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Abstract Ocean-to-ice heat flux (OHF) is important in regulating the variability of sea ice mass balance.
Using surface drifting buoy observations, we show that during winter in the Arctic Ocean's Beaufort Gyre
region, OHF increased from 0.76 + 0.05 W/m? over 2006-2012 to 1.63 + 0.08 W/m? over 2013-2018. We
find that this is a result of thinner and less-compact sea ice that promotes enhanced winter ice growth, stronger
ocean vertical convection, and subsurface heat entrainment. In contrast, Ekman upwelling declined over the
study period, suggesting it had a secondary contribution to OHF changes. The enhanced ice growth creates a
cooler, saltier, and deeper ocean surface mixed layer. In addition, the enhanced vertical temperature gradient
near the mixed layer base in later years favors stronger entrainment of subsurface heat. OHF and its increase
during 2006-2018 were not geographically uniform, with hot spots found in an upwelling region where ice was
most seasonally variable.

Plain Language Summary Heat transferred from the ocean to the sea ice influences the extent

to which sea ice melts or freezes. It is unclear how variable this heat transfer is during winter. Using multiple
drifting instruments, our results reveal that ocean-to-ice heat transfer almost doubled from 2006-2012 to 2013—
2018. The enhanced heat transfer is a result of thinner and looser sea ice that leads to enhanced ice growth
during winter. This enhanced ice growth causes stronger mixing within the ocean and so larger transfers of heat
from the ocean to the ice. Changes in the extent to which water is physically pushed upwards had a secondary
role in enhanced ocean-to-ice heat transfer over the study period. As a result of the increased ice growth, the
pool of water directly in contact with the ice cover is cooler, saltier, and deeper over 2013-2018 compared with
2006-2012. Changes in ocean temperature at depth additionally favor stronger subsurface heat entrainment
during 2013-2018. Ocean-to-ice heat transfer and its increase during 20062018 was not geographically
uniform, with hot spots found where ice was most seasonally variable.

1. Introduction

The ocean-to-ice heat flux (hereafter OHF) plays a vital role in the sea ice mass balance (e.g., Krishfield &
Perovich, 2005; Maykut, 1982; Maykut & McPhee, 1995; McPhee et al., 2003). Theoretical estimates have indi-
cated that an annual average OHF of 2 W/m? is needed to maintain an equilibrium ice thickness of ~3 m (May-
kut, 1982; Maykut & Untersteiner, 1971). Further, OHF has a significant seasonal cycle with maximum values
reaching 40-60 W/m? in summer (Maykut & McPhee, 1995) and generally <2 W/m? in winter (Krishfield & Per-
ovich, 2005). In fact, the winter OHF is close to zero in many instances (e.g., Maykut & McPhee, 1995; McPhee
et al., 2003), although with significant regional variability (Krishfield & Perovich, 2005; Lei et al., 2018). The
western Arctic Ocean is dominated by first-year sea ice in recent years (Krishfield et al., 2014; Kwok, 2018;
Kwok & Rothrock, 2009; Zhang et al., 2012), which leads to an increasingly important role for ice-ocean thermo-
dynamics in determining the sea ice mass balance (Planck et al., 2020).

In summer, solar heating of the ocean surface mixed layer is the main source for OHF (Krishfield & Perovich, 2005;
Maykut, 1982; Maykut & McPhee, 1995; Steele et al., 2010; Timmermans, 2015; Toole et al., 2010). In contrast,
winter OHF depends strongly on entrainment of subsurface heat from the near surface temperature maximum
water (NSTM), Pacific Summer Water (PSW), or Atlantic Water (AW, Fer et al., 2017; Jackson et al., 2012;
Steele & Morison, 1993; Yang et al., 2001). Winter heat entrainment is influenced by the strength of halocline
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stratification just below the surface mixed layer, the strength of surface convection, the momentum flux to the
ocean (represented in terms of ice-ocean stresses, e.g., McPhee, 1992), the availability of subsurface heat, and
potentially the tendency for Ekman upwelling in winter. All of these factors are changing interannually, creating
a potential for significant changes to wintertime OHF.

1. Halocline stratification. With the weakening of the Eurasian Basin halocline, winter OHF has increased sig-
nificantly via entrainment of AW heat into the mixed layer (Polyakov et al., 2020). In contrast, the Canada
Basin exhibits no interannual trend of vertical mixing in the interior (Guthrie et al., 2013), likely a result of
strong upper-ocean stratification that inhibits vertical mixing in general (Guthrie & Morison, 2021; Lincoln
et al., 2016). In this area, subsurface heat is largely isolated from the surface mixed layer and thus rarely
contributes to OHF, with the exception of sporadic storm-induced mixing events (e.g., Jackson et al., 2012;
Yang et al., 2001)

2. Surface convection. Previous studies revealed that brine-driven surface convection could entrain the Atlan-
tic Water heat upwards in the Eurasian Basin (Polyakov et al., 2013, 2020), while the strong stratification
and potential lateral mixed layer restratification impede this convection process in the Canada Basin (Toole
et al., 2010). Seasonally, brine-driven surface convection contributes to the entrainment of heat from the
NSTM each fall (e.g., Timmermans, 2015). Further, a recent study of Cole and Stadler (2019) revealed an
interesting deepening and salinification of the winter mixed layer in the Canada Basin over 2006-2017, forced
by freshwater distribution changes. These changes will likely affect the entrainment of subsurface heat, and
thus wintertime OHF. Whether the strength of ocean convection has changed or not is not clear

3. Momentum flux. The ice-ocean shear can drive entrainment of subsurface heat upward and thus contribute to
enhanced OHF (e.g., Krishfield & Perovich, 2005; Timmermans, 2015). Using a parameterized mixed layer
temperature above freezing (no interannual variations), Krishfield & Perovich (2005) revealed a positive trend
of OHF over 1979-2002 due to enhanced ice drift which highlights a greater role for shear entrainment

4. Subsurface heat. Alongside changes in upper-ocean stratification, the NSTM is becoming warmer as ice is be-
coming thinner in the Canada Basin (e.g., Jackson et al., 2010, 2012; Steele et al., 2011; Timmermans, 2015).
In addition, the heat content of the interior Beaufort Gyre halocline layer has doubled over the past 30 years in
the Canada Basin (Timmermans et al., 2018). It is unclear how wintertime heat entrainment is influenced by
these warmer subsurface waters interannually

5. Ekman upwelling. Heat entrainment may also be influenced by Ekman pumping, with upwelling conditions
more likely to result in entrainment. Recent studies have shown a large area of upwelling in the southern
Canada Basin in winter (Dewey et al., 2018; Meneghello et al., 2018; Zhong et al., 2018; also see Figure 1)
that results from including the recently nonnegligible surface geostrophic current in the calculation of Ekman
pumping (downwelling would be estimated if geostrophic currents are neglected). While the effects of this up-
welling region on OHF is yet to be determined, it has the potential to be the primary area for wintertime OHF

To address the potential spatial and interannual variability of wintertime OHF, we examine the changes to OHF
and the mechanisms that control it over 2006-2018 using both observations and a numerical model. To the best
of our knowledge, this is the first comprehensive study to investigate winter OHF over such a long-time scale
and the basin wide Beaufort Gyre region. The data and methods we used are described in Section 2. Estimates of
OHF considering the surface geostrophic current are presented in Section 3.1. In Section 3.2, we evaluate the en-
trainment of subsurface heat into the mixed layer and its impacts on OHF. The proposed mechanism for enhanced
OHEF is described in Section 3.3. Conclusions and discussion are presented in Section 4.

2. Data and Methods

For OHF, we consider the months of January-March only, thus excluding the effect of solar radiation on the
mixed layer. During these months, <0.02 W/m? of solar radiation could penetrate to the bottom of sea ice in our
study region (not shown). This is negligibly small compared with our considered OHF. January-March is a time
when sea ice formation and vertical ocean convection (brine rejection) dominate, and when sea ice properties are
likely most uniform spatially and perhaps interannually (e.g., Brenner et al., 2021). This is also the season when
upwelling dominates in the southern Beaufort Gyre region (Figure 1, also see Meneghello et al., 2018; Zhong
etal., 2018).
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Figure 1. Ekman pumping in winter (January-March) in two periods (2006-2012, 2013-2018) from the observational
method (OBSm) and Marginal Ice Zone Modeling and Assimilation System (MIZMAS) model. The dashed pink line in the
middle and bottom panels represents the defined upwelling region while the dashed black line represents the defined Beaufort
Gyre region (hereinafter BG region). The Ice-Tethered Profiler (ITP) and Autonomous Ocean Flux Buoy (AOFB) drift
trajectories in winter in the two periods are shown in the top panel.

Ice-Tethered Profiler (ITP, fully processed level 3 data) and Autonomous Ocean Flux Buoy (AOFB, flux package
data) observations from January 2006 to March 2018 are used to estimate OHF. The details of ITP and AOFB re-
cords that we used are provided in Table S1 in Supporting Information S1. The ITPs measure the ocean pressure,
temperature, and salinity between ~7 and ~750 m with sensor accuracies of +1 dbar, +0.001 °C, +0.005, re-
spectively; detailed data processing procedures can be found at http://www.whoi.edu/itp (Krishfield et al., 2008).
For AOFB data, the measured temperature (+0.001 °C) and conductivity (+0.002 mS cm™') at 7.6 m below the
surface of the ice are used (Shaw et al., 2008). Detailed data processing procedures are referred to https://www.
oc.nps.edu/~stanton/fluxbuoy/index.html. The daily mean buoy data are used to calculate the parameterized
OHF, which minimizes the impact of inertial currents.

In this study, we are interested in the ocean-to-ice heat flux from a large-scale perspective and so employ a pa-
rameterized method since direct turbulent measurements are rare and sparse both in space and time. The parame-
terized OHF is calculated as OH F = poceanCptt Crt (Trm — Ty), Where pocean = 1023 kg m™ is a reference mixed
layer density, ¢, = 3980 J/(°C kg) is the specific heat of seawater, 7, and T are the mixed layer temperature and
freezing point at the depth of ~7 m, respectively, and Cy = 0.0057 is the heat transfer coefficient (McPhee, 1992;
McPhee et al., 2003). T3,, and T are derived from measurements at the shallowest depth of ITPs and AOFBs
which is usually at a depth of 6-7 m (within the winter mixed layer depth). In winter, T%,, — Ty is very small
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(with an accuracy of 0.001 °C). T is controlled by the variability of salinity while T%,, is influenced by the heat
conduction through the ice to the atmosphere, heat entrainment from subsurface warm water and the lateral heat
advection. The friction velocity u, = \/m (Maykut & McPhee, 1995) is determined by a param-
eterized ice-ocean Stress Tice_ocean = pom,,C‘-o|(Z,<a, - Zoce,,,,)|R,,(;;ce — ;,,m”) (e.g., Hibler, 1979; Hibler & Bry-
an, 1987) where the ice-ocean drag coefficient Cj, is taken to be 0.0055 and R is a rotation matrix for the ocean
(McPhee, 1975). The turning angle § = 25° is used for the geostrophic current ;Ocean, as the turning angle usually
lies in the range 20° < 6 < 30° (McPhee, 1975). The ice velocities are derived from the buoys' drifting positions
while the surface geostrophic current is derived from the satellite observation (Text S2 in Supporting Informa-
tion S1). Using the ice-ocean drag law to derive friction velocity instead of direct measurement (McPhee, 1992)
results in a change of only 10-20% in OHF (Steele & Morison, 1993). The uncertainty of parameterized OHF
compared with the direct turbulent measurement is also discussed in Peterson et al. (2017). Potential uncertainties
due to interannual or spatial variability resulting from differing properties of the sea ice cover are discussed in
Section 4.

The Ekman pumping velocity that takes into account the surface geostrophic current is calculated according to
the methods presented in Zhong et al. (2018) using both observations and model results (also see Text S2 in Sup-
porting Information S1 for further details). The mixed layer heat balance is governed by the following equation:

pc,hdT ot = Ohet —peyh u VT — pCWe(T — Ty)
—— — — e ——
diagnosed from the model  negligibly small  diagnosed from buoy observation divided into two terms as described below

where £ is the mixed layer depth, Q,., is the ocean surface net heat flux (the penetrative solar radiation through the
mixed layer base could be neglected), pc,h u -VT is the heat advection (for our case, it is a small term compared
with others), and the last term is the entrainment heat flux (Stevenson & Niiler, 1983). T, — T, is the temperature dif-
ference between the average mixed layer temperature (7,,) and the temperature just below the mixed layer base (7,
at the depth of ~1 m below the mixed layer base), and the entrainment velocity is w, = H(0h/ot + w_p+ ; -Vh),
where the Heaviside unit function is used such that H(x) = (1, x > 0 and 0, x < 0). w-j is the vertical velocity
at the base of mixed layer which is approximated by the Ekman upwelling here and u is the mixed layer averaged
horizontal velocity. Thus, we can divide the entrainment velocity into two terms, i.e., the deepening of mixed
layer depth induced entrainment velocity (which we only consider as the convective entrainment velocity) and
the Ekman upwelling induced entrainment velocity. The seasonal deepening rate of the mixed layer is evaluated
from the spatially averaged summer (July-October) to winter hydrographic data and then used to evaluate the
convective entrainment heat flux. The mixed layer depth is defined with a threshold criterion of Ac = 0.1 kg/
m? (Peralta-Ferriz & Woodgate, 2015), where it is the potential density difference in depth from the shallowest
measured depth for ITP records (note that AOFB does not allow for this analysis). The calculated daily Ekman
pumping velocities are linearly interpolated to the buoys' daily mean positions.

In addition to observations, model results (ice thickness, ice velocity, ice concentration, ice growth/melt rate, and
ocean surface net heat flux) from the Marginal Ice Zone Modeling and Assimilation System (MIZMAS; Zhang
et al., 2016) are used to investigate the effect of changing sea ice properties on OHF and the ocean mixed layer
properties. The details of the model and validation of simulated sea ice properties against observations can be
found in Zhang et al. (2012, 2015, 2016, 2021a), and are presented in Text S1 and Figures S1 and S2 in Support-
ing Information S1.

3. Results
3.1. Winter Ocean-to-Ice Heat Flux Variability

The winter OHF was spatially and interannually variable (Figures 2a and 2b). The upwelling region in the south-
ern Beaufort Gyre region corresponded to higher OHF than the northern region. The winter OHF increased with
a rate of 0.024 + 0.022 W/m? per winter month during 2006-2018 (Figure 2b). Beaufort Gyre region median
values were smaller than 0.3 W/m? prior to 2009, and larger afterward with three maxima appearing in years
2010, 2013, and 2016 (Figure 2b). For practical and comparative reasons, we choose to consider two time periods,
2006-2012 and 2013-2018, as in Cole and Stadler (2019). These time periods approximately divide the record
in half and correspond to when a significant deepening of winter mixed layer depth has been documented (Cole
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Figure 2. Statistics of winter ocean-to-ice heat flux. (a) Gridded average ocean-to-ice heat flux during 20062012 and
2013-2018. The original values are spatially averaged into bins of 2° in longitude and 0.5° in latitude. (b) Beaufort Gyre (BG)
region mean ocean-to-ice heat flux and the standard error (error bars). In order to reduce clutter, only the median values of
ice-ocean shear and the two components in the parameterized heat flux calculation (77,, — T, and u.) are shown. The dashed
red line represents the linear regression fit of monthly ocean-to-ice heat flux (OHF) with 95% confidence interval (dash green
lines). (c) Probability density functions (PDFs) of ocean-to-ice heat flux in the upwelling region (UR, bars) versus BG region
(BGR, lines; regions defined in Figure 1) in the two time periods with median values shown in color. The inset panel shows
the PDF plotted on the heat flux range of 2-10 W/m?.

& Stadler, 2019). Here, we will look into details of the corresponding OHF, the mixed layer properties, and the
Ekman pumping in these two periods. Heat fluxes larger than 5 W/m? were more prevalent in later period (Fig-
ure 2¢), with BG region mean values that increased from 0.76 + 0.05 W/m? (the uncertainty is the standard error)
over 20062012 to 1.63 + 0.08 W/m? over 2013-2018 (Figure 2b). The statistical significance of the daily heat
flux difference in the two periods is evaluated using Welch's 7-test which is statistically significant above the 99%
confidence level (not shown). Variations in both 7, — T, and u, (a reflection of ice-ocean shear entrainment)
contributed to the interannual variations in heat flux. Spatially, both T, — T, and u. were elevated in the BG
region especially in the upwelling region. Interannually, T, — T} increased from a median value of 1.9 X 1073 °C
to 4.5 x 1073 °C, while u, increased by a proportionally smaller amount from 4.8 x 1073 to 5.8 X 1073 m/s, sug-
gesting that T, — T, plays a more important role than the shear entrainment (u.) in regulating the interannual
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variability of OHF over 2006-2018 (see also Figure S3 in Supporting Information S1). In the next section, we
analyze the influencing factors for the increased 71, — 7.

3.2. Entrainment of Subsurface Heat Into the Mixed Layer

Does the upwelling in winter contribute to the large-scale changes of OHF seen in Figure 2? To explore this
question, we first investigate winter Ekman pumping over 20062012 and 2013-2018 (Figure 1). A large area of
upwelling in winter in the southern Beaufort Gyre region was evident and spatially consistent between the obser-
vations and model. This upwelling region results from ocean geostrophic currents that are large enough to drive
the sea ice in winter (Dewey et al., 2018; Meneghello et al., 2018; Zhong et al., 2018). Upwelling was weaker
during 2013-2018 (—0.2 + 0.3 cm/day) relative to 2006-2012 (3.3 + 0.1 cm/day, Figure 1), owing to changes
in the velocity difference between the ice and ocean as well as changes in the spatial gradient of ice-ocean stress
(Zhong et al., 2018). Thinner and less-compact sea ice in the later period would also reduce the magnitude of
upwelling (Meneghello et al., 2020; Wang et al., 2019). The reduced upwelling (also divergence) would favor
freshwater accumulation in the gyre center. On the other hand, thinner and less-compact sea ice potentially pro-
motes stronger ice growth and more salt production (Petty et al., 2018). We will discuss the net effect of these
processes in Section 3.3.

We next examine the average heat content within the mixed layer, which is larger in the later period especially in
the upwelling region (Figure 3a). Note that the mixed layer heat content is normalized by the mixed layer depth to
account for the deepening of the winter mixed layer in later years. The average mixed layer temperature was cool-
er in the later period (Figure 3c) due to more saline mixed layer water (e.g., middle panel of Figure 3e, or Figure
7 of Cole and Stadler (2019)). Average heat content within the mixed layer is especially sensitive to the larger
values of T — T, near the base of mixed layer (Figure 3d), which were up to 10 times larger than those shallower
in the mixed layer. The PDF of the variables shown in Figures 3a—3d reveals distinguishable differences between
periods (Figure S4 in Supporting Information S1). The warmer temperatures (relative to 7)) at the mixed layer
base are consistent with increasing heat entrained upward in recent years.

The buoy drift positions where upwelling is present are used to calculate the corresponding upwelling induced
entrainment heat flux (Figure 3b). Comparing Figure 3b with Figure 2a, we can see that upwelling induced
entrainment heat flux accounts for some part of OHF (also see Figures 2b and 3f). By examining their ratio,
upwelling induced entrainment heat flux is usually smaller than OHF (not shown). There is no clear interannual
trend of the Ekman upwelling (Figure 3f, black dashed line), and the variation of 7, — T, is actually dominating
the estimated entrainment heat flux with a correlation coefficient of —0.8 (P < 0.01; Figure 3f, pink solid line).
Examining the Ekman pumping variability over all the daily mean buoy positions, the upwelling was actually
weaker in later years (Figure 3f, black solid line, similar to the results in Figure 1). Even though upwelling has
been weaker in later years, upwelling induced entrainment heat flux was actually larger due to the enhanced
vertical temperature gradient near the mixed layer base (indicated by the increase of T,, — T ). The result is not
sensitive to the criteria used to define mixed layer depth.

We note that upwelling is only responsible for part of the entrainment velocity. Another major part comes
from the deepening of mixed layer with time (dh/dt). The mixed layer depth changes from summer values of
9.64 + 0.52 m (2005-2011) and 14.71 + 1.32 m (2012-2017), to winter values of 25.78 + 0.35 m (2006-2012)
and 35.42 + 0.28 m (2013-2018), which are derived from both summer and winter hydrographic data (Figure S5
in Supporting Information S1) in the upwelling region (note the shift of years between seasons for this compari-
son). This suggests a stronger vertical convective entrainment and potentially wind-driven deepening due to de-
layed freeze-up. A rough estimation considering the summer to winter mixed layer deepening rate over 3 months
would be 17.9 + 0.6 cm/day during 20062012 and 23.0 + 1.3 cm/day during 2013-2018. This corresponds to
convective entrainment heat flux that increased from 0.51 + 0.05 W/m? over 2006-2012 to 1.64 + 0.06 W/m?
over 2013-2018 (multiplied by 7, , — T, in Figure 3f and applied the equation of entrainment heat flux). Similar
increase of convective entrainment heat flux can be achieved outside the upwelling region. With the enhanced
vertical temperature gradient near the mixed layer base (e.g., Figure 3e, left panel and Figure 3f, T, — T), it is
expected that an enhanced vertical heat flux would take place and thus the increase of OHF.
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Figure 3. Winter (a) average heat content per meter within the mixed layer (cpjp(T — Ty)dz/h, where h is the mixed layer

depth), (b) upwelling induced entrainment flux, (c) in-situ temperature at the dgpth of ~10 m, (d) in-situ temperature minus
freezing point at the base of the mixed layer, (e) potential temperature profiles (left panel), salinity (middle panel), and
buoyancy frequency (right panel) during 2006-2012 and 2013-2018. The solid color lines are the average profiles inside the
upwelling region (UR) while the dashed color lines are those outside the upwelling region (outside UR). The blue and red
shading are the standard deviation of the mean profiles inside the upwelling region for each time period. The mean mixed
layer depth for the profiles inside the upwelling region (circles) and outside the upwelling region (asterisks) are shown. (f)
Beaufort Gyre (BG) regional mean upwelling induced entrainment heat flux (red solid line), and the temperature difference
between the average mixed layer temperature and the temperature just below the mixed layer base (7, — T, pink solid line).
In order to reduce clutter, those buoy drift positions that only presented with Ekman upwelling (black dashed line) and Ekman
pumping for all buoy drifted positions (black solid line) are plotted as median value. The error bars represent the standard
errors.

3.3. The Consequences of Thinner Sea Ice and Larger Ice Lead Fractions in Winter

Sea ice thickness in the southern Canada Basin experienced a dramatic decrease over the past decades
(Kwok, 2018). Here, we utilize the MIZMAS model to study the changes of sea ice properties in winter over

ZHONG ET AL.

7of 12



A7t |

A\ Geophysical Research Letters 10.1029/2021GL096216
AND SPACE SCIENCE
® T T T T T T T T T T T 18 E
=26 k=-0.016£0,016 =
= o
=24 <
=
L 22 8
3
- =
<16 "
& S _
S12 X
g s e
208 T X
= =
o) -]
40<
283 £ £
e g30 S g
o = O =
g E25 SRS
L o o
20
§) 30 <
= = O
gT® ok
S £ 20 S E
< ©
= 515 o 5
5 q L
= 10
B ()]
£ 10 £
2 8 €3
x a3l
2° § 5
3. £
= 9 ]
210
£
.\‘:’/7.5 r
-]
< O
225
5
50

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Figure 4. Marginal Ice Zone Modeling and Assimilation System (MIZMAS) model results in winter (averaged in the
upwelling region) over 20062018, (a) Sea ice thickness averaged in the upwelling region (red line) versus that averaged in
the western Arctic Ocean (black line), with “k” denoting the linear fit slope. (b) Open water (or lead) fractions (black line)
versus ice divergence (blue line). (c) Ice growth rate (denoted as “ice gr” in the left Y axis, solid dots line) and ice production
rate (denoted as “pdr” in the left Y axis, dashed dots line) versus ice melt rate (denoted as “ice bmr” in the right Y axis). The
ice production rate here is equal to the ice growth rate plus ice melt rate. (d) Total changes in ice thickness (red line) versus
the changes due to ice advection (blue line). (e) Model output of ocean surface net heat flux (here positive value indicates the
ocean is losing heat, converted from the original model negative value to positive to compare with Figure 2b). The pink line
represents the Ekman pumping velocity. (f) Ocean surface geostrophic current (Ugeos, blue line) versus sea ice velocity (Ui,
red line).

2006-2018 (Figures 4 and S7 in Supporting Information S1). Results show winter ice thickness declined rapidly
by —3.2 + 2.9 cm/year over 2006-2018 in the upwelling region (Figures 4a and S7b in Supporting Informa-
tion S1, because of extreme summer melt). This thinner ice tends to promote a stronger ice divergence and hence
larger open water (or ice leads) fraction in later years (Figures 4b and S7d in Supporting Information S1). Both
the thinner ice and increases in open waters would lead to an increase of ice production rate in the later period
(Figures 4c and S7c in Supporting Information S1). The increased ice production rate tends to reject more brine
water and trigger stronger ocean vertical convection. This in turn increases the upward entrainment of subsurface
heat and thus enhances OHF (Figure 2) and leads to a cooler mixed layer in the later period (e.g., Figures 3c
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and 3e). Stronger ice advection out of the region also contributes to larger open water fraction (Figure 4d) and
thus larger ocean surface net heat flux (Figures 4e and S7a in Supporting Information S1). The model also shows
reduction of Ekman upwelling in consistent with the changes of velocity difference between ice velocity and
ocean current (Figures 4e and 4f). A caveat is that MIZMAS resolves only wide ice leads. Using a higher resolu-
tion version would more precisely reproduce the ice lead fractions and ice deformation rate (Zhang, 2021b), but
would not change the general trend of lead fractions here. Model output of ocean surface net heat flux reveals a
general increasing trend consistent with the estimated OHF (Figures 4e and 2b). Similar maxima of ocean heat
loss in years 2013 and 2016 can be seen from both model and observations. This indicates the loss of buoyancy
at the ocean surface which would trigger stronger vertical convection.

What is the effect of stronger winter ice growth and brine rejection on mixed layer salinity? Utilizing the model
results, we estimate the corresponding salt production in kilograms per square meter per month as given by Cava-
lieri and Martin (1994) to consider the effect of larger ice lead fractions. Salt productionis: Sr = p;Vi(sw — s,~)10_3,
where p; is the density of ice (900 kg/m?), V; is the ice production rate in units of m/month, S, is the salinity of sea
water, S, is the salinity of frazil ice. The salinity of frazil ice is s; = 0.31s,, according to the laboratory experiment
by Martin and Kauffman (1981). Take the average profiles in summer for a diagnostic analysis, which the surface
salinity increased from 25.8 to 26.5 g/kg (increase of 0.7 g/kg; Figure S6a in Supporting Information S1, middle
panel). This is not enough to explain the observed winter mixed layer salinification with an increase of ~1.8 g/
kg (the percentage of salt is 1.8 x 1073) in the upwelling region (e.g., Figure 3e, middle panels). However, the
model results show the average ice production rate in the upwelling region increases from 23 cm/month during
2006-2012 to 26 cm/month during 2013-2018 (in some places the increases are larger). With a reference water
density of 10° kg/m?, the salt production of the winter mixed layer is estimated as 3.69 kg/month for 1 m? of wa-
ter in 2006-2012. It increased to 4.28 kg/month for 1 m? of water in 2013-2018, with a total increase in salt of
1.77 kg for three winter months relative to 2006-2012 (the percentage of salt is 1.77 X 10~3). This could explain
the observed winter mixed layer salinification.

4. Conclusions and Discussion

Our results revealed that the winter ocean-to-ice heat flux increased from 0.76 + 0.05 W/m? over 2006-2012
to 1.63 + 0.08 W/m? over 2013-2018 in the BG region of the Arctic Ocean (an increase of 0.87 + 0.09 W/m?
between the two time periods). Larger OHF (>5 W/m?) are more prevalent in the later years. The increased OHF

resulted from an increase in 7,

— T} (mostly contributed by stronger convective entrainment) as well as parame-
terized ice-ocean shear u, (shear entrainment) during winter months. However, its interannual variability is more
strongly regulated by 7,
later years, which supports the conclusion that upwelling plays a secondary role in increased heat fluxes. Such

— T} than u,. The increased heat flux resulted despite a decline in Ekman upwelling in

larger heat fluxes imply a larger entrainment of subsurface heat that we deduce results from (a) thinner ice with
more ice leads that lead to more wintertime ice growth, (b) stronger ice motion, (c) stronger vertical convection,
and (d) warmer subsurface water near the mixed layer base (potentially related with PSW). All of these processes
are changing interannually in a way that will lead to increased OHF. An increase of 0.7 W/m? over the two peri-
ods will decrease ice growth by ~2 cm over January-March. Krishfield and Perovich (2005) revealed a positive
trend of OHF over 1979-2002 with a parameterized 7;,, — T, in which only the changes of sea ice velocity were
responsible for the interannual variability. (Note that they also neglected the variability of surface geostrophic
current.) Further (although different study periods), our results also revealed an interannual positive trend of
winter T, — T, which suggests an increased entrainment of subsurface heat from beneath the mixed layer. While
variations in stratification immediately beneath the mixed layer base are occurring (e.g., Figure 3e), any changes
in stratification are apparently not sufficient to eliminate an increase of heat flux in winter.

The winter T-S profiles indicate that the mixed layer was cooler, saltier, and deeper over 2013-2018 relative to
2006-2012 (e.g., Figure 3e, left and middle panels); this change is even more pronounced in the upwelling re-
gional average (~0.1 °C cooler and ~1.8 g/kg saltier in the later period). It is possible that this change may occur
because of changes taking place in summer. Considering July-October over 2005-2011 and 2012-2017 (Figure
S6 in Supporting Information S1), both the summer sea surface temperature (SST) and NSTM were cooler in
2012-2017 while the summer mixed layer was saltier. The more saline summer mixed layer (~0.7 g/kg) is not suf-
ficient to explain the larger mixed layer salinity difference in winter in the upwelling region (but may be an effect
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of the wintertime changes). We suggest that future studies consider the full seasonal and interannual variations to
better understand how changes in one season can affect interannual trends.

One source of uncertainty in our results is the use of a constant ice-ocean drag coefficient, whereas observations
exhibit a range of values of order 1073 (e.g., Cole et al., 2017; Lu et al., 2011). How much of a change in the
ice-ocean drag coefficient would need to have occurred for the OHF to be constant between the two periods? For
basin median values to have remained at 0.26 W/m? instead of the estimated 0.49 W/m? (Figure 2c), C;, would
have to have decreased by 16% during 2013-2018. This would correspond to C;, = 5.5 X 1073 that decreased to
Ci, = 4.6 x 1073, which is within the uncertainty of the observed Cj,. C;, is related with the spatial variability of
ice draft. While the PDF of ice thickness from both the model and Upward Looking Sonar data revealed a shift
toward thinner ice thickness, the spatial variance hardly changed over the two periods (Figure S8 in Supporting
Information S1) suggesting a stable wintertime ice-ocean drag coefficient. Seasonal variability can be safely ne-
glected here as we consider only wintertime conditions. Recent observations (Brenner et al., 2021) also revealed
little geographic variability in winter ice thickness and ice-ocean drag coefficient within the Beaufort Gyre. We
can only speculate on potential interannual changes in C;, (increased due to more leads or increased ridging with
thinner and more mobile ice cover; decreased due to thinner ice or smaller ridges), and so retain the constant C;,
as the best approximation.

How the increased OHF should be interpreted depends in part on the timing of heat release from the NSTM.
If wintertime OHF represents entrainment of PSW from beneath the halocline, the increased OHF could be
illustrated as an increase in PSW entrainment. But if some of the NSTM heat in the summer surface layer is not
released until the January-March time period due to a gradual deepening of the summer mixed layer (Figure S6a
in Supporting Information S1), then the increased OHF could represent a change in the timing of this process, or
a change in the heat input into the summer surface layer. Given the small values of OHF in winter and a cooler
upper ocean in summers in the later period (Figures S6b and S6c¢ in Supporting Information S1), it is most likely
that the summer mixed layer heat is already entrained by the end of December, and so January-March heat fluxes
represent heat entrained from PSW. In addition, we have not specifically determined the exact processes that
could be involved in increased OHF during winter, including the role of mesoscale eddies that shoal the mixed
layer base, submesoscale fronts that can restratify the mixed layer, or upwelling due to ice deformation. Such
avenues are left for future studies.

Our results are somewhat sensitive to the buoy records that pass through the upwelling region. This area is a hot
spot for subsurface heat release and favored by stronger entrainment heat flux. However, removing any one buoy
record does not alter the general increasing trend of OHF, and this is a robust signal across multiple buoy systems.
The key issues are the enhanced vertical temperature gradient along with the stronger convective entrainment.
This vertical convection induced by larger ocean heat loss to the atmosphere would continue to entrain warmer
PSW (Timmermans et al., 2018) heat upward which contributes to polar amplification (Beer et al., 2020). The
ocean-to-ice heat fluxes will potentially continue to rise due to the ability to entrain warmer PSW in winter.

Data Availability Statement

The ship-based hydrographic data are provided by the Beaufort Gyre Exploration Project that maintained by the
Woods Hole Oceanographic Institution (http://www.whoi.edu/website/beaufortgyre/), through the data tab on the
website. The Ice-Tethered Profiler data were collected and made available by the Ice-Tethered Profiler Program
based at the Woods Hole Oceanographic Institution (http://www.whoi.edu/itp), through the data products tab on
the website. The Autonomous Ocean Flux Buoy (AOFB) data are obtained from https://www.oc.nps.edu/~stan-
ton/fluxbuoy/index.html. The monthly Arctic Dynamic Ocean Topography data are distributed by CPOM and
BAS  (http://www.cpom.ucl.ac.uk/dynamic_topography/; https://doi.org/10.5285/cbd2ct78-462a-4968-be20-
05f9¢125ad10). The MIZMAS data are available from the Polar Sciences Center at the University of Washington
(https://pscfiles.apl.uw.edu/zhang/MIZMAS168x180/).
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