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Abstract The Canada Basin (CB) has seen significant sea-ice loss in recent decades. We use output from
the Pan-Arctic Ice-Ocean Modeling and Assimilation System to examine the 1979-2023 evolution of seasonal
sea-ice volume (SIV) changes in the CB partitioned into advective and thermodynamic changes. In winter, some
years show net convergence into the region that is of comparable magnitude to the SIV change attributed to sea-
ice growth. In summer, melt/ablation dominates the change each year. In both seasons, 44 year trends in
seasonal SIV changes are driven primarily by thermodynamic processes. The inferred thermodynamic growth
each year is nearly equal to the inferred melt consistent with SIV at the end of the melt season declining more
rapidly than SIV at the end of the growth season. Increased melt season atmospheric heating of the ice-ocean
system over 1979-2023, estimated from ERAS reanalysis, is consistent with the ice-albedo feedback. In the
growth season, net cumulative atmospheric heat release from the ice-ocean system shows no trend, suggesting
increases in inferred thermodynamic ice growth can be attributed to more rapid growth of thinner ice. In each
season, cumulative atmospheric heat input exceeds that required for ice melt/growth resulting in a residual that
influences ocean heat content (OHC). Seasonal OHC changes, inferred from ocean observations, are equal to
approximately one-third of this residual, although limited ocean observations leave the total heat budget poorly
constrained, highlighting a need for more water column observations.

Plain Language Summary The Canada Basin (CB) has experienced significant sea-ice loss in recent
decades. We examined sea-ice volume (SIV) seasonal changes from 1979 to 2023, dividing these changes into
those from ice moving into/out of the CB region and those caused by ice melt/growth. The 44 year trend in SIV
changes in each of the summer and winter seasons is due to ice growth/melt in the region, while there are no
trends in SIV moving into/out of the region. Sea-ice growth each winter is nearly equal to the volume of sea-ice
melt each summer. In winter, the total heat loss has not changed over the 44 years, suggesting more ice growth in
recent years because thinner ice requires less cooling to grow the same amount as thicker ice. Each season, there
is more than enough heat addition/loss from the atmosphere to melt/grow ice, resulting in leftover heat that
influences heat in the ocean. Changes in ocean heat account for approximately one-third of this leftover heat,
though limited measurements prevent us from fully accounting for all heat in the region, highlighting the need
for more ocean observations.

1. Introduction

From the beginning of the observational record in the late 1970s through the mid-1990s, the Canada Basin (CB)
was characterized as a region with a significant amount of old thick ice (J. Maslanik et al., 2011); ice was corralled
and stored by the anticyclonic Beaufort High and wind-driven oceanic Beaufort Gyre (Thorndike & Col-
ony, 1982). Sea-ice volume has been declining Arctic-wide with old thick ice being replaced by predominantly
seasonal sea ice that does not survive a single melt season (Kwok, 2018). This transition to generally thinner ice,
which began around 1998, has been attributed to various factors including anomalous atmospheric forcing
(Hutchings & Rigor, 2012; J. A. Maslanik et al., 1999) and an efficient ice-albedo feedback (Perovich, Nghiem,
et al., 2007). Despite Arctic-wide ice loss, the CB continues to receive multiyear sea ice (MYI) from the central
Arctic driven by the large-scale anticyclonic circulation (D. Babb et al., 2020; G. Moore et al., 2022; D. G. Babb
et al., 2022). However, thinner ice has been entering the basin in recent years and less MYI survives through
summer in the CB (D. G. Babb et al., 2022).

Sea-ice thinning and upper ocean heat content (OHC) in the CB are influenced significantly by the accumulation
of solar heat during summer. This heat can be trapped below a seasonal mixed layer, formed by relatively fresh
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sea-ice meltwater, in a near surface temperature maximum (NSTM) layer (Jackson et al., 2010; Timmer-
mans, 2015). The heat in the NSTM can dissipate during fall and winter through convective or mechanical
mixing, which can influence wintertime ice growth (Perovich et al., 2008; Timmermans, 2015). In the CB,
Pacific-origin waters also store heat below the mixed layer, although the strong halocline stratification generally
prevents significant vertical heat fluxes into the mixed layer (Toole et al., 2010). An effective ice-albedo feedback
in the CB and margins, influenced by increased heat transport via Bering Strait (Woodgate et al., 2010), is
associated with increased summertime solar heating of the ocean (linear trend of approximately 2—5 W m™ per
decade over 1979-2021; Perovich, Light, et al., 2007; Timmermans & Toole, 2023). This has been a primary
driver of sea-ice loss in the region, dominated by bottom ablation, with extreme losses in the CB in 1998, 2007,
and 2012 (J. A. Maslanik et al., 1999; Perovich et al., 2008; Zhang et al., 2013). Despite significant progress in
understanding sea-ice losses in the CB, no studies have fully assessed ice losses in the context of both atmospheric
and oceanographic heat budgets.

To elucidate the driving mechanisms behind sea-ice loss in the CB region, we analyze atmospheric and sea-ice
volume (SIV) fluxes over the 1979-2023 period as well as oceanographic observations to evaluate the heat budget
of the ice-ocean system and its interannual and seasonal evolution in the CB. We partition SIV changes into those
arising from net advection into and out of the region and those that result from thermodynamic changes within the
region. We consider residual heat in the melt and growth seasons in context with changes in OHC. Our results
shed light on important feedback in the system and highlight critical observational gaps.

A brief outline of the paper is as follows. The next section describes the data sets and methods used to evaluate
SIV changes, net atmospheric heat input to the CB, and OHC in the region. In Section 3.1, we quantify interannual
trends in seasonal SIV changes in the growth and melt seasons and delineate dynamic (ice advection) versus
thermodynamic contributions to these trends. In Section 3.2, we evaluate the atmospheric heat fluxes by melt/
growth seasons and corresponding trends. In Section 3.3, we quantify residuals in the sea ice and atmospheric heat
budgets and set this in context with the ocean heat budget. Section 4 provides a summary and discussion of the
results.

2. Data and Methods
2.1. Sea-Ice Volume Budget

Sea-ice volume and ice volume fluxes within and into and out of the CB (Figure 1a) are inferred from the Pan-
Arctic Ice-Ocean Modeling and Assimilation System (PIOMAS). Pan-Arctic Ice-Ocean Modeling and Assimi-
lation System is a coupled ocean-sea-ice model that assimilates ice concentration and velocity information; full
details are given by (Zhang & Rothrock, 2003). The surface heat budget for PIOMAS is driven by National
Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis
fluxes (see Kalnay et al., 1996; Zhang & Rothrock, 2003). Here, we use daily data with a mean spatial resolution
of approximately 30 km. The uncertainty for ice velocities is approximately 8% of the observed in situ ice drift
(Zhang & Rothrock, 2003). The uncertainties associated with sea-ice concentration (SIC) are <5% given esti-
mates from the data products assimilated by PIOMAS (Brucker et al., 2014).

Upward-looking sonar (ULS) data from the Beaufort Gyre Observing System (BGOS) moorings, at the locations
shown in Figure 1a, provide in situ ice draft measurements, which allow for inferences of sea-ice thickness that
can be used to evaluate PIOMAS in the CB (Figure 1b; R. A. Krishfield et al., 2014). Details of the measurement
and processing are given by R. A. Krishfield et al. (2014). A conversion factor of 1.123 is used to convert ice draft
to thickness with estimates accurate to £10 cm (Melling et al., 1995; R. A. Krishfield et al., 2014). Compared to
the in situ ULS observations, the modeled ice thickness from PIOMAS reasonably captures observed ice
thickness (r = 0.81; Figure 1b and Figure S1a in Supporting Information S1). Schweiger et al. (2011) deduced a
mean thickness uncertainty of 0.17 m for PIOMAS, which equates to a value for SIV uncertainty of about 1.73 X
108 km?® for the CB. In addition, the thickness of thin ice is typically overestimated and the thickness of thick ice is
underestimated (Figure S1b in Supporting Information S1), which is evident when comparing the mean seasonal
cycle of sea-ice thickness between PIOMAS and ULS observations (Figure 1b; Schweiger et al., 2011; X. Wang
et al., 2016). The very thick floes may not be well produced in PIOMAS because the dynamical process of ice
ridging relies on parameterization.
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Figure 1. (a) A map of the Canada Basin (CB) region bounded by 78°N and the Canadian-Alaskan Coastline as well as
160°W and 120°W following Rheinlender et al. (2024). The yellow star is the location of upper ocean profiles in Figure 2
with all available ocean observations shown in gray and the location of the Beaufort Gyre Observing System (BGOS) moorings
at the red squares, (b) The mean seasonal cycle of daily ice thickness from Pan-Arctic Ice-Ocean Modeling and Assimilation
System (PIOMAS) (solid) for the CB from 1979 through 2023 with one standard deviation shaded, and monthly mean ice
thickness from BGOS Upward-looking sonar (dotted) from 2003 to 2023. An ice draft to ice thickness conversion factor of
1.123 is used following R. A. Krishfield et al. (2014). Vertical lines indicate May 1 (blue) and September 15 (red) corresponding
to the beginning and end of the defined seasons. A timeseries of (c) sea-ice volume and (d) mean sea-ice concentration (SIC)
from PIOMAS on May 1 (blue) and September 15 (red) for the CB from 1979 to 2023. Uncertainties are shaded based on
Schweiger et al. (2011). Significant linear trends are given with 95% confidence intervals. There are no statistically significant
trends for May 1 SIC.

The seasonal cycle of sea-ice thickness from PIOMAS for the period of record (1979-2023) has the thickest ice
around May 1 of each year and the thinnest around September 15 (Figure 1b). Hence, we define the melt season
from May 1 to September 15 and the growth season from September 15 to May 1 of the following year
(Figure 1b). We refer to May 1 to September 15 as the “Melt Season”, where this terminology is taken to
encompass all processes that lead to reduced sea-ice cover in the region (e.g., surface melt, under-ice ablation, and
sea-ice divergence). Similarly, the period from September 15 to May 1 of the following year is termed the
“Growth Season.” This terminology is used to broadly encompass all processes that give rise to a larger volume of
sea ice in the region (e.g., thermodynamic growth and sea-ice convergence).

We introduce the total volume change over the course of either a melt or growth season: AVy, = V, — V;, where
V; and V; are the final and initial SIV, respectively, in the CB. A negative (positive) SIV change corresponds with
anet decrease (increase) in SIV in the CB. Then, volume changes due to local thermodynamics can be inferred as
AVy, = AVy, — AVy, where AVy, is the total SIV change in the CB that results from advection and AV, is the
inferred SIV change due to local thermodynamics (growth, surface melt or bottom ablation, where AV, >0
implies net growth). The advective component, AV, is the sum of the SIV fluxed across the northern, eastern,
and western CB boundaries (i.e., AVy = AVY + AVE + AV} and AV > 0 implies net transport into the CB).
The volume fluxed across each boundary for any given season is calculated as

m n
AVy = Z Z SICih; pthi ju s M
=0 k=0

where k is each grid cell along a boundary, » is the number of grid cells along the boundary, #; is the sea-ice
thickness, u; is the sea-ice velocity normal to the boundary, / is the distance between points along the bound-
ary, t is the timestep (daily), and m is the number of days in either season. Velocity components were rotated such
that the x and y components were aligned with lines of longitude and latitude, respectively, and interpolated onto
the line of latitude/longitude for each boundary before flux calculations. Throughout this paper, we convert SIV to
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equivalent heat units (i.e., Joules) by multiplying SIV by sea-ice density (p;; taken as 900 X 10° kg km™) and the
latent heat of freezing (L,; taken to be 2.67 X 10° J kg™"). This choice is made so that each component of the

atmosphere-ice-ocean heat budget can be compared directly.

2.2. Atmospheric Fluxes

To assess the atmospheric component of the heat budget, we have chosen to use the ERAS reanalysis provided by
the European Centre for Medium-Range Weather Forecasts (ECMWF) (Hersbach et al., 2018) as it has been
found to have the smallest biases from Arctic observations compared to other products (Graham et al., 2019).
Furthermore, the ERAS5 components of the surface energy budget are well-correlated with the NCEP/NCAR
components used in PIOMAS (Graham et al., 2019; Seo et al., 2020). A comparison of the ERAS5 and NCEP/
NCAR reanalysis radiative components of the surface energy budget is given by Seo et al. (2020), who found
them to be well correlated (r = 0.99). Both ERA5 and NCEP/NCAR fluxes also have similar biases when
compared to in situ observations (see Table 1 of Graham et al., 2019).

The net atmospheric heat input into the surface ice-ocean system for any given season is calculated as
Ounet = Quinet + Quoner» Where Q; ., is the net cumulative atmospheric heat input into the sea-ice surface and
Q 10 ner 18 the net cumulative atmospheric heat input into the ocean surface. Atmospheric heat input into the sea-ice
surface is calculated as

Qi = SIC[(1 — ;) Qs + Opw + O, + Or], )

where SIC, incoming shortwave radiation (Qgy ), longwave radiation (Q; ), sensible heat (Q,), and latent heat
(Q,) fluxes (positive downwards) were taken from the ERAS hourly reanalysis product. We note SIC is well-
correlated between PIOMAS and ERAS (r = 0.99; Figure Slc in Supporting Information S1). The largest dif-
ferences occur at low SICs, where the mean difference between PIOMAS and ERAS5 for SIC less than 0.5 is
approximately 0.08 (standard deviation of 0.04). The albedo of sea ice, a;, is taken to be 0.7. This choice is a
simplification of sea-ice albedo, which has been shown to vary between 0.9 and 0.2 seasonally (Perovich &
Polashenski, 2012). Further discussion of the influence of this choice on our results is given in Section 4.
Similarly, the atmosphere-ocean heat input is

Quo = (1 = SIO(1 — @) Qg + Quw + O + Qcl. 3)

where a,, is the albedo of seawater taken to be 0.07 (Pegau & Paulson, 2001). The ERAS data product has a
horizontal resolution of 0.25° X 0.25°. For each season, the cumulative atmospheric heat input into the surface
ice-ocean system (Q,, ,.,) Was calculated by taking the cumulative sum of Q,; and Q,,, over each ERA5 grid cell
within the CB (Figure 1) over the course of the season in question.

Many studies have evaluated uncertainties associated with ERAS reanalysis for the Arctic region compared to
observations as well as other reanalysis products (e.g., Batrak & Miiller, 2019; Graham et al., 2019; C. Wang
et al., 2019; Renfrew et al., 2021; Herrmannsdorfer et al., 2023). Here, we use the bias estimates of Graham
et al. (2019) for ERAS fluxes (see Table S1 in Supporting Information S1) to estimate uncertainty in each of the
terms in Equations 2 and 3 as well as the 0.06 uncertainty estimate for ERAS SIC from Renfrew et al. (2021). For
this estimation, the sum of the fractional uncertainties (i.e., the cumulative biases derived from Table S1 in
Supporting Information S1 over the cumulative flux value from ERAS throughout a given season) of each term in
Equations 2 and 3 is taken as the overall uncertainty for the net cumulative atmospheric flux for either season. We
further note that Renfrew et al. (2021) found that near-surface fluxes are well represented in ice-free conditions,
whereas conditions with partial ice coverage have two to three times larger uncertainty. We do not explicitly
account for these differences in our uncertainty treatment.

2.3. Oceanographic Setting and Observations

Ice-Tethered Profilers (ITPs) provide year-round water-column measurements of temperature and salinity be-
tween 7 and 750 m depth (R. Krishfield et al., 2008; Toole et al., 2011); ITP system and processing procedures are
documented by R. Krishfield et al. (2008). In addition to ITP observations, ship-based conductivity, temperature,
and depth (CTD) data from the annual BGOS/Joint Ocean Ice Study (JOIS) expeditions (limited to summer/fall
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Figure 2. (a) Number of analyzed ocean profiles of temperature and salinity in the melt (red) and growth (blue) seasons, for
2003 through 2023 in the Canada Basin region (gray dots, Figure 1a). Profiles of (b) conservative temperature relative to the
conservative freezing point temperature (® — /), (c) absolute salinity (S,), and (d) buoyancy frequency (N?) from May
(i.e., the end of the growth season; blue) and September (i.e., end of the melt season; red) near the beginning of the observational
record (2006; dashed) and near the end (2020; solid) at the location of the star in Figure 1a. Dashed lines at 10 m and at the depth
of S, = 32.3 give an indication of the depth range considered in the OHC calculations.

months) were used (Proshutinsky et al., 2019). The number of ITP and CTD profiles (shown as gray dots in
Figure 1a) varies year to year from the most profiles in 2014 to the fewest in 2003, though some years have few to
no observations when considering any individual season (e.g., the 2016 melt season; Figure 2a). In addition, water
column observations have spatial limitations in any given year. Of note is that the continental shelf regions, where
much of the significant ocean change occurs, are particularly poorly sampled (Figure 1a). We analyze ocean data
spanning 2003-2023 with the start of the record coinciding with the start of the BGOS/JOIS program and the ITP
program (i.e., with the former providing spatially comprehensive measurements over the CB each year and the
latter providing the first comprehensive year-round measurements in the CB). On the other hand, the sea-ice and
reanalysis data analyzed here span 1979-2023 with the start of the record coinciding with the start of the satellite
record. For this reason, our heat budget assessments that include the ocean are only done for the latter part of the
full record analyzed.

The general structure of the water column is as follows. At the end of the growth season (i.e., May 1, before the
onset of sea-ice melt and summertime ocean heating), the surface mixed layer is effectively at the seawater
freezing temperature and relatively salty with the base of the mixed layer at approximately 30 m for the CB
(Figures 2b and 2c). Below the mixed layer is a subsurface reservoir of heat known as the Pacific Summer Water
layer (PSW; Figure 2b). We define the PSW layer to be between 30 m and the depth of the isohaline (in terms of
absolute salinity) S, = 32.3 (e.g., Arroyo et al., 2023); the deep bound coincides approximately with the top of
the cold Pacific Winter Water layer (Figure 2b). During the melt season, a seasonal mixed layer forms near the
surface from cold relatively fresh meltwater (Figures 2b and 2d). The formation of a strongly stratified seasonal
mixed layer in summer yields a mixed-layer depth of around 10-15 m (see Peralta-Ferriz & Woodgate, 2015).
This seasonal mixed layer often leads to the storage of heat in a NSTM, typically found between 10 and 30 m
depth in the CB (Figure 2b), that has been shown to inhibit the growth of ice when it is mixed to the surface
(Timmermans, 2015).
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In Section 3.3, we explore the OHC over 2003-2023 in context with sea-ice volume and atmospheric heat
budgets. Integrated OHC (OHC) in the PSW layer is calculated as

ds, 323
OHC = f P, (D)[0) — 04(2)] dz, @
10

where p,, is the seawater density, c, is the heat capacity, and © is the conservative freezing temperature; the
integral is taken between 10 m and the depth of the S, = 32.3 isohaline. All available ITP and CTD temperature
and salinity profiles in the CB from 2003 to 2023 (Figures 1a and 2a) are used in the estimate and a 30 day running
mean is computed.

Since ITP profiles are limited to observations deeper than 7 m, we use sea surface temperature (SST) and sea
surface salinity (SSS) from ERAS to account for the heat content in the surface layer of the ocean, which we
define from the surface to 10 m and assume to have uniform temperature and salinity properties. The ERAS
reanalysis SST/SSS data have the same spatial resolution (0.25° X 0.25°) and temporal resolution (hourly) as the
atmospheric fluxes and SIC described in Section 2.2 (Hersbach et al., 2018). ERAS SST data have shown good
agreement with in situ buoy data in the CB though a cold bias is present (r = 0.99 with a root mean square error of
0.36°C; Kong et al., 2022), and SSS values are well correlated (correlation coefficient of 0.6) with in situ
measurements in the region (Hall et al., 2021). The SST product includes a temperature constraint that sets SSTs
to the local seawater freezing temperature (a function of SSS) when SIC is greater than 0.55 (Mogensen
et al., 2012).

Typical CB surface ocean conditions are as follows. From November through May, areal mean SSTs are typically
at or near the freezing temperature over the entire region (Figure S2 in Supporting Information S1). The surface
layer becomes saltier over the course of the growth season (from September through May) with ice growth,
mixing and entrainment of deeper waters, and the shut off of fresh river input. During the melt season, the
warmest SSTs occur in August (Figure S2 in Supporting Information S1), though this can vary from mid-July to
the beginning of September. The freshest surface waters occur in July and August as ice melt and river runoff
provide freshening (Figure S2 in Supporting Information S1). Spatially, the warmest SSTs are in the southeastern
region of the CB in the vicinity of the continental shelf since waters at the basin margins where ice retreats earliest
in the season receive the longest duration of solar warming (Figures S3—S5 in Supporting Information S1). SSTs
tend to remain cool and near freezing temperature in the north and center of the region (Figure S5 in Supporting
Information S1). Ocean heat content in the surface layer (shallowest 10 m) is estimated in an analogous manner to
Equation 4 on the assumption that SST and SSS are uniform in this layer.

3. Results
3.1. Dynamic and Inferred Thermodynamic Changes in Sea-Ice Volume

Sea-ice volume has been decreasing both at the beginning of May as well as in mid-September (Figure 1c). May 1
SIV is decreasing at a rate of —2.5 + 0.8 X 10'" km?® year~! (Figure 1c). In contrast, there has been no statistically
significant trend in May 1 SIC from 1979 to 2023 (Figure 1d). September 15 SIV has been decreasing at a rate of
—4.1 +1.0x 10" km® year~" (Figure 1c). However, recent years have seen a slow in this September SIV decline.
September 15 SIC has also declined at approximately 13% + 2% decade™ (Figure 1d).

Although SIV is becoming smaller at both the beginning (September) and end (May of the following year) of the
growth season (Figure 1c), there has been a greater sea-ice volume decrease in September compared to May. This
leads to an increase in the change in STV over the growth season (a linear trend of 3.3 % 1.9 x 10'8 J year™! over
the period of record, 1979-2023; Figure 3a). For the same reason, there has been an increase in the change in SIV
during the melt season with a linear trend of —3.4 + 1.3 x 10'® J year™! (Figure 3b).

In the growth season, ice fluxes across the northern boundary are typically into the CB (positive; Figure 4a,
purple). Sea ice generally exits the region across the western boundary (negative fluxes; Figure 4a, orange). Ice
speeds are faster across the western boundary than across the northern (Figure S6 in Supporting Information S1)
with the overall circulation patterns consistent with the large-scale anticyclonic wind forcing. Still, anomalous
fluxes can occur, such as in the growth season of 1997/1998 where southerly and easterly winds increased
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Figure 3. Timeseries of the heat required for the total change in sea-ice volume for the Canada Basin (CB) during the (a) growth season (September 15 to May 1 of the
following year) and (b) melt season (May 1 to September 15) for 1979-2023. Shading indicates Pan-Arctic Ice-Ocean Modeling and Assimilation System (PIOMAS)
volume uncertainty estimates based on Schweiger et al. (2011). The net cumulative advective (blue) and inferred thermodynamic (red) volume fluxes in terms of heat for
the (c) growth season and (d) melt season in the CB. Positive advective flux values indicate a net volume flux into the CB and positive thermodynamic flux values
indicate net ice growth in the CB. Shading and error bars indicate volume flux uncertainty estimates based on Schweiger et al. (2011) and Zhang and Rothrock (2003).
Linear trends are given with 95% confidence intervals. There are no statistically significant trends in net cumulative advective volume fluxes over the period for either
season. Data are from PIOMAS. Year labels for the growth season denote the year in which the season began.
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Figure 4. Timeseries of the cumulative ice volume advective flux (in terms of heat) across the northern (purple) and western
(orange) boundaries (map inset) for (a) the growth season and (b) the melt season; dotted lines indicate the respective 10 year
running means. Positive (negative) values indicate an import into (export out of) the Canada Basin. Timeseries of the mean
ice thickness fluxed across each boundary for (c) the growth season and (d) the melt season, and mean sea-ice concentration
for (e) the growth and (f) melt seasons. Shading indicates ice thickness uncertainty estimates based on Schweiger et al. (2011)
and ice concentration uncertainties based on the assimilated products. Linear trends over the period with 95% confidence
intervals are shown for panels (c) and (d). The growth season is labeled with the year in which the season began.
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(decreased) the export (import) of ice across the western (northern) boundary (J. A. Maslanik et al., 1999), leading
to year-to-year variability of net ice convergence (Figures 3¢ and 4a). Further, we note that periods of anomalous
transport within any given season can be masked by this seasonal mean (e.g., the enhanced western boundary
export associated with the winter 2013 breakup event, see Rheinlender et al. (2024)). Overall, SIV fluxes into and
out of the CB in the growth season are decreasing (Figure 4a), which can be attributed to reduced ice thickness and
concentration (Figures 4c and 4e). This is in agreement with Howell et al. (2016), who noted reduced sea-ice area
fluxes across the western boundary from 2008 to 2014. By contrast, there is no statistically significant trend in ice
speeds over 1979-2023 (Figure S6 in Supporting Information S1). We do note that over shorter periods, trends to
faster drifts are observed; for example, across the western boundary in the growth season from 1992 to 2009
consistent with the findings of Spreen et al. (2011). Ice fluxed across the northern boundary is thicker than across
the western or eastern boundaries (Figure 4c) consistent with thicker, older ice entering the CB region from the
Last Ice Area off northern Greenland (Petty et al., 2016; G. W. K. Moore et al., 2019). We point out the notable
increases in ice entering and leaving the CB region during the 1995-2005 period in the growth season. This was
explored by Kwok et al. (2013) and Petty et al. (2016), who attributed this with a strengthening of the anticyclonic
gyre circulation (Proshutinsky et al., 2019). In general, the combination of thicker ice entering across the northern
boundary and swifter ice velocities across the western boundary lead to advection into and out of the region being
approximately equal (Figures 3c and 4a).

During the melt season, advective fluxes into and out of the CB are small and variable (Figure 4b). Smaller
summertime ice advective fluxes can in part be attributed to slower wind speeds (and therefore slower ice drift)
(Proshutinsky et al., 2002). Low convergence/divergence of ice in the melt season is associated with low sea-ice
concentrations particularly in recent years (Figure 4f). Note that Howell et al. (2016) showed that July-October ice
area fluxes exiting the basin across the western boundary were near-zero from 2008 to 2014 due to low SIC. It
should be noted that mean ice thickness is comparable in each season (Figures 4c and 4d) since the melt/growth
seasons cover the periods between the approximate thickest and thinnest ice and the mean is taken over the given
season (Figure 1b).

Finally, we note that SIV advective fluxes across the eastern boundary (generally negative in the growth season)
are small compared to fluxes across the northern and western boundaries, comprising approximately 6% of the net
advective flux into or out of the CB region. Sea ice that crosses the eastern boundary is generally thinner
(Figure 4), and drift speeds are slower compared to the other two boundaries (Figure S5 in Supporting
Information S1).

Considering the general relationship between growth season SIV advection and melt season SIV changes, we find
that larger ice export in the growth season is associated with larger SIV loss in the subsequent melt season
(correlation coefficient r = 0.66). This complements the results of G. Moore et al. (2022), who found a similar
correlation between winter SIV fluxes and June SIV anomalies in the region over the period 1980-2021. This is
also consistent with the findings of D. G. Babb et al. (2019), who showed the 2015/2016 increase in wintertime ice
export promoted early breakup of the ice pack and enhanced melt in the following summer. It also holds that
smaller ice export into the region during the growth season is correlated with smaller SIV loss in the following
melt season. For example, winds favoring sea-ice convergence in the 2016/2017 growth season were found to
precondition the following summer for lower SIV losses (see D. Babb et al., 2020). In sum, increased (decreased)
growth season ice export can precondition enhanced (reduced) SIV loss in the following melt season.

The trend in total SIV change is primarily influenced by thermodynamic changes within the CB (Figures 3c and
3d). Note that on average over 1979-2023 in the CB, we infer that thermodynamic processes contribute to
approximately 80% (90%) percent of the total SIV change over a growth (melt) season. The linear trends in
inferred thermodynamic SIV changes for the growth and melt seasons are almost equal in magnitude: 3.5 £ 1.4 X
10'8 J year—! (Figure 3c) and —3.3 & 1.1 x 10'® J year~! (Figure 3d), respectively. These trends exist within the
context of September SIV decreasing more rapidly than May SIV (Figure 1). A trend toward more ice growth in
the growth season is consistent with May SIV losses not being as large as those in September. The nature of this
will be further explored in subsequent sections when we discuss the other components of the atmosphere-ice-
ocean heat budget.
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Figure 5. Timeseries of the net atmospheric heat input into the Canada Basin (CB) ice-ocean system [that is, cumulative sum
of (2) and (3)] (gray), for the (a) growth, and (b) melt seasons. The cumulative longwave fluxes in growth seasons are shown
in (a) [red] and the cumulative shortwave fluxes in melt seasons are shown in (b) [yellow]. Timeseries of the cumulative
atmosphere-ice (purple) and cumulative atmosphere-ocean (green) heat input over the CB for the (c) growth, and (d) melt
seasons; mean sea-ice concentration (SIC) from ERAS for each season is also shown (gray) with the SIC axis inverted in
panel (d). Positive values indicate input to the ice-ocean system from the atmosphere. Shading indicates uncertainty in ERAS
variables following Graham et al. (2019) and Renfrew et al. (2021). Linear trends with 95% confidence intervals are also
shown. There are no statistically significant trends in panel (a). All the data are from ERAS reanalysis.

3.2. Trends and Variability in Atmospheric Fluxes

Interannual changes in cumulative atmospheric heat input in any given season for 1979-2023 are related pri-
marily to changes in SIC. For the growth season, there is no statistically significant interannual trend in Q,, .., (i.€.,
the net cumulative atmospheric heat input to the surface ice-ocean system; Figure 5a). However, linear trends in
net cumulative atmosphere-ice (Q,; ;) and atmosphere-ocean (Q,, ,.,) heat input are statistically significant (3.6
+1.4%x 10" Jyear~! and —3.7 = 1.5 x 10'8 J year™!, respectively; Figure 5c). The negative linear trend in Quonet
corresponds to an increase in heat release from the ocean to the atmosphere during the growth season, which
results from increased open water area (e.g., a less consolidated winter ice pack and/or a more expansive marginal
ice zone later into the growth season, etc.) and/or a warmer ocean. The positive trend in Q,; ., corresponds to less
heat removal from the surface of the sea ice during the growth season, a manifestation of the trend to lower SIC.
Overall, the opposing trends in Q,; ., and Q,,, ., amount to no trend in Q, ., in the growth season (Figure 5a).

In the melt season, Q,, ., has been increasing (4.6 + 2.3 X 10'8 J year™!) over the 1979-2023 period (Figure 5b).
This increase is largely attributed to Q,, ,.;» Which has a linear trend of 5.9 + 2.8 X 10" J year™! (Figure 5d)
predominantly due to decreasing SIC (gray line, Figure 5d) allowing for more solar heating of the surface ocean
(Figure 5b; a linear trend of 7.0 % 2.9 X 108 Jyear™!). At the same time, there has been a decline in Qiner With a
linear trend of —1.3 + 0.8 X 10'® J year! also attributed to the decline in SIC.

It is of note that incident downward shortwave radiation (Qgy,) in the melt season has a significant linear trend
(—4.2 = 1.3 x 10'8 J year™!), while no other radiative flux exhibits statistically significant change from 1979 to
2023 (Figure S7 in Supporting Information S1). The trend in Qgy, to reduced insolation has been attributed to an
increase in summertime low cloud cover (Huang et al., 2021) and limits solar input increases to the ice-ocean
system (Figure 5b) by approximately 2.6 x 10'® J year™!. This reduction is equivalent to about 0.5 m of sea-
ice thickness over the CB from 1979 to 2023 (or approximately 1 cm per year).

So far, we have considered only net cumulative input over a melt or growth season. However, there is significant
monthly variability in these values that provides important context for the growth/melt season trends. We explore
this monthly variability next using the same variable names for net cumulative input but taken over any given
month rather than season. In general, there is predominantly heat release from the ice-ocean system (i.e.,
Q.ner <0) from mid-September to the beginning of May and heat input (i.e., Q, ., > 0) from May through mid-
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Figure 6. Interannual mean seasonal timeseries of (a) net atmospheric heat input to the ice-ocean system for a given month
and (c) areal mean sea surface temperature (SST) over the Canada Basin (CB). Averages over the year groups shown in the
legend are shown and a 10 day running mean is taken for each timeseries, (b) Monthly linear trends for the net monthly Q,, .,
for the CB with error bars indicating the 95% confidence interval for 1979-2023 (black) and 2003-2023 (gray), and (d) Same as
(b) for areal mean SST for 1979-2023 (dark blue) and 2003-2023 (light blue). Data are from ERAS reanalysis.

September (Figure 6a). Over the 1979 to 2023 period, there is a significant trend to more heat release in October
from the ice-ocean system (—7 X 10° J year~!; Figure 6b). By contrast, in each month from December through
April, net cumulative monthly heat loss to the atmosphere from the ice and ocean has been decreasing (Figure 6b).
Thus, over 1979-2023, a greater portion of heat release from the ice-ocean system occurs at the beginning of the
growth season, particularly in October. Therefore, although there is no statistically significant trend in cumulative
net growth season Q, ., (Figure Sa), there has been a shift in the seasonal distribution of heat release over 1979
through 2023 (Figures 6a and 6b). This shift in the seasonal distribution of heat release could result in a delay in
fall freeze-up.

In all melt season months, May through September, there are significant positive linear trends in heat input to the
system over 1979-2023 (Figure 6b) with the largest magnitude trends in July and August. These trends in heat
input to the ice-ocean system are commensurate with the statistically significant trends in Figure 5b, which
primarily result from the decreasing SIC.

As a precursor to our discussions of OHC in the next section, it is useful to examine atmospheric fluxes in context
with sea-surface temperature (SST). SSTs have a seasonal cycle that peaks between July and September (Figures
S2 in Supporting Information S1 and Figure 6¢). In the CB, there has been statistically significant SST warming in
the months of August to October over both the 1979-2023 period and over the recent two decades 2003-2023
(Figure 6d). Sea surface temperature increases in October (a month that sees a trend to more heat release from
the system) highlight how relatively warm surface waters that persist into the beginning of the growth season lead
to a greater proportion of heat loss from the ice-ocean system taking place at the start of the growth season.
Throughout much of the remainder of the growth season in the recent two decades (December through March for
2003-2023), there are statistically significant increases in Q,, ,,,, indicating a significant decrease in heat release
during these months (Figure 6b). These trends are generally due to a decrease in longwave, sensible, and, to a
lesser extent, latent heat release in each month from December through March (Figure S8 in Supporting Infor-
mation S1). Reduced longwave cooling, for example, could result from increased cloud cover; Letterly
et al. (2016) noted increases over 1983-2013 in wintertime longwave downwelling due to increased cloud cover
in the region.
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Figure 7. Net cumulative atmospheric heat input Q,, .., (gray; Figure 5), the heat required for inferred thermodynamic sea-ice
volume (SIV) change (red; Figure 3), the residual heat (black), AOHC for the surface layer (0—10 m; green) and AOHC for
the entire upper water column (blue; error bars indicate one standard deviation) over the Canada Basin for the (a) growth and
(b) melt seasons. Shading indicates uncertainty in Pan-Arctic Ice-Ocean Modeling and Assimilation System and ERAS5
variables following Graham et al. (2019); Renfrew et al. (2021); Zhang and Rothrock (2003); Schweiger et al. (2011). Positive
values indicate a flux into the ice-ocean system, or heat required to decrease SIV, or an increase in ocean heat content.

3.3. Ocean Heat Content and Residual Heat

Ocean observations (in situ and satellite-derived SST) are used here to construct a timeseries of OHC (Figure S9
in Supporting Information S1). Areal mean surface layer (i.e., top 10 m) OHC is of comparable magnitude to areal
mean OHC between 10 and 30 m (Figure S9 in Supporting Information S1), where the NSTM is typically
observed (Figure 2b). The deeper PSW layer (between 30 m and the depth of S, = 32.3) contains around 90% of
the OHC in the upper water column (Figure 2b and Figure S9b in Supporting Information S1). The seasonal
change in OHC (AOHC) over each of the growth and melt seasons (Figure 7) is influenced by heat input/release
to/from the ice-ocean system from the atmosphere, sea-ice melt/ablation or growth, lateral advection of different
waters, and vertical fluxes between layers in the water column. We define a residual Q,,, — p;L;AVy, to
represent the heat added or removed from the ice-ocean system that is not used to change SIV. At least a fraction
of this residual heat can be presumed to warm or cool (to the freezing temperature) the upper ocean, chang-
ing OHC.

In the growth season, the residual represents heat removed from the ice-ocean system that cools the upper ocean or
sea ice. Heat removed from the system consistently exceeds the amount of heat loss required for the inferred ice
growth; that is, the residual is negative (Figure 7a, black). In this season, AOHC is negative (i.e., the ocean is
losing heat; Figure 7a) consistent with the negative residual. The increase in surface layer AOHC (at a rate of
1.2 £ 0.6 x 10" J year™' over the 1979-2023 period, Figure 7a, green) is consistent with the trend to warmer
SSTs at the start of the growth season. We saw how this corresponds to increased Q,, ,,, heat release in October
(Figure 6b) but not when taken over the full growth season (Figure 7a, gray). We estimate that surface layer
AOHC is on average 15% of the growth season residual, though this has increased from approximately 8% to up to
37% throughout the 1979-2023 period as the residual has been decreasing in magnitude (Figure 7a, green).

No statistically significant trends in AOHC for the upper water column are observed (Figure 7a, blue). We see
interannual variations in the amount of heat extracted from the ice-ocean system (that does not result in sea-ice
growth) accounted for by loss of ocean heat each growth season. In 2017, for example, the loss of ocean heat
AOHC accounts for effectively the entirety of the residual, whereas in 2005, AOHC is a much smaller fraction of
the residual (approximately 18%). Decreases in OHC during the growth season lead either to bottom ablation or
inhibit the growth of sea ice (because the atmosphere must first cool the ocean to freezing temperature). Any trend
to increased ocean heat loss in the growth season would be consistent with the findings of Zhong et al. (2022),
who found that wintertime ocean-to-ice heat fluxes had more than doubled from 2006-2012 to 2013-2018
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predominantly driven by the entrainment of subsurface heat. Nevertheless, on average only about 40% of the
residual is accounted for by AOHC in the growth season over the 2003-2023 period.

In the melt season, the residual represents additional heat put into the ice-ocean system (i.e., net positive Q,, ;)
compared to the heat required for inferred ice melt. In general, there is much more heat added to the system than is
used to melt ice (black line, Figure 7b). This corresponds to a positive AOHC (Figure 7b). The amount of heat
estimated to warm the surface layer is only a small fraction of the melt season residual (7%—24% of residual;
Figure 7b, green), though the seasonal change in OHC in the surface ocean is increasing over the 1979-2023
period (with a linear trend of 1.3 = 0.6 X 10'® J year™!) and is consistent with monthly trends in SSTs
(Figure 6d). AOHC for the upper water column accounts for 34% of the residual on average (Figure 7b, blue) with
high variability and no statistically significant trends. This leaves a large portion of the melt season residual
unaccounted for.

Data limitations prevent us from tracking all of the heat in the system and closing the budget. Ocean observations
are sparse in any given year, particularly at the margins of the CB where ocean heat gains and losses can be strong
and localized, tightly coupled to seasonal boundary currents and maximum sea-ice variability and change.
Furthermore, there are seasonal and interannual lags in the system such that heat flux residuals in 1 year may not
necessarily relate to OHC change in that same year. For example, warm surface waters in the Chukchi Sea in one
summer may take years to ventilate the PSW layer in the interior CB (Timmermans et al., 2018). Nevertheless, in
the next section, we speculate on possible sinks for the residual heat estimated here.

4. Summary and Discussion

Since the mid-2000s, the CB region has seen significant MYI loss. By partitioning seasonal sea-ice volume
changes into advective and thermodynamic components, we have shown that trends in seasonal SIV changes in
the CB over 1979-2023 are dominated by thermodynamics as opposed to advective convergences and di-
vergences. This result agrees with Proshutinsky et al. (2019), who found that from 2003 to 2018 seasonal changes
in sea ice in the region were primarily driven by local ice thermodynamics. Our results indicate increases in both
inferred melt and growth. The more rapid rate of SIV loss in September compared to May is such that the rate of
increase over 1979-2023 in inferred growth in the growth season is nearly equal to the rate of increase of inferred
sea-ice melt in the melt season. At the same time, there has been an interannual increase in heat input to the ice-
ocean system during the melt season with the largest increases taking place in July and August; this is a mani-
festation of the ice-albedo feedback (e.g., Perovich et al., 2008; D. G. Babb et al., 2019). By contrast, we find no
interannual change in net heat removal during the growth season. The inferred interannual increases in wintertime
growth are consistent with an ice-growth feedback in the face of thinner ice requiring less heat to grow by
conduction at the same rate as thicker ice (Bitz & Roe, 2004; Maykut, 1986); for example, growing 1 m thick ice
by 5 cm requires approximately two times more heat release compared to growing 0.5 m of ice by 5 cm.

Our results are broadly consistent with the findings of Ricker et al. (2021), who analyzed model data from North
Atlantic/Arctic Ocean—Sea Ice Model and PIOMAS, to deduce a negative feedback where thin ice grows faster in
some Arctic marginal seas (including the Beaufort Sea). In addition, Rheinl@nder et al. (2024) found that from
2000 through 2018 in the CB region, there was an increase in the occurrence of wintertime leads, giving rise to
enhanced ice drift, which results in more open water area where there is faster growth of new ice. It is important to
note that the level of uncertainty in our conclusions depends on the extent to which PIOMAS can accurately
represent both thermodynamic and dynamic sea-ice processes. For example, PIOMAS relies on parameterizations
for lead formation and ridging, and the model has relatively coarse lateral resolution relative to the scales of these
features. As such, the more frequent occurrence of wintertime leads (e.g., Lewis & Hutchings, 2019; Rheinleender
et al., 2022; Rheinlender et al., 2024) may not be well represented and could lead to an underestimation of the
dynamical SIV changes in our analysis. Further to this, Zhang (2021) showed the thinner Arctic ice pack deforms
more easily, leading to more frequent periods of open water, which ultimately enhances ice growth. By contrast,
Petty et al. (2018) asserted that the negative feedback associated with thickness-dependent growth rates becomes
less significant as the mean October ice state declines to near ice-free conditions. Our results show a significant
increase in October atmospheric heat release that acts to counterbalance increased melt season atmospheric
heating.
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Under continued warming, the general expectation may be that wintertime ice growth will slow with a tendency to
increased losses of OHC throughout the growth season (e.g., Cornish et al., 2022). For example, Zhong
et al. (2022) showed enhanced decreases in OHC throughout the growth season in the most recent decade, which
could suppress any negative ice-growth feedback. However, OHC is the least constrained component of the
atmosphere-ice-ocean heat budget; the largest ocean heat reservoir is below the mixed layer and therefore must be
quantified by in situ measurements, which have major spatial and temporal gaps.

Although the quantification of OHC is poorly constrained, our results show that approximately one-third of the
difference between net atmospheric heat input and heat required for thermodynamic changes in SIV (i.e., the
residual) may be accounted for via warming and cooling of the upper water column in either season. The
remainder of the growth season residual could be due to the additional heat required to grow ice when snow is
present to act as an insulator. For example, (Lim et al., 2022) found that a 13—18 cm thick snow layer could inhibit
ice growth by approximately 10 cm throughout a winter. The heat equivalent of this over the CB region could
account for around 8% of the mean winter residual. Unaccounted residual heat in the melt season could be due to
the melting of a snow layer (e.g., again taking a 13—18 cm thick snow layer, we estimate its melt could account for
approximately 3% of the residual heat). Further, melt ponds may play a role with increased heat absorption in the
presence of melt ponds potentially amounting up to 59% of the residual based on melt pond area and albedo
estimates of Fetterer and Untersteiner (1998); Perovich and Polashenski (2012). The potential contribution of
melt ponds to the residual could be at least partly addressed with a seasonally varying sea-ice albedo (see Perovich
etal., 2011). Accounting for a seasonally varying sea-ice albedo could have a notable influence on our results. For
example, taking an ice albedo of 0.6 (only 16% smaller than the value of 0.7 used here) yields a 16% increase in
solar absorption in the melt season, which amounts to approximately one-third of our previously estimated re-
sidual. The additional complexity of seasonally variable ice albedo and its influence on this atmosphere-ice-ocean
heat budget is an important area for future research. Additionally, measurements of the ocean-ice-snow system
should be the focus of future work and may shed crucial light on the evolution and future state of sea ice in the CB.

Data Availability Statement

Sea-ice velocity, effective thickness, and concentration are from the PIOMAS and are available at https://pscfiles.
apl.uw.edu/zhang/PIOMAS/data/v2.1/ (Zhang & Rothrock, 2003). Atmospheric heat and radiative fluxes as well
as SIC and SST 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). Sea surface salinity rean-
alysis is from the ECMWF Ocean Reanalysis System 5 (ORASS) and is available at https://doi.org/10.24381/cds.
67e8eeb7. The ITP data were collected and made available by the ITP Program (Toole et al., 2011; R. Krishfield
et al., 2008) based at the Woods Hole Oceanographic Institution (https://www2.whoi.edu/site/itp/) and are
available at https://doi.org/10.7289/v5Smw2f7x. Conductivity, Temperature, and Depth data were collected and
made available by the NSF Beaufort Gyre Observing Sytem (BGOS) (https://www2.whoi.edu/site/beaufortgyre/)
in collaboration with researchers from Fisheries and Oceans Canada at the Institute of Ocean Sciences (I0S). Ice-
Tethered Profiler and CTD data are also available at the NSF Arctic Data Center (https://arcticdata.io/).
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