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Abstract. Over the last few decades, the Beaufort Gyre region (BGR) has experienced significant ice loss, leading to changes in
momentum transfer within the atmosphere-ice-ocean system. We evaluate monthly and interannual variability of surface stress
in the BGR, and a sub-region (the Central Canada Basin, CCB) within it, from 2003-2023. We find an increase in surface-ocean
stress magnitude in the CCB of 0.007 & 0.001 N m~2 per decade, with the largest linear increases in November-December. We
demonstrate that the shifting sea-ice regime, characterized by greater mobility and increased responsiveness to wind forcing, is
the primary driver of increased surface-ocean stress, as opposed to changes in the wind field itself. Anomalously High-Stress
Events (HSEs, characterized by stress magnitudes an order of magnitude larger than background levels) in the CCB occur
most frequently in fall and have increased in frequency over 2003—-2023, contributing to an increase in annual time-integrated
surface stress of 0.54 4= 0.45 Nm~2 per decade during HSEs. We examine the implications of increased sea-ice mobility and
changing surface-ocean stresses on the ocean mixed layer using an energy-balance entrainment parameterization. We find that
stress-driven entrainment can account for ~65% of October—March deepening, while buoyancy-driven processes contribute
~7% of deepening during freeze-up. Mechanical mixing during HSEs contributes to ~28% of all stress-induced mixing, even
though HSEs occur less than 7% of the time during the 2003-2023 period. In November and December, the only months
with statistically significant increases in surface stress, we estimate that increased surface stress can account for ~0.15 and

L increased

0.1 m year~! more deepening in each month over 2003—2019. This is ~20% of the observed ~0.7 and 0.6 m year™~
deepening in November and December over the CCB for 2003-2019, and we infer that other physical processes dominate the
observed mixed-layer deepening trend. These results highlight how sea-ice decline and mobility enhance momentum transfer,

suggesting a potential mechanism for a positive feedback via increased ocean-to-ice heat fluxes.

1 Introduction

Changes in the Arctic atmosphere-ice-ocean system most notably include the thinning of Arctic sea ice and decreases in its
concentration and extent. September Arctic sea ice extent has declined by about 46% from 1979 to 2024 (Thoman et al., 2025),
with some of the largest losses in both thickness and extent occurring in the Canada Basin’s Beaufort Gyre Region (BGR;
Figure 1, bounded by the dotted black line; Babb et al., 2022). In addition to changes in the sea ice pack, changes in the upper

ocean have also been observed; significant accumulations of ocean freshwater and heat in the BGR were observed from 2003
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through 2019, while the following five years saw declines in both (Proshutinsky et al., 2019; Timmermans et al., 2025). Ocean
mixed-layer properties have also evolved; BGR mixed-layer salinity increased by ~1 gkg~! between the 20062012 and
2013-2017 periods, which occurred alongside reduced stratification and ~9 m of mixed-layer deepening (Cole and Stadler,
2019; Liu and Yu, 2025). Mixed-layer depths and upper ocean stratification are strongly linked to ocean heat content in the
BGR, with its potential to influence sea ice, as significant heat is stored in a warm layer that resides immediately below the
base of the mixed layer (Timmermans et al., 2018). Strong stratification at the mixed-layer base generally inhibits vertical
heat fluxes from the warm layer into the surface mixed layer in the BGR (Toole et al., 2010). However, Zhong et al. (2022)
found that BGR ocean-to-ice heat fluxes increased from 0.76 + 0.05 W m~2 during 2006-2012 to 1.63 & 0.08 W m~2 during
2013-2018, attributing this increase primarily to enhanced convection as a result of increased ice growth.

Rainville and Woodgate (2009) suggested that decreased sea-ice cover could result in a more energetic Arctic Ocean via
increased wind energy input to the surface ocean, which could lead to increased mixing and therefore increased vertical heat
fluxes. Quantifying ocean surface stress in the Arctic is especially complex due to sea ice modulating momentum transfer to
the surface ocean, and sea ice losses significantly influence surface stresses, which have been found to increase over the past
two decades (e.g., Martin et al., 2014; Muilwijk et al., 2024; Liu and Yu, 2025). Liu and Yu (2025) found wintertime (i.e.,
mostly under sea ice) average increases in ocean surface stress of approximately 0.005 N m~2 (around 50%) when comparing
the 2003-2012 and 2013-2022 periods in the BGR. It has not been quantified how increased stresses may have played a role
in the mixed-layer deepening shown by Cole and Stadler (2019) and Liu and Yu (2025).

Episodes of anomalously high stress (e.g., storms) may play an out-sized role in stress input, and the associated entrainment
of vertical heat, to the surface ocean (Yang et al., 2001; Peng et al., 2021). Extreme wind events have been shown to drive
sufficient mechanical mixing to penetrate the base of the mixed layer, even in strongly stratified conditions (Yang et al.,
2001, 2004; Peng et al., 2021). While observations of mixed-layer deepening during the course of a storm are sparse, the
influence of storm mixing on ocean-to-ice heat fluxes has been inferred from observed sea ice loss during events (e.g., Zhang
etal., 2013).

Here, we analyze how the evolving state of the sea-ice pack regulates momentum transfer from the atmosphere to the ocean
in the BGR for the period 20032023, and relate our findings to ocean mixed-layer observations. We focus on a sub-region of
the BGR, the Central Canada Basin (CCB; Figure 1, red box), which exhibits less spatial variability (i.e., associated with basin
boundary regions) than the larger BGR, although we will show that mean ocean stresses in the CCB are a good representation
of stresses in the broader BGR. We also characterize episodes of anomalously high stress in the CCB and compare the inferred
upper-ocean response during these episodic events to that under background conditions. We analyze Ice-Tethered Profiler
(ITP) measurements to characterize the monthly to decadal evolution of mixed-layer properties, including mixed-layer depth,
density difference across the mixed-layer base, and maximum stratification at the mixed-layer base. Surface ocean stresses
and ice-growth-rate estimates from moorings in the CCB, as well as mixed-layer properties, are used together with an energy-
balance entrainment parameterization to estimate both shear- and buoyancy-driven entrainment rates. We compare these rates
to observed mixed-layer depth changes to explore the extent to which surface stress drives seasonal and interannual changes in

mixed-layer depth.
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Figure 1. Mean 10 m wind velocity (u10) over 2003-2023 for a) January—April (JEMA), b) May—August (MJJA), and c¢) September—
December (SOND). Mean geostrophic velocity (ug) for 2003-2023 in d) JFMA, e) MJJA, and f) SOND. Mean ice velocity (u;; arrows)
and sea ice concentration (SIC; colors) for 2003-2023 in g) JFMA, h) MJJA, and i) SOND. The red box indicates the Central Canada Basin
(CCB), and the region encompassed by the black dotted line indicates the Beaufort Gyre Region (BGR).

A brief summary of the paper is as follows. In Section 2, we introduce the methods and data used to calculate surface stress
and to characterize anomalously high-stress events. In Section 3, we analyze seasonal and interannual variability of surface-
ocean stress in the CCB. In Section 4, we introduce the oceanographic observations and mixed-layer entrainment parameter-
ization, and examine the observed evolution of mixed-layer depth as it compares to that inferred from the parameterization.

Section 5 provides a summary and discussion of our results.

2 Surface stress in the Central Canada Basin

Here, we introduce the datasets and methodology for calculating surface-ocean stresses and outline our characterization of high-

stress events. Surface-ocean stresses require winds, ocean geostrophic velocities, sea-ice velocity, and sea ice concentration.
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2.1 Datasets

Wind velocity is from the ERAS reanalysis data product with an hourly temporal resolution and a 0.25° by 0.25° spatial
resolution (Hersbach et al., 2018). We use daily mean values and linearly interpolate the data onto the 25 km EASE-Grid (e.g.,
Meneghello et al., 2018). In comparison with in situ ship-based Arctic observations, ERAS 10 m winds consistently had the
highest correlation (R > 0.9) among 6 different reanalysis products (Graham et al., 2019); the uncertainty associated with this
product is estimated as a root-mean-square error between 0.9 and 1.4 ms~! depending on the season (Graham et al., 2019).

The large-scale surface wind field in the BGR is dominated by the Beaufort High, an anticyclonic, atmospheric high centered
over the Canada Basin, which exhibits broad seasonal changes (Figure 1a—c; Serreze and Barrett, 2011; Timmermans and Toole,
2023). In the fall and early winter, surface winds are typically fastest, particularly in the southern portion of the BGR (Figure
1c). The wind field has not changed significantly from 2003-2023, with the exception of statistically significant wind speed
increases in the central-north BGR and decreases in the southern BGR in September—December (Figure S1a—c).

Surface geostrophic currents are provided by the Centre for Polar Observation and Modeling (CPOM), and are derived from
Dynamic Ocean Topography (DOT) fields from the Envisat and CryoSat-2 missions (Armitage et al., 2016, 2017; Lin et al.,
2023). The CPOM DOT data are available in two datasets: 1) for 2003 to 2014, with spatial coverage from 60°N to 81.5°N
(Armitage et al., 2016), and 2) for 2011 through 2020, with spatial coverage from 60°N to 88°N (Lin et al., 2023), where Lin
et al. (2023) follows the methods of (Armitage et al., 2016, 2017). We use the first dataset for 2003 through 2010 and the latter
for 2011 through 2020 (datasets agree well in the overlapping period). Datasets have a monthly temporal resolution and spatial
resolution of 0.75° x 0.25°, which we interpolate onto the 25 km EASE-Grid. For the period 2021 to 2023, we estimate the
surface geostrophic currents from DOT from ICESat-2 provided by the National Snow and Ice Data Center (NSIDC; Morison
etal., 2025). These data are provided at a monthly resolution and on a polar stereographic grid with nominal 25 km grid spacing
covering up to 88°N. The corresponding geostrophic velocity fields are not provided in this dataset, and we calculate those
here by first applying a 2-D Gaussian smoothing kernel with a standard deviation of 4 grid cells to the monthly DOT fields.
From there, we re-grid monthly DOT onto a 0.75° x 0.25° grid and calculate DOT gradients in latitudinal and longitudinal
directions using centered differences. Geostrophic velocities are then calculated via geostrophic balance. Finally, we re-grid
the estimated geostrophic velocity fields onto the 25 km EASE grid. DOT-estimates of geostrophic velocity compared to in situ
Acoustic Doppler Current Profiling velocities in the CCB indicate mean differences between ~0.2 and ~0.5 cm s~ (Armitage
et al., 2017).

Climatological geostrophic ocean flow clearly shows the Beaufort Gyre, driven by the anticyclonic winds of the Beaufort
High, is the dominant flow feature in the region (Figure 1d—f; Proshutinsky et al., 2002, 2009). Mean monthly geostrophic
currents in the BGR are about 1 to 4 cms™! (Figure 1d—f). The geostrophic Beaufort Gyre is a stable feature that persists in
all months (Figure 1d—f). Geostrophic current speeds have increased with statistically significant trends across all seasons over
the 2003-2023 period, predominantly in the southern and western BGR, where geostrophic flow is typically fastest (Figure
S1d-f).
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Figure 2. Mean total surface ocean stress (7) for 2003-2023 in a) January—April (JFEMA), b) May—August (MJJA), and c) September—
December (SOND). Arrows indicate the magnitude and direction of the surface stress vector. The red box indicates the Central Canada Basin
(CCB) and the black region indicates the Beaufort Gyre region (BGR). d) 30-day running mean timeseries of the mean magnitude of total
surface stress (|7; green) and sea ice concentration (SIC; blue) over the Central Canada Basin (CCB) from 2003-2023. The linear trend for

| 7| with 95% confidence interval is given.

Sea ice velocity is from the Polar Pathfinder Daily 25 km EASE-Grid Sea Ice Motion Vectors, Version 4 (Tschudi et al.,
2019). Uncertainty is ~8% of the observed in situ ice drift (Zhang and Rothrock, 2003). Sea ice concentration (SIC) is from
Nimbus-7 SMMR and DMSP SSM/I-SSMIS Passive Microwave Data Version 2 (DiGirolamo et al., 2022), interpolated onto
the 25 km EASE-Grid. Uncertainties associated with sea-ice concentration (SIC) are <5% (DiGirolamo et al., 2022).

Sea ice drift in the region of study follows a large-scale anticyclonic circulation, with drift speeds ranging from a few
centimeters per second to several tens of centimeters per second (Figure 1g—i). Drift speeds are fastest in the September
through December period (Figure 1i). Seasonal trends in sea-ice speed indicate a general increase in the BGR over the 2003-
2023 period, with statistically significant trends in the western BGR in JFMA and northern BGR in MJJA and SOND (Figure
S1lg-i); Petty et al. (2016) noted that ice drift speeds in the BGR increased over 2000-2013 by an amount more than would
be expected from the trend in surface winds. With respect to SIC, in January through April, there are weak, yet statistically
significant, increasing trends in the central and eastern BGR from 2003 through 2023 (Figure S1j). For the rest of the year,
SIC has been decreasing for the 2003-2023 period, particularly in the central BGR in September through December (Figure
S1k-1).

2.2 Calculating surface-ocean stress

Surface-ocean stress calculations follow previous studies (Meneghello et al., 2017, 2018). The total stress on the ocean surface,

T, is given as the sum of the ice-ocean stress, 7;, and the air-ocean stress, T4, Where each may be represented by a quadratic
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Figure 3. a) Probability density functions for the magnitude of daily surface stress (|7]) for all days (black), January—April (blue), May—
August (red), and September—December (green) in the Central Canada Basin (CCB) for 2003-2023. b) The magnitude of surface stress at
the 80th percentile (|7|so) of each annual distribution of || for all days (black), January—April (blue), May—August (red), and September—
December (green). The shaded region represents the annual mean standard deviation over the CCB. The dashed lines at |7|=0.06 Nm ™2 in

both panels represent the threshold for a high-stress event (HSE).

drag law and weighted by SIC as follows

T = SICpoCpil|tret|(Urer) + (1 — SIC)p, Cpeltiol(u10), (D

where pg = 1028 kg m~—3 and pa = 1.25 kg m~3 are reference densities of seawater and air, respectively, Cp; and Cp,, are

ice-ocean and air-ocean drag coefficients, w1¢ is the 10 m wind velocity, and w,.¢; is the ice-ocean relative velocity, given by
Upel = Uz — (ug + ue)~ (2)

Here, u; is the sea-ice velocity, ug4 is the geostrophic velocity, and u. is the Ekman velocity. We use a surface Ekman velocity

that is rotated 45° to the right of the surface stress, given by
T/ 2e7/4)

Yo fopoD.

where fy = 1.46 x 10~% s~ is the Coriolis parameter at the central latitude of our study region (76°N), and D, is the Ekman

3)

depth taken to be 20 m following Yang (2006). Since T and u. are dependent on each other, (1), (2), and (3) must be solved
iteratively. We assume an initial value of u, = 0 and take || < 0.5 m s~! to prevent anomalously large 7; this affects fewer
than 5% of the values.

While each dataset used to calculate surface stress has uncertainties, the chosen drag coefficients also have uncertainty. Here
we use a canonical value of Cp; = 5.5 x 1072 based on the work of Mcphee (1980); however, values may range from 1 to 10
x 1073 (Cole et al., 2017; Brenner et al., 2021). For the air-ocean drag coefficient, we take Cp, = 1.25 x 1073, although this
has been estimated to vary between 0.3 and 1.5 x 103 (Large and Pond, 1981; Geernaert, 1987). The constant values taken
here are for consistency with previous analyses of surface stress in the region (Meneghello et al., 2017, 2018; Dewey et al.,
2018; Liu and Yu, 2025), with the recognition that this choice may be a significant point of uncertainty.

In general, surface-ocean stress is lowest in magnitude during May through August, and highest in September through

December (Figure 2a—c). In each season, the highest values are generally in the southern BGR (Figure 2a—c). In the less
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spatially variable CCB, surface stress has generally increased at a rate of 0.007 & 0.001 Nm~2 per decade over 2003-2023
(Figure 2d). Compared with the BGR, the CCB has approximately the same mean monthly values (~0.03-0.06 N m~?2) and
seasonal cycle, as well as general interannual variability, making it a representative subregion with less spatial variability
(Figures S2 and S3). The monthly means and interannual variability of surface stress in the CCB will be discussed in detail in

Section 3.1.
2.3 Characterizing high-stress events

In this section, we characterize episodic high-stress events, which potentially lead to anomalously high momentum input to the
upper ocean. Across all seasons, the most frequent surface stress magnitudes are ~0.020 N m~2 (Figure 3a). At the upper tail
of the distribution, the top 20% of ocean stress values exceed 0.06 N m~2, which corresponds to the 80th percentile threshold
computed from all days over 2003—2023 (Figure 3b). We use this value to define a high-stress event (HSE) as a period when the
daily spatially-averaged || is >0.06 N m~2 for three or more consecutive days in the CCB. A minimum duration of 3 days is
imposed to exclude transient synoptic events that are unlikely to drive significant oceanographic response. During the identified
HSEs, an average of ~82% of the individual stress values within the CCB exceed 0.06 Nm~2 (i.e., the spatial averaging is
appropriate).

There are alternative ways to define a high-stress event. For example, identification of polar lows is another approach (Stoll,
2022b). However, Stoll (2022b) identify only 3 polar lows in the CCB over 2003-2020, and these were not consistently
concurrent with high surface stress magnitudes (Stoll, 2022a). A fundamental challenge is that sea ice cover moderates the
transfer of wind momentum into the ocean such that an intense cyclone may not lead to significant momentum transfer if
extensive sea ice is not responsive to wind forcing, and direct evaluation of the surface stress magnitude is necessary. In
Section 3.2, we discuss surface conditions during high-stress events and their occurrence. In Section 4.3, we discuss the

potential influence of HSEs on mixed-layer entrainment.

3 Interannual and seasonal variability in surface stresses

In this section, we investigate the seasonal cycle of ocean surface stress over the CCB using the mean values from individual

months, and characterize the monthly linear trends (over 2003-2023) in both stress and each of the contributing factors.
3.1 Monthly mean stresses over the CCB

We first characterize each of the factors that contribute to the mean surface ocean stresses over the CCB: winds, sea ice
concentration (SIC), sea-ice motion, and ocean geostrophic flow. Wind speed magnitudes are weakest from May through
August, and typically strongest in early fall (Figure 4a). Over 2003-2023, we do not find statistically significant linear trends
in monthly winds, with the possible exception of March, where wind speeds show an increase of 0.34 £ 0.32 ms~! per decade

(Figure S4a).
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Figure 4. Monthly mean a) 10 m wind speed (Ju10]), b) sea ice concentration (SIC), ¢) sea-ice drift speed (Ju;|), and d) magnitude of total

surface stress (|7]) over the CCB for the 2003-2023 period. Error bars indicate one interannual standard deviation.

Sea ice drift speeds are generally slowest from February through June when SIC is maximal, and increase in July to Septem-
ber when SIC is lower, and the ice pack is more mobile (Figure 4b,c). Notably, winds are weak in July and August, while
internal ice stresses are also weak. Statistically significant linear increases in drift speeds over 2003-2023 are observed for
March—-June and November—December (Figure S4b). These may be considered the shoulder seasons when the overall thin-

ning and weakening of the ice pack is most apparent, even while SIC may not be changing appreciably. Normalizing ice-drift
s
[uiol

speed by wind speed clearly demonstrates this increased mobility; statistically significant linear trends in are observed
in all months except August through October (Figure 5b). These findings suggest that the increase in sea ice drift is primarily
attributable to reduced resistance of the ice pack to wind forcing (see e.g., Petty et al., 2016).

Winds, ice motion, and SIC combine to produce the distinct seasonal cycle of surface ocean stress in the CCB. Although
including geostrophic flow is key when quantifying ocean surface stress (e.g., Zhong et al., 2018), it exhibits little seasonality.
The interplay between atmospheric forcing and sea ice conditions gives rise to the seasonality of surface stress magnitude; for
example, the combination of strong winds, high ice mobility, and higher concentrations (between 80-90%) results in strong
ocean stress in fall. In the CCB, ocean stress magnitude is largest from September through December and smallest from
~March through August (Figure 4d). Analyses using the Pan-arctic Ice-Ocean Modeling and Assimilation System (PIOMAS)
have shown that momentum transfer is maximized for an SIC of 80-90% because ice-ocean stress is more effective at this

transfer than air-ocean stress, while internal ice stresses lead to reduced ice motion when SIC>90% (Martin et al., 2014). We

find a similar optimal SIC for momentum transfer in the fall (when SIC spans a full range in our data). September—December
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magnitude of ice-ocean surface (|7;|, gray) and total surface ocean stress (| 7|, green) over the CCB. Error bars indicate the 95% confidence

interval of the linear trend.

ocean surface stress magnitude normalized by wind speed generally increases with SIC up to SIC ~78% and decreases for
further increases in SIC (Figure S5b).

In general, we see a linear increase over 2003—2023 in surface stress magnitude in the CCB (Figure 2d), most notably in
March—-May and November—December (Figure Sc, green bars). The largest increase is in December, with a linear trend of
0.013 4 0.009 Nm~2 per decade (Figure 5c, green bars). This surface stress increase during winter months is consistent
with previous studies in the region; Liu and Yu (2025) show a December—March surface stress increase averaging ~0.005
N m~2 between 2003-2012 and 2013-2022. Similarly, Martin et al. (2014) report that simulated ocean-surface stress exhibits
its largest increase in October—December (0.007 N m~?2 per decade over the 19792012 period).

In months with low SIC (August—October), we find no statistically significant change in surface-ocean stress over 2003-2023
(Figure 5c¢). For the 1979-2012 period, Martin et al. (2014) find decreasing interannual trends in surface-ocean stress during
low SIC months, with modeled July—September surface stresses decreasing by ~0.002 N m~2 per decade (Martin et al., 2014).
The discrepancy with our results likely reflects the different time periods, with the earlier 1979-2012 record encompassing a
period of more rapid sea-ice decline (e.g., Stern, 2025).

Increases in sea-ice drift speed (attributed to increased pack mobility as opposed to increased wind speeds) can explain the

increases in surface stress during ice-covered months in the CCB (Figure Sc, compare green and gray bars). The relationship
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Figure 6. a) Number of high-stress events (HSEs) in the Central Canada Basin (CCB) for January—April (blue), May—August (red), and

September—December (green) from 2003-2023. The interannual linear trend with a 95% confidence interval is given. b) The mean surface

stress magnitude (|7, black) and the mean duration of all HSEs in each year over the CCB from 2003-2023. Error bars indicate one median

absolute deviation. ¢) Annual time-integrated surface stress magnitude for the entire year (black). Shading represents one spatial median

absolute deviation of surface stress in the CCB during HSEs.

is particularly evident in November and December, when the ~0.001 N m~2 year ! trend in surface stress is accompanied by
a ~0.03 % year—! trend (or a 1.8% per year increase relative to the climatological mean of 0.017) in the ice to wind speed
ratio over 2003-2023 (Figure 5c). Increases in the ice to wind speed ratio have been observed across the Arctic, with Zhang
et al. (2022) reporting the largest trend of 2.3% per year relative to a climatological mean of 0.015 in autumn over the Beaufort
Sea region for the 1979-2019 period. Our result agrees with the Arctic-wide finding of Martin et al. (2014), who find modeled
annual linear surface stress increases of 0.006 N m~?2 per decade from 2000 to 2012 primarily due to increased momentum
transfer (rather than wind forcing). These authors highlight the increasing mobility of the ice pack as the primary mechanism

behind increasing surface stress.
3.2 High-stress Events

In the previous section, we described area and monthly mean stress magnitudes in general. In this section, we turn to the high-
stress events (HSEs; defined in Section 2.3) to examine the role of these short-term events in the monthly-averaged momentum
input. Characterizing a HSE as a period when || > 0.06 Nm~2 for > 3 consecutive days yields ~6 HSEs per year in the
CCB over 2003-2023; the number has increased from ~6 to ~7 events per year between 2003-2012 and 2013-2023 (Figure

10
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6a). Seasonally, HSEs are more likely to occur in the fall, when their surface ocean stress magnitudes are also generally largest
(Figure S6).

The mean surface stress magnitude during HSEs is ~0.11 & 0.03 N m~2 (Figures 6b and S6d). HSE wind speeds average
around 7.9 + 1.2 ms~!, with ice drift speeds ~0.16 4= 0.04 ms~! (Figure S6). These are ~30 to 50% faster than their mean
values (Figures 4 and S6). The average duration of each HSE is ~4.0 & 0.5 days, with little change to this over 2003-2023
(Figure 6b). We found no statistically significant change in HSE wind or ice speeds (nor in the ratio of their magnitudes), nor
in HSE mean stress magnitudes in the CCB over 2003-2023 (Figures 6b and S7). While HSEs occur during only ~7% of the
days in the 2003-2023 period, they have a significant influence on momentum transfer in any given year, with approximately
20% of the annual time-integrated stress in any given year occurring during HSEs. While the characteristics of individual HSEs
have remained largely consistent over time, their increased frequency has resulted in an increase in the time-integrated surface
stress during HSEs of 0.54 4= 0.45 N m~2 per decade (Figure 6¢). The influence of HSEs on mixed-layer entrainment will be

explored in further detail in Section 4.4.

4 Drivers of Seasonal and Interannual Mixed Layer Variability

In this section, we examine how the surface stresses and sea-ice mobility characterized in the preceding sections influence the
CCB mixed layer. We place entrainment at the base of the mixed layer, resulting from mechanical forcing, in context with
convective mixed-layer deepening (and shoaling arising from ice melt), using estimates of surface buoyancy fluxes based on

the sea-ice growth cycle.
4.1 Upper ocean and sea-ice thickness data

We assess the seasonal and interannual evolution of the mixed layer using temperature and salinity data from Ice-Tethered
Profilers (ITPs) (individual profile locations are shown as gray dots, Figure 7a; Krishfield et al., 2008; Toole et al., 2011).
An ITP drifts with its host ice floe, profiling the upper 700 m of the water column every ~6 to 12 hours. This sampling
frequency results in a horizontal resolution of less than 2.5 km on average, based on sea-ice drift speeds (Krishfield et al.,
2008). Profiles are 1 m binned in the vertical. We focus on the CCB, which has a high concentration of profiles over the
study period (2003-2023); approximately 17,000 profiles (Figure S8). In addition to ITP profiles, we analyze ship-based
conductivity, temperature, and depth (CTD) data from the annual Beaufort Gyre Observing System (BGOS)/Joint Ocean Ice
Study (JOIS) expeditions, which are limited to summer and fall months (Proshutinsky et al., 2019). BGOS/JOIS measurements
provide spatially comprehensive measurements of the CCB each year, while ITP profiles provide year-round mixed-layer
measurements (for mixed layers deeper than ~7 m).

Buoyancy frequency (N2 = —(g/po)dp/dz) is computed in the upper 50 m of the water column for each profile (this depth
consistently exceeded the maximum mixed-layer depth). The maximum buoyancy frequency, N2, in this depth range and its
corresponding depth are computed. Mixed-layer depth (z = H) is taken to be two grid points (~2 m) above the depth of N?2,.

This method of mixed-layer depth calculation yields statistically identical results to a criterion based on density difference
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Figure 7. a) Map of the Beaufort Gyre region (BGR; black) and Central Canada Basin (CCB; red). Gray dots indicate locations of hydro-
graphic observations from ITP and Beaufort Gyre Observing System (BGOS)/Joint Ice Ocean Study (JOIS) CTD casts. Blue stars indicate
the location of the BGOS moorings. The yellow diamond indicates the location of the oceanographic profiles in Figure 8. b) Timeseries of
mean sea ice thickness (blue) and SIC (gray) in the CCB from 2005 through 2023. These observations are derived from ice draft measure-
ments via upward-looking sonar (ULS) on the BGOS moorings and the Nimbus-7 SMMR and DMSP SSM/I-SSMIS Passive Microwave
Data Version 2 (DiGirolamo et al., 2022).

from the surface. We assign mixed-layer depths an uncertainty of £1 m reflecting the 1 m binned data. An additional source
of uncertainty arises from computing N2 as a centered difference between adjacent grid points, which offsets the mixed-layer
base by up to half a bin. We therefore conservatively estimate a total uncertainty of 1 to 2 m. To compute a density difference,
Ap between the mixed layer and its base, we subtract the mean mixed-layer density (p) from the density ~1 m below the
depth of N2, This depth is at approximately the midpoint of the stratified interface beneath the mixed layer and provides a
representative measure of the density of fluid being entrained (i.e., it captures the characteristic potential energy barrier to
mixed-layer deepening).

We use sea-ice thickness observations to estimate the seasonal evolution of buoyancy fluxes. Upward-looking sonar (ULS)
data (Krishfield et al., 2014) from four BGOS moorings provide continuous in situ ice draft measurements at locations within
and bounding the CCB (blue stars, Figure 7a) over our study period. Ice thickness is inferred from ULS draft via a conversion
factor of 1.123, with the resulting thickness estimated to be accurate within £10 cm (Figure 7b Melling et al., 1995; Krishfield
et al., 2014). Between each of the moorings, there is a mean spatial standard deviation of 0.2 m for the 2003—2023 period.
Since we aim to estimate buoyancy fluxes in the CCB, the metric of interest is the ice-thickness evolution, dh;/dt. The average

standard deviation of dh;/dt is 1.0+0.1 cm day*1 between each of the moorings. From 1979-2023, May sea-ice volume (i.e.,

12



260

https://doi.org/10.5194/egusphere-2026-3283
Preprint. Discussion started: 3 August 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

-- Sep 2006
— Sep 2023
--  Mar 2006
— Mar 2023

e T

50

1.6

:‘iz |l N A

<

0.4

70

—
&

250

;;;’530 H \ . WUMF

10 -
2003 2005 2007 2009 2011 2013 2015 2017 2019 2021 2023 2025

Figure 8. September profiles of a) conservative temperature (0) and b) absolute salinity (5 4) from 2006 (dashed) and 2023 (solid). March
profiles of ¢) conservative temperature and d) absolute salinity from 2006 (dashed) and 2023 (solid). Profiles were taken from the location of
the yellow diamond in Figure 7. 30-day running mean timeseries of ) mixed-layer thickness (H), f) density difference across the base of the
mixed layer (Ap), and g) the maximum buoyancy frequency (N2,) in the central Canada Basin (CCB) from 2003-2023. Shading indicates

one standard deviation for all profiles in a day.

at the end of the growing season) has declined more slowly than September sea-ice volume, a trend attributed to increased

sea-ice growth rates of ~1 cm per year over the broader Canada Basin (Bailey and Timmermans, 2025).
4.2 Observed monthly mean mixed-layer properties and seasonal evolution

Seasonally, the mixed layer is shallowest (<20 m) and freshest in September (Figure 8a,b) and deepens (to ~40 m) and salini-
fies through March (Figure 8c,d). From 2003 through 2019, the CCB mixed layer has deepened by 1.1 + 0.1 m year ! (Figure

8e). After 2019, the mixed layer has exhibited a shoaling tendency, which coincides with a decrease in freshwater and heat
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Figure 9. Monthly mean a) mixed-layer thickness (H) and sea-ice thickness (h;, blue), b) buoyancy flux (B) and change in sea-ice thickness
(dh;/dt, blue), and c) density difference across the base of the mixed-layer (Ap) and the maximum buoyancy frequency (N2, red) in the
CCB for the 2003-2023 period. Error bars indicate one median absolute deviation within the CCB.

content in the upper ocean (Timmermans et al., 2025). If we consider monthly trends, there are statistically significant linear
trends in April-December, when the mixed layer has become between ~0.5-2.0 m deeper per year in any given month over the
2003-2019 period (Figure S9a). Cole and Stadler (2019) reported a 9 m increase in January—May mixed-layer thickness from
2006-2017 in the BGR, driven by changes in April-May values. Over 2003-2019, we similarly find no significant change in
mixed-layer depth in January—March (Figure S9a).

Sea ice thickness in the CCB has a seasonal cycle consistent with seasonal mixed layer depth evolution, with maximum
thicknesses of ~2 m in May/June and the thinnest ice (~0.5 m) in September (Figure 9a). There is a general decrease in sea-
ice thickness across all months for the 2003-2019 period in the CCB (Figure S9a). After 2019, there are no significant changes
in sea-ice thickness over the CCB (Figure 7b). From June through September, sea-ice ablation (hereafter referred to simply
as melt) releases freshwater into the surface ocean (Figure 9b). Over the 2003-2019 period, we see a statistically significant
increase in the rate of sea-ice melt (and the associated positive buoyancy fluxes) in September (Figure S9b). For the rest of the
year, sea-ice growth releases brine and reduces the buoyancy of the surface ocean (Figure 9b). There are no significant changes
in sea-ice growth over the 2003-2019 period (Figure S9b). Seasonal ice growth/melt results in a seasonal buoyancy flux that
could contribute to changes in mixed layer depth. This will be explored in the next section.

Before quantifying mixed-layer entrainment, we first need to understand the seasonal evolution of mixed-layer stability,
which is represented by both Ap and N2,. Interannually, there has not been a clear trend in either Ap or N2, (Figure 8f,g). Over
the course of a seasonal cycle, we find the density difference across the mixed-layer base (Ap) does not track the maximum

buoyancy frequency (IN?2,), as would be expected if the density interface at the base of the mixed layer did not change in
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Figure 10. Profiles of density (p; black) and buoyancy frequency (N?; red) for a) March, b) July, and c) November. All profiles were taken
from ITP data in the CCB in 2014. The maximum buoyancy frequency (IN2,) and density difference across the mixed layer (Ap) and its base

are given for each profile.

thickness (Figure 9¢). Ap is smallest around January through May when mixed layers are deepest and most dense (Figure 9a,c).
Throughout this season, larger values of N2, coincide with relatively small values of Ap, suggesting mixed-layer entrainment
via mechanical scouring thins the density interface at the mixed-layer base (Figure 10a). From June—August, Ap increases
with the onset of the melt season and the mixed layer shoals (Figure 9a,c); relatively small values of an coincide with larger
Ap, suggesting freshwater input to the surface ocean and weaker mechanical mixing allows for diffusion to thicken the density
interface at the mixed layer base (Figure 10b). The coupled evolution of Ap and N2, hints at the differing influences of

mechanical entrainment and surface buoyancy fluxes on mixed-layer evolution that we will now explore.
4.3 Quantifying mechanisms of mixed-layer deepening

Observations of mixed-layer thickness show a strong seasonality (Figure 9a) and a general trend towards a deeper mixed-layer
until 2019 (Figure 8e and S9a). We aim to characterize and quantify the relative contributions of mechanical mixing and surface
buoyancy forcing to both the seasonality and long-term trends in mixed-layer thickness.

Mixed-layer entrainment, w,., may be estimated due to both surface stresses and buoyancy-fluxes (which may also shoal the
mixed layer). Stigebrandt (1981, 1985) show that the rate of mixed-layer deepening can be quantified via a vertical entrainment
velocity, we, given by

2mopou B

T B 000Uy

We =w, +w, = -C , “)
gApH 9Ap/po

where my is a constant (empirical) mixing efficiency taken to be 0.6 (Stigebrandt, 1981, 1985), u. is a frictional velocity

calculated from the surface stress (u. = +/|7|/po), ¢ is the gravitational acceleration, B is buoyancy flux and C' is a non-

dimensional empirical constant. The first term of (4), w, represents mixed-layer entrainment due to stress applied at the
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Figure 11. Climatology of monthly total observed mixed-layer thickness change (A H, gray), stress-induced mixed-layer thickness change
(AHT, light green), stress-induced mixed-layer thickness change from HSEs (A H 5% dark green), and buoyancy-driven changes (AHZ,

blue) in the Central Canada Basin (CCB) for the 2003—-2023 period from (4). Total monthly changes are calculated as AH = fm wedt

onth

for each term. Error bars indicate one median absolute deviation within the CCB.

surface, and is based on laboratory experiments and energetic arguments (Turner, 1968; Kato and Phillips, 1969). The second

term, w?

, represents mixed-layer entrainment due to buoyancy fluxes, where B can be positive or negative. Here, we only
consider buoyancy fluxes that arise from sea ice growth or melt. If B > 0, C'is set to 1, while for B < 0, C'is set to 0.05 (the
release of dense brine leads to convective mixing); details are given by Farmer (1975); Stigebrandt (1981). The buoyancy flux,
B, from a change in ice thickness, dh;/dt, can be expressed as

Pi & dh;
B=gB8—(S5-5;,)—
gﬁpo(S )

)
(see Cavalieri and Martin, 1994; Worster and Rees Jones, 2015), where p; = 900 kg m 3 is the density of sea ice, § = 8 X 10~*
is the coefficient of haline contraction, S is the mean salinity of the mixed layer, and S; = 9 is the salinity of sea ice. We solve
(4) and (5) iteratively to calculate the daily change in mixed-layer depth as a function of the timeseries of surface stress, the
density gradient across the base of the mixed layer, sea ice thickness, and average mixed-layer salinity.

The parameterization (4) has been shown to reasonably capture mixed layer changes, where the largest discrepancies may
be due to the influence of lateral flows (e.g., convergence/divergence of water as a result of surface-ocean stress curl and the
subsequent vertical Ekman pumping) not captured in the 1D framework (Stigebrandt, 1985; Bjork, 1989; Hordoir et al., 2022).
Furthermore, the relationship does not account for mixed-layer deepening driven by shear instabilities at the base of the mixed
layer; the effect is included in the Price-Weller-Pinkel (PWP) one-dimensional model (Price et al., 1986), which has been used
to explore mixed-layer processes in the BGR (e.g., Toole et al., 2010; Zhong et al., 2025). Nevertheless, (4) is a reasonable
parameterization of mixed-layer entrainment when averaging over multiple inertial periods (Price et al., 1978). Although other
uncertainties arise (in the choice of mg and C, for example), this representation of mixed-layer deepening reproduces a similar
depth evolution to more complex models of the Arctic Ocean, such as the three-layer model used in Dukhovskoy et al. (2006).

To understand the general seasonal influence of each of the terms in equation (4), we take the sum of each term in equation
(4) over any given month, then take the interannual mean (Figure 11). For observed changes in mixed-layer thickness, we fit a

linear regression to all daily mixed-layer thickness data for any given month.
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During the ice growth season (October through May), wZ remains weakly positive and small (Figure 11a). Stress-induced
mixed-layer deepening w{ is largest in September through January. This seasonal maximum is particularly pronounced in
the early winter months: mechanical deepening in October through December is twice that in January through March. When
comparing these estimated values to observed mixed-layer evolution during the deepening season (October through March),
we find that stress-driven entrainment can account for an average of 65% of mixed-layer deepening, while buoyancy-driven
entrainment contributes only 7% (Figure 11a). Hence, surface momentum transfer plays a larger role in seasonal mixed-layer
deepening than convection in the CCB (Figure 11).

Since mechanical mixing is a dominant contributor to seasonal mixed-layer deepening, we now seek to evaluate the role of
episodic HSEs. On average, each HSE results in 0.8 & 0.5 m of mechanical deepening. Despite occurring only 7% of the time,
these episodic events account for approximately 28% of all stress-induced mixing in the 20032023 period. This contribution
becomes even more pronounced in April-July, when HSEs account for an average of ~68% of stress-driven entrainment
(Figure 11). This suggests that HSEs are a critical contributor to the seasonality of mixed-layer thickness, particularly in spring
and early summer.

In the melt season, mechanical entrainment is secondary to buoyancy forcing. During July and August, w2 exhibits large
negative values, indicating strong shoaling driven by freshwater release from ice melt (Figure 11). Our estimates of shoaling
as a result of ice melt are typically larger (~3 m per month on average) than observed decreases in mixed-layer thickness in
the melt season (Figure 11). The implicit assumption in shoaling estimates from w?2 is that the freshwater released from ice
melt remains in the CCB, which may be the source of the shoaling overestimate (e.g., see the tracer trajectories in Proshutinsky
et al. (2019)).

Beyond these seasonal patterns, long-term trends reveal that the mechanical forcing controlling mixed-layer depth is inten-
sifying. We have shown that surface stress has increased during ice-covered months over 2003—-2023, with particularly strong
trends in November and December (~0.001 N m~2 year~!; Figure 5c). These increasing surface stress trends have direct
consequences for mixed-layer evolution. The enhanced momentum transfer has driven increased mechanical entrainment of
~1.5 m per decade in November and ~1 m per decade in December over 2003-2019 (Figure S10b). This increased deepen-
ing equates to approximately 20% of the ~7 m per decade in November and ~6 m per decade in December of mixed-layer
deepening that we observed from 2003-2019 (Figure S9a). Furthermore, there is no clear change in either mechanical entrain-
ment or surface buoyancy forcing for the months with the largest interannual increases in observed mixed-layer depth (i.e.,

April-August, Figures S9a and S10). The drivers of the bulk of the mixed-layer thickness trend remain unconstrained.

5 Summary and Discussion

Our investigation of monthly and interannual variability in surface ocean stress in the CCB over 2003 to 2023 has shown a
statistically significant linear increase in surface stress magnitude of approximately 0.007 & 0.001 N m~2 per decade, with
the most pronounced increases (~0.01 Nm~2 per decade) in November-December. These months coincide with the annual

maximum surface stress magnitudes occurring in September through December. The increases in surface stress are primarily
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attributed to increased sea-ice mobility (consistent with previous studies, Petty et al. (2016); Martin et al. (2014)), where sea
ice has become more responsive to the largely unchanged wind forcing in the 2003-2023 period. Our assessment of high-
stress events (HSEs) indicates no change in the characteristics of individual events, though there has been an increase in their
frequency, and a consequent increase in the time-integrated stress of 0.54 4 0.45 N m ™2 per decade associated with all HSEs,
over the 2003-2023 period.

We have further investigated the influence of surface-ocean stresses and greater sea-ice mobility on monthly and interannual
variability of mixed-layer depth. Overall, we observe a general mixed layer deepening (linear trend of ~1.1 myr—!) in the first
part of the record, from 2003-2019. This is superimposed on a strong seasonal cycle (shallowest in September, ~20 m, and
deepest, ~40 m, in May). For April through December, each month has a statistically significant linear trend to thicker mixed
layers over the 2003-2019 period, with the largest increases occurring in the months of May through August (linear trends
between 1-2 m year—!). After 2019, the mixed layer tends to shoal overall, with a linear trend of ~-0.4 m year—!.

We have employed a 1D energy-balance entrainment parameterization to estimate that stress-induced entrainment can ac-
count for ~65% of the observed mixed-layer deepening in any given year in October through March, while buoyancy-driven
entrainment (i.e., brine rejection) accounts for only ~7% of the observed deepening in these months. HSEs have a dispro-
portionately large influence on stress-induced mixed-layer deepening relative to their occurrence. In October through March,
HSEs account for about 38% of all stress-induced deepening, while only occurring during 8% of the time over the 2003-2023
period. For all months, HSES are responsible for ~28% of mechanical deepening although they only occur during 7% of the
time. This picture of seasonal mixed-layer deepening in the CCB differs from seasonal deepening being primarily driven by
convection associated with sea-ice growth/brine rejection with occasional storm-driven mechanical deepening (e.g., Peralta-
Ferriz and Woodgate, 2015). The 1D energy balance indicates that sea-ice melt is the dominant driver of mixed-layer shoaling
in June—August, with the model estimate approximately twice the observed shoaling in July and approximately equal to it in
August.

Approximately 28% of the average seasonal deepening in October—March is not due to stress-induced entrainment or brine-
driven convection. As such, other processes have non-negligible contributions to observed mixed-layer deepening. For example,
the lateral convergence of water in the mixed layer, giving rise to Ekman pumping, plays an important role in this seasonality.
Ekman downwelling has a seasonal peak of ~0.8 m in September—December, which has been previously described in the
region (Figure S10d; e.g., Meneghello et al., 2018). During October through March, when stress-induced entrainment is the
dominant process that drives seasonal mixed-layer deepening, Ekman pumping can account for ~21% of the total deepening
that occurs (Figure S10). Similarly, in other months of the year, Ekman pumping cannot explain the observed mixed-layer
depth changes.

Interannual increases in surface stress imply an increase in mechanical entrainment of ~0.8 m per decade in November and
December over the 2003—-2023 period. This has potentially significant implications for ocean-to-ice heat fluxes as the relatively
warm Pacific Summer Water layer (PSW) resides immediately beneath the mixed layer in the Canada Basin. Given some rate
of mixed-layer deepening we,, the corresponding heat flux can be estimated as Fiy = poc,w.AT, where AT is the temperature

difference between the mixed layer and the warmer water immediately below. Typical values of AT are between ~0.3 and
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0.5 ° C, estimated the same way as Ap. A mixed layer deepening of 1 m over 1 month (i.e., the approximate increase in
observed mixed-layer deepening in November and December over the 2003-2023 period) would therefore correspond to heat
flux of ~0.5-0.8 W m~2, comparable to the observed ~0.87 W m~? increase in wintertime ocean-to-ice heat fluxes between
the 2006-2012 and 20132018 periods of Zhong et al. (2022). This increase in heat flux alone would account for up to ~0.7 cm
of sea ice melt in one month.

The increased mechanical deepening in November/December inferred from surface stress increases over 2003—-2019 is only
~20% of the observed increase in mixed-layer thickness in these months over the same period. Neither changes in mechanical
entrainment nor buoyancy forcing can explain the observed increases in mixed-layer thickness from 2003-2019 in all other
months with statistically significant trends (April-October). Further, we do not see any significant change in Ekman pumping
that can account for the observed deepening of the mixed layer (Figure S10d). While it is noteworthy that increases in mixed-
layer thickness from 2003-2019, as well as the subsequent shoaling from 2020-2023, show a similar temporal pattern to the
interannual changes in freshwater and heat content in the region (see Timmermans et al., 2025), the net effect of Ekman
pumping, dissipative processes, and buoyancy sources is complicated.

As the Arctic sea ice pack continues to thin and retreat, it can be expected that sea ice mobility and surface ocean stress
will continue to increase. On the other hand, model projections indicate that winds will likely weaken in the future, which may
act to decrease momentum transfer within the atmosphere-ice-ocean system (Athanase et al., 2025). These changes should
continue to be explored with respect to surface-ocean stresses and mixed-layer entrainment, particularly given the importance
of stress-driven mixing on ocean-to-ice heat fluxes. Overall, these results highlight the importance of continuous, high-quality

sea ice and oceanographic observations for monitoring changes in the Arctic system.

Data availability. Sea ice velocity and concentration data are from the National Snow and Ice Data Center and are available at https:
/Imsidc.org/data/nsidc-0116/versions/4 and https://nsidc.org/data/nsidc-0051/versions/2, respectively (Tschudi et al., 2019; DiGirolamo et al.,
2022). Winds are from the ECMWEF reanalysis data product (ERAS) and are available from the Copernicus Climate Data Store at https:
//doi.org/10.24381/cds.adbb2d47 (Hersbach et al., 2018). Dynamic ocean topography data for 2003-2020 were provided by the Centre for
Polar Observation and Modelling, University College London and are available at www.cpom.ucl.ac.uk/dynamic_topography (Armitage
etal., 2016, 2017; Lin et al., 2023). Dynamic ocean topography data for 2021-2023 were provided by the National Snow and Ice Data Center
and are available at https://nsidc.org/data/atl23/versions/2 (Morison et al., 2025). While these products are available individually, the 2003 —
2023 DOT, surface ocean stress, and Ekman pumping products will be available on GitHub or the Arctic Data Center, pending Margevich
et al. being accepted. The Ice-Tethered Profiler data were collected and made available by the Ice-Tethered Profiler Program (Krishfield et al.,
2008; Toole et al., 2011) based at the Woods Hole Oceanographic Institution (https://www?2.whoi.edu/site/itp/) and are available at https://doi.
org/10.7289/vSmw2f7x. CTD and Upward-looking sonar (ULS) data were collected and made available by the Beaufort Gyre Exploration
Program (https://www2.whoi.edu/site/beaufortgyre/) in collaboration with the Joint Ice Ocean Study (JOIS) program with researchers from
Fisheries and Oceans Canada at the Institute of Ocean Sciences (I0S). ITP and CTD data are also available at the NSF Arctic Data Center
(https://arcticdata.io/).
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