The horizontal black dashed lines are the periods’ mean sea-
sonal amplitude of sea ice volume changes. The black dots mark the minimum sea ice volume for
each year. (b) The Ekman pumping velocity (blue line) and the relative vorticity of the surface
current (pink line) during August –November for each year. The median value of mixed layer sa-
linity (which is derived from the merged CTD data described i n section 2) for each month is
shown as the yellow curve, while the endpoints of vertical yellow lines mark the 10th and 90th
percentiles, respectively. The sea ice volume data are obtained from the MIZMAS ( Zhang et al.
2016), while the freshwater content volume data are distributed by the BGEP ( Proshutinsky et al.
2019). The pink and cyan shadings are divided into two periods for the BG phases.
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in the BG region and above which the salinity/buoyancy fre-
quency variance (Figs. 3h,i, and Figs. S5a,b) and the differences
between the two periods are the largest (Fig. 3j and Fig. S5c).
For this strati � cation analysis, the integral in Eq. (1) is divided
by the actual thickness of the water column (due to the shallow-
est CTD measurement being different among pro� les) to assess
the overall strati � cation.

We used three different metrics to evaluate the strength of the
BG: (i) the relative vorticity of the surface geostrophic cu rrents,
which is obtained from dynamic ocean topography (DOT) data
(Armitage et al. 2017); (ii) the observationally derived Ekman
pumping velocity [please refer to Zhong et al. (2018) for

details]; and (iii) the mixed layer salinity from the CTD
observations.

In addition, ocean surface net heat � ux (considering the
ice–ocean net heat� ux), net salt � ux (considering the freshwa-
ter input by ice melting or brine rejection by ice formation)
from the Marginal Ice Zone Modeling and Assimilation System
(MIZMAS; Zhang et al. 2016), and the observationally based
ocean surface stress [i.e., the air–ocean stress and the ice–ocean
stress that scaled by the sea ice concentration, please refer to
Zhong et al. (2018) for details] are used to force the PWP
model (Price et al. 1986). The PWP model is a one-dimensional
“ shear instability” model designed to simulate the evolution of

FIG . 3. (a)–(d) The spatial distribution of CTD positions in the BG regio n in two time periods (i.e., blue for 2006–12 and red for 2013–19)
for four seasons. The black polygons mark the central BG region as that in Fig. 1b. Monthly pro � les of (e),(f) temperature and
(h),(i) salinity in 2006–12 vs 2013–19 in the central BG region and (g),(j) the periods ’ differences (i.e., 2013–19 minus 2006–12). The pink
and the cyan shadings in (e), (f) and (h), (i) roughly mark the depth range of PSW and PWW, respectively (refer to Timmermans et al.
2014). The black cycles mark the corresponding mixed layer depth. The horizontal cyan lines in (g) and (j) mark the depth of 55 m.
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temperature and salinity, along with their near-surface vertical
structure, in response to ocean surface heat and freshwater/salt
� uxes, as well as wind-induced vertical motions and mixing.
The PWP model has been shown to skillfully predict the winter-
time evolution of the mixed layer in the BG region ( Toole et al.
2010; Dewey et al. 2017).

3. Relaxation of the upper BG during 2013–19

Recent studies have indicated that the Beaufort Gyre has un-
dergone stabilization or relaxation in recent years (Zhang et al.
2016, 2020; Lin et al. 2023; Timmermans and Toole 2023). How-
ever, accurately diagnosing the strength of the BG requiresidenti-
fying the speci� c ocean layer to examine. Our results suggest that
although the overall freshwater content above the Atlantic water
stabilized during 2008–12 and 2015–19 (Fig. 2a), the mixed layer
exhibits signs of BG relaxation as measured by the surface salini � -
cation during 2013–19 (Fig. 2b). To objectively partition the study
period into different BG phases of mixed layer spinup, stabiliza-
tion, and relaxation, we applied the Mann–Kendall method to
detect abrupt changes in monthly mixed layer salinity during
2003–23 (Fig. S6). Results suggest that the mixed layer salinity
was signi� cantly lower during 2006–12 (with a signi� cant level
of a 5 0.05) and that September 2012 marks a transition point
to higher values during 2013–19 (Fig. 2b). This partition is gener-
ally consistent with transitions in mixed layer salinity and depth
found in previous studies (Cole and Stadler 2019; Dong et al.
2021; Zhang et al. 2020; Zhong et al. 2024). The mixed layer sa-
linity shows a statistically signi� cant increase above the 95% con-
� dence level (using Welch’s t test) from 26.8 6 0.2 g kg2 1 during

2006–12 to 27.96 0.1 g kg2 1 during 2013–19 (Fig. 2b). Such an
increase indicates relaxation of the gyre, as surface convergence
of low salinity water declines.

The relative vorticity of the surface current derived from sat-
ellite-observed DOT data further indicates a reduction in t he
spinning speed of the BG during the second period (Fig. 2b),
which results from a weaker sea surface height gradient. The
overall Ekman pumping also weakened during 2012–19 com-
pared with 2004–11, which means less surface convergence of
low salinity water into the gyre. Additionally, the melt season
decrease in sea ice volume each year diminished (Fig. 2a), re-
sulting in less low salinity meltwater contributing to the mixed
layer. Thus, a saltier mixed layer in the later period can be attrib-
uted to both a reduced Ekman surface convergence and a de-
creased input of meltwater from sea ice. Using a dynamically
consistent model,Zhong et al. (2024) also demonstrated that the
saltier mixed layer during the BG relaxation period was caused by
reduced surface freshwater input, moderate freshwater advection
to the central BG, and relatively greater entrainment. By di viding
the data into two time periods, we are able to partition these forc-
ings into two phases: 2006–12 versus 2013–19 (Fig. 2a). In the fol-
lowing analysis, we refer to the saltier mixed layer during 2013–19
as the relaxation period of the BG, in contrast to the fresher mixed
layer during 2006–12 (i.e., the spinup period of the BG).

4. The changing seasonal variability of the upper ocean
in the Beaufort Gyre region

We investigate the overall change of hydrographic properties
in the upper 200 m inside the central BG region (Figs. 3a–d).

FIG . 4. Seasonal gridded mixed layer depth (using the PEA-basedmethod) in (a) 2006–12 vs
(b) 2013–19 and (c) the later period minus the earlier period. The original values are spatially av-
eraged into bins of 28in longitude and 0.58in latitude. The statistical signi� cance of the periods’
differences was evaluated using Welch’s t test. In (c), only those differences in gridded averaged
value between the two periods that were found to be statistically signi� cant above the 95% con� -
dence level are shown.
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The regional-averaged temperature (Figs. 3e,f) and salinity
(Figs. 3h,i) pro� les reveal distinct seasonality, where the upper
50 m are warmer and fresher in summer and cooler and saltier
in winter. These regional-averaged pro� les are useful to exam-
ine one-dimensional (in the vertical) seasonal processes,by aver-
aging over the effects of advection of Paci� c water in different
parts of the basin, spatial variations in the near-surface tempera-
ture maximum (NSTM; Zhao et al. 2003; Jackson et al. 2011;
Steele et al. 2011), and the deformation of temperature and sa-
linity pro � les by eddies. Note that the upper 8 m might be af-
fected by the ship movement from ship-based CTD pro� les and
the unequal observations between CTD pro� les above this depth.
Thus, one should be cautioned about the potential bias above8 m
in the regional averaged pro� les. That said, this does not impact
our subsequent analysis, as we account for variations in water col-
umn thickness.

The temperature and salinity pro� les suggest that both
the Paci� c Summer Water (PSW) and the Paci� c Winter
Water (PWW) are warmer (over 40–180-m depth) and fresher
(beneath 40-m depth) in the later period, relative to the early
period (Figs. 3g,j). This is consistent with the � ndings by
Timmermans et al. (2018) and Woodgate and Peralta-Ferriz
(2021), which they attributed to upstream changes in Chukchi
seawater and the Paci� c in� ow. Another signi � cant change is
the saltier mixed layer, which occurred across all months during
2013–19 compared with 2006–12 (Fig. 3j). Thus, we see a saltier
0–40-m-depth layer (with the largest increase of; 1 g kg2 1) and
a fresher 40–200-m-depth layer (with the largest decrease of
; 0.6 g kg2 1). Since potential density is controlled mostly by sa-
linity at cold temperatures, we expect that these changes will

have signi� cant impacts on vertical mixing, as we will show
later. Note that we do not investigate the effects of heaving
(i.e., vertical movement of isopycnals) and spicing (i.e.,temper-
ature and salinity variability on an isopycnal) ( Huang 2020),
which also contribute to the variations in temperature and sa-
linity at depth between periods. Instead, we focus on the upper
layer (above 55 m, which includes the surface mixed layer, the
NSTM, and the top of the PSW) and examine the potential
availability of subsurface heat for entrainment.

We then partitioned the CTD stations into different seasons
and made a gridded average to examine how mixed layer sea-
sonality differs between the two time periods. Figures 3and 4
show that the mixed layer became deeper and saltier in the
BG region across all seasons during 2013–19 compared with
2006–12. Different processes account for the periods’ increases
in mixed layer depth and salinity in different seasons. The
most pronounced deepening of the mixed layer (an increase of
; 15 m in the central basin), which occurred during April –
June (Fig. 4), re� ects the dominance of mechanical mixing and
premelt convection under weaker strati� cation. In contrast, the
largest increase in mixed layer salinity (greater than 3 g kg2 1 in
the southern Canada Basin), which occurred during July–
September (Fig. 5), arises from a combination of competing
horizontal advection and limited vertical exchange within a
seasonally strati� ed halocline. This summer salinity increase is
attributed to the relaxation of BG, wherein less freshwater
converges inside the mixed layer of the central BG as dis-
cussed insection 3.

Since the most signi� cant changes of salinity (and thus
density) occur in the upper 55 m (Figs. 3g,j), we diagnosed

FIG . 5. Seasonal gridded mixed layer salinity (within the PEA-based mixed layerdepth) in
(a) 2006–12 vs (b) 2013–19 and (c) the later period minus the earlier period. The original
values are spatially averaged into bins of 28in longitude and 0.58in latitude. The statistical
signi� cance of the periods’ differences was evaluated using Welch’s t test. In (c), only those
differences in gridded averaged value between the two periods that were found to be statis-
tically signi� cant above the 95% con� dence level are shown.
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the PEA changes in the upper 55 m (Fig. 6). Spatially, patches
of high PEA values (which indicate high strati � cation) occur
in the central BG region during 2006–12 (Fig. 6a). In contrast,
relatively low PEA values are observed in the central BG re-
gion during 2013–19 (Fig. 6b), while the relatively high PEA
values in the western gyre seen in both periods might be asso-
ciated with the pathway of Paci� c in� ow or river discharge.
The PEA shows a clear seasonal variability with the largest
PEA during July –September when the strati� cation is the
strongest and the smallest PEA during January–March and
April –June. The strongest PEA decrease occurred in the
southern basin during July–September with a magnitude of
; 80 J m2 3.

To examine the interannual variability of PEA, monthly
PEA inside the central BG region is constructed over 2003–23
(Fig. 7a). The Mann–Kendall method is again used to detect
abrupt changes in this time series (Fig. S7). Results suggest
that PEA was signi� cantly higher during 2006–12 (with a
signi� cant level of a 5 0.1) and that December 2012 marks
a transition point to lower values during 2013–19. The
mean PEA shows a statistically signi� cant decrease of over
40 J m2 3 above the 95% con� dence level from 130.96
2.3 J m2 3 (period’s mean6 standard error) during 2006–12
to 90.3 6 2.0 J m2 3 during 2013–19 (Fig. 7a). The probability
density function (PDF) of PEA ( Fig. 7b) also suggests a shift-
ing of the normal distribution to lower PEA in the later time
period. Further, PEA decreased in all months, with the largest
decrease in March (Fig. 7c). This PEA decrease indicates an
overall weaker strati� cation above 55-m depth, which poten-
tially favors stronger vertical entrainment.

To investigate changing seasonality over the two time peri-
ods, we applied least squares� tting to the two phases of BG us-
ing the following equation:

PEA 5 a 1 bt 1 c sin(v t) 1 d cos(v t), (2)

where the coef� cients a, b, c, and d are optimized for the � t.
Here, a is a constant,b is the linear trend, c and d determine
the amplitude of the seasonal cycle, andv is the period of the
seasonal cycle (Nelson et al. 2024). The least squares� tting
results suggest that the seasonal amplitude of PEA decreased
from 71.5 J m2 3 during 2006–12 to 53.0 J m2 3 during 2013–19.
We will examine the consequences of this declining seasonal
PEA amplitude in section 5.

The PEA-based mixed layer depth is a measure of the en-
ergy needed to homogenize the mixed layer.Figures 3e, 3f,
and 7 indicate that this homogenization (re� ected by the
smaller PEA) likely involves mixing heat from the NSTM and
the upper part of the PSW layer into the mixed layer. The sea-
sonal variations in heat content within the PEA-based mixed
layer suggest an overall increase occurred from the early to
the later period during January–March and October–December,
while during April –June there were patches of increase and de-
crease, and� nally, an overall decrease occurred during July–
September (Fig. 8c). Since the summer mixed layer cooled, it is
likely that the winter mixed layer warming did not originate
from atmospheric heat input during summer. Rather, it is reason-
able to assume that the upper BG entrained more subsurface
heat from below the mixed layer. The largest increase was
; 1 MJ m2 3 during April –June. Note that the horizontal

FIG . 6. Seasonal gridded PEA in the upper 55 m in (a) 2006–12 vs (b) 2013–19 and (c) the later
period minus the earlier period. The original values are spatially averaged into bins of 28
in longitude and 0.58in latitude. The statistical signi� cance of the periods’ differences was
evaluated using Welch’s t test. In (c), only those differences in gridded averaged value be-
tween the two periods that were found to be statistically signi� cant above the 95% con� -
dence level are shown.
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mixed layer temperature gradient is negligibly small compared
to the vertical temperature gradient across the mixed layerbase
during winter ( Zhong et al. 2022). Thus, lateral advection can
be ignored. Further details of the changing subsurface layer wa-
ter properties are discussed next.

Knowing the sources of available heat for entrainment is im-
portant. The NSTM and PSW are the two major subsurface
heat sources for entrainment in the upper ocean of the BG.
These are in turn strongly regulated by the transition layer and
the remnant transition layer. Cole and Roemer (2024) found
that although there were no changes in these layers during
2004–21, the vertical diffusion of heat did increase. Figure 9
shows a seasonal volumetric potential temperature/salinity
(T/S) diagram for the upper 200 m over the two time peri-
ods. Using this metric, the relative proportions of each water
mass are clearly revealed with the changes in percentages of
data points. Similar to Figs. 3and 5 but with more details, the
most signi� cant change is warmer PSW across all seasons,
which is illustrated by the higher percentage of PSW (in the sa-
linity range of 28–32) (Fig. 9c). Another signi � cant change is
that water in the salinity range 25–29 g kg2 1 and potential tem-
perature range from 2 0.58to 2 1.38C is reduced in July–September
and October–December during 2013–19 compared with 2006–
12, which is the range of the NSTM (Jackson et al. 2011; Steele
et al. 2011). This indicates a basin-scale cooler NSTM, which
was also shown in Fig. S6c ofZhong et al. (2022). Note that an

increased percentage of water close to the freezing point (in the
salinity range of 27–29 g kg2 1) is also evident across all seasons
(Fig. 9c), which indicates a cooler near-surface layer. Overall,
temperature and salinity values contract to a small range of
temperature (freezing point to 18C) and salinity (26–34 g kg2 1)
in the later period, especially for those water properties with a
potential density of less than 24 kg m2 3. Thus, water properties
are less diverse when the BG relaxes, which favors potential
vertical mixing.

5. Implementation of the PWP model to explore the
different seasonal variations in the two time periods

To clarify the different seasonal variations in the two time
periods, we use a PWP model for analysis. As noted byDewey
et al. (2017), there are some dif� culties when applying the PWP
model to the ice-covered ocean. One major issue is that one
does not know the exact amount of net solar radiation or the
total net surface heat � ux under the ice. To this end, we used
the ocean surface net heat/salt� ux from the ice–ocean coupled
model MIZMAS, which accurately simulates the observed sea
ice variability and hydrographic properties of the upper ocean
(Zhang et al. 2016; Zhang 2021). The well-simulated sea ice var-
iability indicates that the model ’s net ocean surface heat and
salt � uxes are reasonably accurate. Previous studies have
shown that the NCEP R-1 shortwave radiation, which was

FIG . 7. (a) The time series of PEA in the upper 55 m inside the central BG region that grouped into months over
2003–23 (gray dots). The pink shading is the monthly mean value plus/minus the corresponding standard error, while
the black horizontal lines are the means of the two periods (2006–12 and 2013–19). The blue and red dashed lines are
the least squares� tting to the monthly PEA for two periods, respectively. (b) P DF of PEA for 2006 –12 and 2013–19
and (c) monthly PEA in two periods. The solid lines and dashed lines are marked for the mean and median values for
each period in (b), respectively. The whiskers denote the standard error for the corresponding month in (c).
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implemented in MIZMAS, is overestimated compared with in
situ observations (Lindsay et al. 2014; Dewey et al. 2017). How-
ever, our focus here is on late summer through winter, when
shortwave radiation decreases from approximately 20 W m2 2 at
the end of September to zero by late October in the central BG
region (Fig. 10b). Thus, we did not adjust this � ux, since sensi-
tivity simulations show that changing it by 6 50% during this pe-
riod has a negligible impact on the � nal results (not shown).
The ocean surface stress was derived from observations as in
previous studies (Zhong et al. 2018, 2019a). The simulations
were initialized with the September hydrographic pro� les in
the central BG as shown in Fig. 3 and run through the end of
March. We found individual pro � les for model initialization
that most closely matched the regional average with respectto
salinity. The � nal simulated hydrographic pro� les were then
compared with the observed pro� les in March.

The net surface heat and salt� uxes (from MIZMAS) and
surface stress (from observations) are shown inFigs. 10aand
10b. The main difference between the two time periods is a de-
lay of the maximum heat � ux and an early onset of the maxi-
mum salt � ux in 2013–19 compared with 2006–12. The salt� ux
in early October during 2013–19 even shows a reversal to neg-
ative values, which indicates freshwater input. Thus, the accu-
mulated salt � ux is slightly larger during 2006–12 (5.514 3
102 4 psu s2 1) compared with 2013–19 (5.4323 102 4 psu s2 1).
There is an obvious NSTM in the upper 35 m for the initial
pro� le during 2006–12, while it is much cooler during 2013–19
(Figs. 10c,e). As previously illustrated, the surface layer is
saltier and cooler during 2013–19 compared with 2006–12
(Figs. 10c–e,d–f). The � nal simulations reveal reasonable

consistency with the observations. The apparent discrep-
ancy between the simulated and observed salinity pro� les
(Figs. 10d,f) may be attributable to a variety of causes, in-
cluding errors in the surface � uxes, the spatial difference of
pro� les for comparison (although they are all inside the cen-
tral BG region) and the effect of lateral advection which is
not included in this 1D model. A small NSTM remained by
the end of the simulation in March during 2006–12 (blue line
in Fig. 10c), while it was completely eroded during 2013–19
(blue line in Fig. 10e).

To understand seasonal variations in the two time periods, we
carry out a sensitivity simulation by driving the PWP model with
1.2 times the 2006–12 net surface salt� ux during both periods.
The 1.2 times net surface salt� ux is used to erode all the NSTMs
in both periods for illustration purposes. Other surface forcings
remain unchanged (i.e., identical for both periods). In thi s simu-
lation, the March temperature pro � le for 2006–12 more closely
matches the observations, with no NSTM temperature maxi-
mum left (Fig. 10c). Further, PEA in the upper 55 m is smaller
throughout the simulation in 2013–19 compared with 2006–12,
and the seasonal amplitude of PEA is smaller by 34 J m2 3 in the
second time period compared with the � rst (Fig. 11a). This
means that less energy is required to overcome surface strati� ca-
tion during fall/winter deepening of the mixed layer during
2013–19 compared with 2006–12, which is consistent with the re-
sults in section 4regarding PEA variability. During the 183-day
simulation, the mixed layer deepened by 16 m in 2006–12,
compared with 21 m in 2013–19. The March mixed layer
depths were 33 m (early period) versus 43 m (later period), an
increase of 10 m which can be compared to the value of; 9 m

FIG . 8. Seasonal HCT within the PEA-based mixed layer depth in (a) 2006–12 vs (b) 2013–19
and (c) the periods’ differences. The original values are spatially averaged into bins of 28in longi-
tude and 0.58in latitude. The statistical signi� cance of the periods’ difference was evaluated using
Welch’s t test. In (c), only those differences of gridded averaged value between the two periods
that were found to be statistically signi� cant above the 95% con� dence level are shown, and the
gray dots denote those grids that failed the signi� cant test.
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from Cole and Stadler (2019)as they considered a similar peri-
ods’ difference. The strati� cation at the mixed layer base is
much weaker and contains more heat during October–January
in the later time period, which favors stronger entrainment
(Figs. 11c,e,f). With the increased salt � ux in this experiment,
the NSTMs are eroded completely in both periods by the end
of December, presumably losing their heat to the surface
mixed layer. This heat loss from the NSTM is 48.6 MJ m2 2

during 2006–12 versus 22.9 MJ m2 2 during 2013–19. We then
ask, did the PSW also lose heat to the surface mixed layer? To
answer this question, we consider the changing heat content
over time between the remnant of the previous winter’s mixed
layer (rWML) and the maximum temperature of PSW, which
is considered as the vertical heat� ux in the upper boundary of
PSW (horizontal pink shading in Figs. 10c–f). We consider the
heat release from the upper boundary of the PSW, during
which solar radiation is negligible (from late October to mid-
February) and assume that all heat content changes are due to
entrainment (Fig. 11d). Results suggest that there is a consid-
erable amount of PSW heat released upward (; 7 MJ m2 2)
during this time in the later period ( Fig. 11d), enough to melt
2.6 cm of ice. In fact, the vertical heat � ux during this period
could be as high as 20 W m2 2 (dashed line in Fig. 11d). In con-
trast, there is no PSW heat available for entrainment during
January–March in the early period due to the strong strati � ca-
tion. Thus, we see that in the early period, 48.6 MJ m2 2 of

heat was entrained into the mixed layer from the NSTM alone
during October–December, while 29.9 MJ m2 2 was entrained
in the later period from both the NSTM and PSW layers during
October–February. Further, we see that it is not the change in
surface forcing, but rather changes in the upper water column
(as measured here by PEA) that is the pivotal factor in setting
these different seasonal variations. That is, less energy is re-
quired for the seasonal deepening of the mixed layer. To put
this another way, our results indicate that the winter mixed
layer warming comes not from summertime heat gain from
above, but rather from a saltier mixed layer that allows for
more heat entrainment from below. Note that this increased
heat availability is potentially linked with the increased heat
in� ow through Bering Strait or subduction of warmer Chukchi
seawater (Timmermans et al. 2018; Woodgate 2018).

6. Conclusions and discussion

Our � ndings reveal that signi� cant changes in the upper 55 m
of the Beaufort Gyre occurred during 2013–19 when the BG re-
laxed (Figs. 3e–j). In particular, the mixed layer became saltier
and deeper along with the fresher Paci� c water beneath, which
led to a signi� cant reduction in the potential energy anomaly in
the upper 55 m (Figs. 3–7). The observed decrease in PEA
changed from 130.96 2.3 J m2 3 in 2006–12 to 90.36 2.0 J m2 3

in 2013–19, indicating a weaker strati� cation in the upper 55 m

FIG . 9. Seasonal volumetric potentialT/S diagram in the upper 200 m during (a) 2006–12 and
(b) 2013–19 in the central BG region. The color represents the percentage of data within each
grid cell of 0.18C temperature by 0.1 g kg2 1 salinity. The black and gray dashed lines mark the
potential density and the freezing point, respectively. The gray dots in (c) denote the data from
all of the occupations of the two time periods for each season. The core of PSW is marked by
the pink arrow, while the pink dashed circle marks the potential NSTM.
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(Fig. 7). This weakening enhances vertical entrainment, pro-
moting greater interaction between the surface and subsur-
face layers. Observations revealed that the average heat
content within the PEA-based mixed layer generally in-
creased from the early to the later period during January–
March and October–December (Fig. 8). The largest increase
occurred during April –June with a magnitude of ; 1 MJ m2 3.
Results using a one-dimensional PWP model suggest that this
increased heat content is not due to atmospheric heat� uxes
from above but rather from the entrainment of subsurface heat
from below ( Figs. 10 and 11). The reduction in the seasonal

amplitude of PEA observed during the relaxation phase of the
BG is a critical factor for enhancing heat � ux from the NSTM
and PSW layers during autumn and winter. This process is
weaker when the BG is stronger, because then strati� cation as
measured by PEA is larger, which limits subsurface heat en-
trainment into the mixed layer.

Figure 12 summarizes the key� ndings of our study, which
are derived from Figs. 2, 3, 6, 7 and Fig. S5. During the BG
spinup period (2006–12), stronger Ekman convergence en-
hances freshwater accumulation in the mixed layer (Fig. 12a).
This results in a greater density contrast between the mixed

FIG . 10. (a) The total net surface heat� ux (solid lines refer to the left axis) and the magnitude
of total surface stress (dashed lines refer to the right axis); blue lines are for 2006–12 and red
lines are for 2013–19; (b) net surface salt� ux (solid lines refer to the left axis) and net solar radia-
tion (dashed lines refer to the right axis) from MIZMAS that was used to drive the P WP model.
The initial observed (September) (black lines), the March observed (pink lines), and the March
simulated (blue lines are for the case using the original net surface salt� ux, and cyan lines are
for the case using the 1.2 times the net surface salt� ux in 2006–12) (c),(e) temperature and
(d),(f) salinity pro � les in the two time periods. Panels (c) and (d) are for 2006–12 and (e) and
(f) are for 2013–19. The vertical cyan and pink shadings in (a) and (b) mark the time when the
maximum net surface heat/salt� ux occurs, while the horizontal pink shading in (c)–(f) marks
the upper boundary of PSW.
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layer and the underlying water mass, leading to a higher peakin
buoyancy frequency (Fig. 12a) and an increased potential en-
ergy anomaly (PEA) (see also Fig. 7). In contrast, during the
BG relation period (2013–19), the mixed layer becomes saltier,
while the underlying Paci� c Water continued fresher via lateral
intrusion ( Fig. 12b). Consequently, the density contrast between
the mixed layer and the underlying water mass is reduced, lead-
ing to a lower peak in buoyancy frequency (Fig. 12b) and a de-
creased PEA value (see also Fig. 7). Regarding seasonal
variations, the seasonal amplitude of PEA is larger during the
BG spinup phase and smaller during the relaxation phase,
meaning that more/less energy is required to mechanically ho-
mogenize (mix) the upper BG during these respective periods
(Figs. 12c,d, see also the least squares� tting results of Fig. 7a).

The upper 55 m of the central BG relaxed during 2013–19
compared with 2006–12, as indicated by the mixed layer salin-
ity, the PEA, the ocean surface vorticity, and the Ekman pump-
ing (Figs. 2band 7). But at the same time, the total freshwater

content (above the Atlantic Water) showed no sign of this
“ relaxing” and instead indicated a stabilization during 2008–23
(Fig. 2a). This is likely because both the PSW and PWW were
getting fresher at depth, thus keeping the total freshwater con-
tent at a roughly stable state. In fact, the available potential en-
ergy above the halocline base continued to show an increasing
trend during 2006–17 (Polyakov et al. 2020). Since 2019, the
mixed layer salinity has become fresher again along with an in-
crease of PEA in the upper 55 m, while the total freshwater
content shows a slight decline (Figs. 2a,band 7a), i.e., opposite
changes. This indicates that the surface layer/mixed layerbe-
haves differently from the subsurface halocline layer with re-
gard to freshwater variations. We conclude that the state ofBG
with regard to spinup, spindown, and stabilization depends
quite strongly on which layers one examines. The upper BG is
highly sensitive to changing surface forcing in its currentstate,
and the resulting seasonal variations play a crucial role inregu-
lating vertical heat transfer.

FIG . 11. PWP model simulation forced by 1.2 times the net surfacesalt � ux as that in 2006–12 for the two
time periods from the end of September to the end of March. The other surface forcing terms (i.e., surface
stress, solar radiation, net heat� ux) are all identical to those in 2006–12 for this case simulation. (a) PEA in
the upper 55 m, (b) mixed layer depth, (c) strati� cation of the 0.5 kg m2 3 density range immediately beneath
the mixed layer base, (d) HCT release (solid lines) from the upper boundary of PSW (the pink shading in
Figs. 10c–f) and the corresponding divergent heat� ux (black dashed line) during 27 Oct–19 Feb, the simulated
temperature (e) 2006–12 and (f) 2013–19, and the strati� cation (g) 2006–12 and (h) 2013–19. Here, the mixed
layer depth is determined using a PEA value of 10 J m2 2.
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Sea ice has been more dynamic during autumn and winter in
recent years(Zhang et al., 2022), which could lead to more ice
leads (Qu et al. 2021) and thus larger ocean surface salt� uxes.
Indeed, MIZMAS does show a slight increase in winter salt
� uxes in recent years (another factor contributing to the saltier

mixed layer as discussed inZhong et al. 2022), which is related
to the recent slowdown of sea ice decline (Zhang 2021). This
could strengthen the entrainment of PSW heat into the surface
mixed layer and thus enhance ice melting. The interaction be-
tween weakened strati� cation (also weaker seasonal variation

FIG . 12. Schematic diagram for the changing vertical hydrographic structures during summer and winter in two
phases of the BG that derived from Figs. 2, 3, 6, and 7 and Fig. S5. The pro� les of potential density (blue and
red lines) and buoyancy frequency (purple lines) during the BG spinup (a) in summer and (c) in winter vs dur-
ing the BG relaxation (b) in summer and (d) in winter. The blue line represents the vertical potential density
during BG spinup in summer in (a) and in winter in (c), while the red line represents that during BG relaxation i n
summer in (b) and in winter in (d). For (c) and (d), the vertical potential density changes seasonally from the dashed
line to the solid line. The dashed blue lines in (b) and (c) are the same as that in (a), while the dashed red line in (d)
is the same as that in (b).
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in potential energy anomaly) and enhanced entrainment may
further exacerbate sea ice loss, with broad implications for
Arctic climate feedback and ecosystems.
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