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Abstract. The melt of snow and sea ice during the Arc-
tic summer is a significant source of relatively fresh melt-
water. The fate of this freshwater, whether in surface melt
ponds or thin layers underneath the ice and in leads, im-
pacts atmosphere—ice—ocean interactions and their subse-
quent coupled evolution. Here, we combine analyses of
datasets from the Multidisciplinary drifting Observatory for
the Study of Arctic Climate (MOSAIC) expedition (June—
July 2020) for a process study on the formation and fate of
sea ice freshwater on ice floes in the Central Arctic. Our
freshwater budget analyses suggest that a relatively high
fraction (58 %) is derived from surface melt. Additionally,
the contribution from stored precipitation (snowmelt) out-
weighs by 5 times the input from in situ summer precipitation
(rain). The magnitude and rate of local meltwater production
are remarkably similar to those observed on the prior Sur-
face Heat Budget of the Arctic Ocean (SHEBA) campaign,
where the cumulative summer freshwater production totaled
around 1 m during both. A relatively small fraction (10 %)
of freshwater from melt remains in ponds, which is higher
on more deformed second-year ice (SYI) compared to first-
year ice (FYI) later in the summer. Most meltwater drains
laterally and vertically, with vertical drainage enabling stor-
age of freshwater internally in the ice by freshening brine
channels. In the upper ocean, freshwater can accumulate in
transient meltwater layers on the order of 0.1 to 1 m thick in
leads and under the ice. The presence of such layers substan-

tially impacts the coupled system by reducing bottom melt
and allowing false bottom growth; reducing heat, nutrient,
and gas exchange; and influencing ecosystem productivity.
Regardless, the majority fraction of freshwater from melt is
inferred to be ultimately incorporated into the upper ocean
(75 %) or stored internally in the ice (14 %). Terms such as
the annual sea ice freshwater production and meltwater stor-
age in ponds could be used in future work as diagnostics for
global climate and process models. For example, the range
of values from the CESM2 climate model roughly encapsu-
late the observed total freshwater production, while storage
in melt ponds is underestimated by about 50 %, suggesting
pond drainage terms as a key process for investigation.

1 Introduction

During the Arctic summer, sea ice melt and snowmelt pro-
vide a substantial source of relatively fresh water. Precipita-
tion provides an additional source of freshwater during the
melt season that is typically small. Meltwater can accumu-
late in surface or subnivean melt ponds and in brine channels
within the ice or drain to the ocean, where it may accumulate
in layers under the ice or in leads, become separated from the
ocean below by a sharp halocline (e.g., Smith et al., 2022b;
Salganik et al., 2023a; Smith et al., 2023), or be directly in-
corporated into the upper ocean. The magnitude and fate of
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freshwater associated with sea ice melt are important for the
surface energy budget, ice mass balance, ocean structure, and
primary productivity, as described below.

Examination of freshwater budgets from prior observa-
tional efforts suggested that most freshwater is generated
by sea ice surface melt and bottom melt (Perovich et al.,
2021), driven primarily by atmospheric and oceanic heat,
respectively. Observations over the past few decades have
suggested a shift in partitioning between surface melt and
bottom melt, with bottom melt increasing more rapidly (Per-
ovich and Richter-Menge, 2015). Partitioning varies region-
ally, with slightly more bottom melt than surface melt ob-
served across most of the Arctic Basin. The representation of
sea ice melt in global climate models similarly suggests that
bottom melt is historically a larger budget term than surface
melt (Keen et al., 2021).

Melt ponds form during the summer melt season from the
pooling of snow and surface sea ice melt. Their temporal
evolution and morphology are controlled by surface topog-
raphy (Fetterer and Untersteiner, 1998; Petrich et al., 2012;
Polashenski et al., 2012; Webster et al., 2015). The seasonal
evolution of melt ponds has been a focus of study in recent
years due to their significant role in the summer heat bud-
get, primarily through reducing the surface albedo and in-
creasing the transmittance (e.g., Perovich et al., 2002; Light
et al., 2022). Observed differences in the timing and extent
of melt ponds on multi-year ice (MYI) compared to first-
year ice (FYI) (Webster et al., 2015; Polashenski et al., 2012;
Buckley et al., 2020) suggest variability across ice types in
the meltwater budget.

Thin meltwater layers under sea ice and in leads can form
in calm conditions during the Arctic summer. The relatively
fresh, warm water forms a stable layer on top of the saline
ocean, separated by a sharp halocline. A recent review pa-
per (Smith et al., 2023) summarizes observations of these
layers and suggests that they are spatially and temporally
heterogeneous but relatively common and persistent across
many regions of the Arctic. In fact, these layers were noted
as early as the Fram expedition and have been consistently
observed since then (Nansen, 1902; Langleben, 1966; Ehn
et al., 2011). Bottom melt rates may be reduced by the pres-
ence of strongly stratified fresher layers under the ice, which
limit the transfer of heat from solar radiation (Skyllingstad
et al., 2003; Hudson et al., 2013). The presence of under-
ice meltwater can further support new sea ice growth dur-
ing the melt season at the interface between the cold, saline
ocean and fresher meltwater layer. These thin layers of ice
formed at the interface are commonly called false bottoms
(e.g., Eicken, 1994; Notz et al., 2003; Smith et al., 2022b;
Salganik et al., 2023a).

The fate of freshwater in the sea ice system ultimately has
broad impacts on the physics of the ocean and ice, ecosys-
tems, and biogeochemistry (Smith et al., 2023). Our fo-
cus here is on the freshwater input from sea ice melt and
snowmelt, which is just a small part of the Arctic Basin
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freshwater budget that includes any water source that is less
saline than a reference seawater. On the basin scale, freshwa-
ter sources may include Pacific and Atlantic water inflows,
precipitation, river runoff, ice sheet and glacier discharge,
and sea ice melt, which can be redistributed between Arctic
basins and also through sea ice growth, evaporation, and lig-
uid and solid transport through ocean gateways (Lique et al.,
2016; Solomon et al., 2021). Around 90 % of the sea ice ex-
port from the Arctic Ocean takes place in the Fram Strait, and
the exported ice is an important source of freshwater to the
North Atlantic (Haine et al., 2015). Once in the ocean, melt-
water can strongly impact the thermohaline stratification and
ocean circulation (Sévellec et al., 2017). Integration of melt-
water into the upper ocean enhances stratification by reduc-
ing the density compared to underlying layers, while discrete
near-surface meltwater layers create sharp density interfaces.
Stratification due to sea ice melt and other freshwater sources
plays a substantial role in the circulation and ventilation of
the Arctic Ocean (Aagaard and Carmack, 1989). The strength
of upper-ocean stratification impacts the vertical transport of
heat and nutrients in the ocean (Schulz et al., 2024), the accu-
mulation of solar heat (Hudson et al., 2013; Granskog et al.,
2015), and communities and productivity (Ardyna and Ar-
rigo, 2020; Gradinger et al., 2010), and it can create addi-
tional biological stresses (Chamberlain, 2023). The presence
of a highly stratified meltwater layer, in particular, impacts
gas exchange between the atmosphere and the ocean (e.g.,
Miller et al., 2019).

Recently, Perovich et al. (2021) synthesized data from
the 1997-1998 Surface Heat Budget of the Arctic Ocean
(SHEBA) experiment to compute a meltwater budget, ad-
dressing the following questions: how much meltwater is
produced, and what are the relative contributions from dif-
ferent sources over time? This study computed a budget for
multi-year ice from the sea ice perspective, where the fate
of the meltwater within the ocean was not considered. This
work raised the following question: how will sea ice and
upper-ocean freshwater budgets change on and beneath dif-
ferent ice types in a changing Arctic Ocean? Here, we apply a
similar approach to quantify a freshwater budget for the Mul-
tidisciplinary drifting Observatory for the Study of Arctic
Climate (MOSAIiC) expedition, which took place in summer
2020, observing a mix of first-year ice (FYI) and second-year
ice (SYI). We examine both sources and sinks of meltwater.
In contrast to the SHEBA experiment, meltwater sources are
adjusted for ridge contributions using high-resolution obser-
vations of ridge fraction and melt, given their prevalence and
more rapid melt than that of level ice (Salganik et al., 2023c),
and we additionally estimate internal and oceanic sinks of
relatively fresh meltwater.
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2 Methods

This study combines various observations made during the
MOSAIC melt season to quantify the freshwater budget.
MOSAIC was a year-long drift experiment (October 2019—
October 2020) on and around R/V Polarstern in the Cen-
tral Arctic (Shupe et al., 2020; Nicolaus et al., 2022). The
expedition was divided into multiple “legs”, with some dis-
continuity between for logistical reasons; here we will focus
on the melt season observations (Leg 4), which covered late
June to the end of July. During that time, the ice floe ad-
jacent to Polarstern, called the second Central Observatory
(CO2), drifted from 82.0°N, 8.3°E to 78.8°N, 2.3°W. The
floe comprised a mix of FYI and SYI. Autonomous instru-
ments deployed earlier on the expedition were used to cap-
ture the onset of melt prior to the period of study; air tem-
peratures above 0° C and snowmelt onset occurred in late
May. The evolution of melt over the observed June—July pe-
riod roughly progressed onwards with the first bottom melt at
SYT observed on 6 June, the first under-ice meltwater layers
at SYI on 16 June, the first melt ponds at SYI on 22 June, the
first under-ice meltwater layers at FYI on 9 July, a large melt
pond drainage event on 11-13 July, and ice floe break-up on
29 July. We use measurements from atmosphere, sea ice, and
ocean observatories deployed across the floe to (1) quantify
freshwater contributions from sea ice melt, snowmelt, and
precipitation and (2) determine the distribution of that fresh-
water on the sea ice and in the ocean.

2.1 Sea ice and upper-ocean freshwater budget

Here we define a freshwater budget, where freshwater is de-
fined in terms of the freshwater equivalent relative to a char-
acteristic local ocean salinity. Notably, most of the sources
and sinks are not fully fresh, and converting melt to a fresh-
water equivalent requires some knowledge of the sea ice
salinity and density or solid fraction. During MOSAIC, the
pre-melt bulk salinity of FYI and SYI was in the range of
2-5gkg™! (where FYI is typically saltier than SYI) (e.g.,
Angelopoulos et al., 2022; Salganik et al., 2023a). In some
studies, a meltwater volume is alternatively used (e.g., Smith
et al., 2022b) but is less appropriate for a budget where salin-
ities of sources and sinks vary. For most terms, the meltwater
volume can be converted to an equivalent freshwater volume
by a factor of 1 —S/S;ef, where the ratio relates the salin-
ity of the meltwater S to that of the reference seawater Seef,
taken as 34 gkg~! here. The upper-ocean salinity was ob-
served to evolve over time to closer to 32 gkg™! (Fig. B1),
while a reference salinity of 35.0 gkg™! is used for fresh-
water transport monitoring by the Norwegian Polar Institute
(2022) and 34.9 gkg~! was used by Aagaard and Carmack
(1989), which would result in an error of less than a cou-
ple percent in freshwater conversion for most of the rele-
vant salinities used here. The ice salinity is taken as a fixed
3 gkg™!, which falls within the observational range for both
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ice types and is between the values of 2 ppt determined to
be characteristic for Arctic summer sea ice in Vancoppenolle
et al. (2009a) and the assumed value of 4 ppt in Aagaard and
Carmack (1989). Fixed densities of 917 and 330kg m~3 are
used for sea ice and snow, respectively, following widely
used parameterizations and are in general agreement with
what was observed during the campaign (Alexandrov et al.,
2010; Salganik et al., 2024).

During the melt season, possible sources of freshwater in-
clude snowmelt (Mpow), surface sea ice melt (M gf), bot-
tom sea ice melt (M; pottom), lateral sea ice melt (M; jar),
precipitation (rain; P), and condensation. Condensation and
evaporation are both vanishingly small, as estimated by ef-
fectively no net change in the cumulative latent heat flux
measured at MOSAIC during the period of study (Cox et al.,
2023). The snow, surface sea ice melt, and precipitation over
the ice all provide freshwater sources at the surface of the ice,
while bottom and lateral ice melt and precipitation in leads
provide freshwater directly to the ocean.

Sinks of meltwater include storage in melt ponds (Vip),
under-ice meltwater layers (V,;), lead meltwater layers
(V1ead), entrainment into the upper ocean (V,,,), and internal
storage in the ice and ridges (Vinternal)- Under-ice meltwa-
ter layers can be assumed to generally be a result of vertical
drainage, while lead meltwater layers are presumed to be pri-
marily a result of lateral or horizontal drainage. Freshwater
is also likely stored in the ice during the melt season through
the melt and drainage process by the replacement of brine
and by re-freezing in ridge keels (Vinternal)-

The budget is then defined over the sea ice and upper
ocean:

Msnow + Mi,surf + Mi,bottom + Mi,lat + P = Vmp + Vui
~+ Viead + Vuo + Vinternal» (1)

where the calculation of terms is described in the subsections
that follow. Here, the budget terms represent a cumulative
volume relevant to the beginning of the melt season (or the
start of available data). Many source terms are initially cal-
culated as a rate which is then summed to calculate a cumu-
lative value, while many sink terms are calculated directly as
a volume. We assume a one-dimensional (1D) budget, where
volumes are scaled by the area (m®> m~2), simplifying to a
unit of length (m). The area the budget is calculated over is
generally the MOSAIC CO2 floe (Fig. 1), plus an additional
100 m border to include the fraction deposited into adjacent
leads (Fig. Al). Thus, all terms are scaled by the open-water
or ice-covered fraction. This represents a difference from the
budget calculated in Perovich et al. (2021), which calculated
a 1D budget of ice-covered area only.

The open-water fraction is determined by thresholding
aerial orthomosaics of the floe (Fuchs, 2023; Neckel et al.,
2023). The estimate is made over the area of the floe plus
a 100 m ring (shaded red areas in Fig. Al). Images to make
such estimates are only available for three dates (30 June,
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Figure 1. Map of locations of measurements used in budgets. The shaded red ring denotes the 100 m border over which the open water (OW)
fraction is calculated. The full mass balance transect is shown as a blue line, dashed portions denote SYI, and dash-dotted portions denote
FYI. Note that only the locations of ice mass balance (IMB) buoys on the CO2 floe are shown. See Nicolaus et al. (2022) for a full map of

the floe drift.

17 July, and 22 July) so a linear interpolation is used for dates
between to enable continuous budget calculations. Open-
water fraction estimates on 30 June, 17 July, and 22 July
are 3.3 %, 9.6 %, and 5.2 % (Fig. A1), respectively. Compar-
isons with satellite product estimates of sea ice concentration
from Bootstrap (Comiso, 2000) and NASA Team (DiGiro-
lamo et al., 2022) methods at the MOSAIC location over the
same time period show that these values are within the range
of observational estimates, which have a standard uncertainty
of around 20 % for summertime retrievals, corresponding to
an error of a couple percent for the airborne open-water frac-
tion estimates.

The floe (Fig. 1) contains a combination of FYI and SYI
(Guo et al., 2023; Kortum et al., 2024). We assess differences
in budget terms over known FYI and SYI portions of the floe,
where possible, including the sources from melt and the melt
pond sink term (Vyyp). However, it is not possible to complete
a full budget for both due to insufficient data to address all
terms for the separate ice types. Additionally, as the upper
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ocean interacts with both FYI and SYI, attempting to sepa-
rate the budget of these ice types is not representative of the
reality of such a composite floe.

2.2 Freshwater sources
2.2.1 Snowmelt and ice melt (Msow, Mi,surts Mi,bottom)

Snowmelt and sea ice melt are estimated from a combina-
tion of two methods which use the approach of measuring
the evolution of interfaces: sea ice mass balance stakes (here-
after stakes) and ice mass balance (IMB) buoys. Estimates of
snowmelt and sea ice melt terms from the two methods are
compared, and the values are taken as an average, as shown
in Fig. 3.

During the observational period, arrays of stakes were de-
ployed on three areas of the floe to provide a representa-
tive sample (Raphael et al., 2022). For example, 38 % of the
stakes were in melt ponds at some point with a peak melt
pond fraction of 23 %, which generally agrees with the satel-
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Figure 2. Schematic of key terms of the freshwater budget, with sources on the left and sinks on the right. The source term “ice bottom”
includes an adjustment for the ridge fractional coverage. The dark-blue background represents the shifting depth of the interface of saltwater

with fresher water.
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Figure 3. Estimation of sea ice melt and snowmelt freshwater
source terms from stakes (dotted lines) and IMB buoys. IMB buoys
are separated into FYI (dash-dotted lines) and SYI (dashed lines).
The average across all methods (solid lines) is used as the best esti-
mate of each term, including bottom melt (navy), surface melt (teal),
and snowmelt (green), in subsequent analysis.

lite estimates from Niehaus et al. (2023) and Webster et al.
(2022). Terms are averaged across all stakes to provide esti-
mates from 26 June onwards. More details can be found in
Raphael et al. (2024). As the installation of stakes in late June
missed the initial melt onset, the melt of snow and ice prior to
26 June was estimated using an IMB buoy at a site known as
L2, 0.7° east of the floe on 1 July, which had representative
ice and snow thickness values (Perovich et al., 2023; Raphael
et al., 2024). The SIMB3 buoy suggested that all change
in surface elevation prior to 26 June was due to snowmelt.
A comparison of meltwater production from snowmelt and
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ice melt between L2 IMB and stakes from 26 June-29 July
(not shown) is quite consistent, suggesting that this provides
a robust estimate of meltwater production for level ice and
that the L2 observations between melt onset and 26 June are
likely representative of the CO2 floe.

A total of 18 IMB buoys were operational during Leg 4
of MOSAIC on the CO2 and surrounding floes (Rabe et al.,
2024). Of these, 12 were deployed in SYI, 3 were deployed
in FYI, and 3 were undefined or other, with maximum ice
thicknesses ranging 1.55-5.94 m and maximum snow thick-
nesses ranging 0.13-0.62 m (with the largest for either being
an outlier from a buoy in a first-year ridge). For the purpose
of snowmelt and ice melt calculations, the dataset was re-
stricted to IMBs that are on a known ice type that covered the
entire period through 25 July. This left 5 IMB buoys in SYI,
with maximum ice thicknesses of 1.71-2.92 m and maximum
snow thicknesses of 0.15-0.36 m, and 3 IMB buoys in FYI,
with maximum ice thicknesses of 1.55—1.86 m and maximum
snow thicknesses of 0.14—0.20 m. Each set includes 1 buoy in
the MOSAIC CO2.

Recent work has shown that the melt of ridge keels pro-
vides a larger and more rapid input of meltwater compared
to level ice (Salganik et al., 2023c). Most mass balance mea-
surements used in these estimates were made over relatively
level ice (avoiding ridge keels). Furthermore, since the melt
of ridge keels is highly spatially heterogeneous, it is not well
captured by point measurements from stakes or IMBs. We
make an adjustment to the bottom ice melt estimate based on
the ridge (keel) fraction, Aigge, and the ratio of ridge keel

The Cryosphere, 19, 619-644, 2025
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Figure 4. Impact of ridge keel coverage adjustment on the calcu-
lation of cumulative bottom ice melt freshwater production. The
initial calculation using mass balance buoy and stakes only, from
relatively level ice (Mpogom,level)s i shown in lighter transparent
blue, and the total estimate of bottom ice meltwater with the keel
melt adjustment (Mpotom) 1S in navy.

melt to level ice melt rate, Rridge;level:

Myotiom = (Mbottom,level -(1- Aridge))
+ (Rridge/level : Mbottom,level ' Aridge)» )

where Riidge/level 1 assumed as a constant 3.8 based on re-
sults from Salganik et al. (2023c) using repeated multibeam
sonar surveys. Arigge 18 estimated by correcting the ridge sail
fraction with a sail-to-keel-width ratio. The sail fraction is es-
timated as 8 % using the using airborne laser scanning (ALS)
data from July with a 0.6 m freeboard threshold (Hutter et al.,
2021). The sail-to-keel ratio was estimated as 2.7 using co-
located ALS and remotely operated underwater vehicle sonar
data with the same freeboard threshold (Hutter et al., 2021;
Salganik et al., 2023c). This ratio is slightly lower than pre-
viously estimated ratios of Arctic FYI ridges of 3—7 (Strub-
Klein and Sudom, 2012) and 4.1 (Guzenko et al., 2023). This
suggests a keel areal fraction Aygge of 22 &4 %. This is in
agreement with pan-Arctic estimates of 12 %—20 %, assum-
ing a typical keel width of 36 m (see Strub-Klein and Sudom,
2012) and an average ridge sail spacing of 250-300m (e.g.,
Mchedlishvili et al., 2023; Zhang et al., 2024). The impact of
this adjustment on bottom melt estimates is shown in Fig. 4.

2.2.2 Lateral ice melt (M; jat)

As direct measurements of lateral melt were not made during
MOSAIC, we provide an estimate of the approximate contri-
bution from lateral melt using the change in floe size esti-
mated from orthomosaics (Neckel et al., 2023). Estimates of
the floe size were available for three dates: 30 June, 17 July,
and 22 July. Approximate lateral melt contribution between
these dates was estimated by multiplying the change in floe
area by the average ice thickness from mass balance surveys
(Itkin et al., 2023), in order to get the change in floe vol-
ume, and scaling by the initial area. We note that change in
floe size may be a result of both thermodynamic loss (lateral
melt) and dynamic loss (breaking of the floe); here we as-
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sume that all loss in area is due to thermodynamic processes.
The error in this rate estimate is likely large, but it contributes
a small fraction to the total freshwater estimate.

2.2.3 Precipitation (P)

The liquid-phase precipitation (rain) estimates were made in
two ways. Firstly, an optical measurement of precipitation
was made by a present weather detector (PWD) installed
above the bridge of the ship (Kyrouac and Holdridge, 2019).
This sensor has been shown to be a superior measure of
snowfall in the winter compared to other precipitation gauges
at MOSAIC, as it minimized the impacts of blowing snow
(Matrosov et al., 2022), although it is not clear how this result
translates to liquid-phase precipitation in summer. Addition-
ally, since it was installed on board the vessel, it was operated
nearly continuously, providing an uninterrupted dataset. The
second approach was to identify periods of liquid-phase pre-
cipitation using a multi-sensor approach based on cloud radar
and other instruments operated on board Polarstern (e.g.,
Shupe, 2007, 2022) and then to apply an appropriate radar-
reflectivity-based power-law retrieval (e.g., Chandra et al.,
2015). The radar reflectivity measurements came from a Ka-
band ARM Zenith Radar (KAZR) operated from Polarstern,
with precipitation retrievals being applied to measurements
at a height of 190 m above the surface, which is the lowest
range gate from the radar data that avoids any near-surface
influences. Precipitation is assumed to be consistent below
that height.

Here, we use an average of the two methods (solid gray
line in Fig. 5) to quantify the rate and cumulative accumula-
tion of in situ precipitation. The uncertainties are quantified
as the average of minimum and maximum uncertainty val-
ues from the radar and PWD methods. Uncertainties in the
radar-based approach may come from three primary sources.
Firstly, the calibration of the radar reflectivity is assumed to
contribute uncertainty up to 3 dBZ. The second source of un-
certainty is the inversion of radar measurements to retrieve a
precipitation rate, and we include here the highest and lowest
values retrieved from approaches in the literature. The third
source of uncertainty is associated with potential misiden-
tification of conditions (rain vs. drizzle), which is ignored
here as most conditions were representative of rain. The up-
per bound on radar-based precipitation is thus estimated as
the retrieval method with the highest estimated accumulation
with a reflectivity that was measured plus 3 dB. The lower
bound on radar-based precipitation is estimated as the re-
trieval method with the lowest estimated accumulation us-
ing a reflectivity that was 3 dB less than what was measured
(where both are shown as dotted blue lines). The uncertain-
ties associated with the PWD have been less well quanti-
fied. Based on comparisons given in the literature, we ap-
proximate the uncertainty as 30 %, so a =30 % uncertainty
is applied to the observations (dotted red lines). PWD gives
a higher overall estimate than the radar method, but the es-
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Figure 5. Cumulative freshwater precipitation in meters from late
June to the end of July 2020. Estimates from radar (pale blue) and
PWD (pale red) are averaged together (gray) to give a best estimate
of precipitation for use as P. The error estimates given minimum
and maximum values (dotted lines) from the two methods are aver-
aged together to give the best estimate of total observational uncer-
tainty.

timated average 0.01 m rain accumulation falls within the
plausible range from both methods.

2.3 Freshwater sinks
2.3.1 Melt ponds (Vinp)

Melt pond depths and fraction are estimated using the mod-
ified Magnaprobe estimates along the Leg 4 transect (Itkin
et al., 2021; Webster et al., 2022), excluding any special sur-
veys or albedo lines. Estimates include both the depth of stan-
dard melt ponds and those defined as subnivean ponds. We
include results for the separation of transect data into SYI
and FYI, where delineation of the floe into ice types was de-
termined by observers on the floe (SYI is denoted by the dot-
ted blue line in Fig. 1, and FYI is denoted by the dashed line;
Webster et al., 2022). Conversion to freshwater equivalent as-
sumes that melt ponds have a practical salinity of 1.1 as an
average of measurements made in July (Lange et al., 2022),
which was generally consistent with the full observed range
of 0.5-2 across ponds and ice types (Oppelt and Linhardt,
2023).

2.3.2 Meltwater layers under ice (Vy;)

Freshwater in under-ice meltwater layers is estimated primar-
ily using layer thicknesses from all of the 18 IMB buoys op-
erable during the melt season (see description of buoys in
Sect. 2.2.1). While the IMB buoys captured a range of sea
ice types, we note that these may constitute an unrepresen-
tative sample. The top and bottom extent of the meltwater
layers, when present, are determined based on the location
of the ice—meltwater interface and the meltwater—ocean in-
terface using the rate of change after heating cycles and am-
bient temperature, respectively (Jackson et al., 2013). As the
thermistor strings on the buoys have 2 cm spacing in sensors,
an accuracy of 2 cm can be assumed. IMB buoys provide es-
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timates of temperature and thus interfaces every 6 h, which
we average to calculate a daily value. We calculate the layer
thickness as an average across all instruments where a layer
was observed on that day.

Estimates of under-ice meltwater layer thickness from
IMB buoys are compared in Fig. 6 with those measured along
drill lines (orange lines in Fig. 1) by deployment of a YSI
Professional Plus probe measuring temperature and conduc-
tivity (Smith et al., 2022b) and with those made at the coring
site (teal box in Fig. 1; Salganik et al., 2023a). The coring
site estimates are consistent with, but smoother than, the es-
timates from IMB buoys, while the YSI estimates seem to
provide a “lower bound” from a different region of the floe
(SYI). We note that a layer of under-ice meltwater was also
observed at the Ocean City hole using a microstructure pro-
filer from 28 June to 13 July (Smith et al., 2023; Schulz et al.,
2022), but those observations are not included here due to
suspected biases associated with artificially accelerated melt-
water drainage and the location in SYI.

The conversion from meltwater layer thickness (Fig. 6) to
equivalent freshwater thickness accounts for the salinity of
the layer, which is not fully fresh, and the spatial coverage
under the ice. Here we assume a constant salinity of 8 based
on an approximate temporal best fit of all salinity estimates
included in Smith et al. (2022b). A constant fractional cov-
erage of 21 % is assumed (Salganik et al., 2023a), as infor-
mation is too sparse to justify more temporal variability in
coverage, and this value is approximately consistent with the
estimates in Smith et al. (2022b). This is lower than the frac-
tional estimate based on the fraction of IMBs in which melt-
water layer was observed (8 out of 18; 44 %), which may be
biased high due to the fact that IMB installation typically oc-
curs in areas of undeformed ice far from floe edges, which
are more prone to under-ice meltwater layer formation.

2.3.3 Meltwater layers in leads (Vieaq)

Freshwater equivalent estimates for lead meltwater layers are
approximated as the average of all measurements available
from profiling by a YSI Professional Plus probe (as used
for under-ice measurements; Smith et al., 2021a) or fish-
ing rod CTD for a given day (Karam et al., 2023) (Fig. 6).
Here, profiles were generally made from the lead edge or a
kayak, to minimize disruption of the surface stratification.
Calculation of the equivalent freshwater layer thickness re-
sults in estimates that range from 72 %—150 % of the depth
of the maximum density change, and equivalent freshwater
estimates are more consistent between the two instruments
than estimates of meltwater layer thickness (YSI and fishing
rod CTD). Lead meltwater layer estimates are scaled by the
open-water fraction (Fig. A1), whereas all sea-ice-based es-
timates are scaled by the ice-covered fraction.
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Figure 6. (a) Comparison of estimates of under-ice meltwater layer
thickness (left axis) and equivalent freshwater thickness (right axis;
V4i) from different observational methods, prior to scaling for cov-
erage. Estimates from drill lines (dashed) and the FYI coring site
(dotted) are shown for comparison to the average layer thickness
from IMBs (solid line). (b) Estimates of freshwater layer thickness
in leads, Vjeaq (prior to scaling for open water fractional coverage),
from YSI (dashed line, diamonds) and fishing rod CTD (dotted line,
circles).

2.3.4 Upper ocean (Vy,)

While sub-daily estimates of upper-ocean temperature and
salinity are available for the duration of the period (Schulz
et al., 2024), estimates of freshwater input to the upper ocean
are complicated by the drifting nature of the experiment. No-
tably, in this period, the MOSAIC floe drifted into a regime
with lower ambient seawater salinity and higher river water
fractions (see Schulz et al., 2024) (Appendix B), which dra-
matically increased the apparent “freshwater content” in a
manner that is not entirely related to local inputs from sea
ice. As a result, we do not directly estimate entrainment of
freshwater into the upper ocean and rather treat this term as
a residual.

2.3.5 Internal storage (Vinternal)

Sea ice ejects salt to the upper ocean during both growth and
melt, directly impacting the salt content of the surrounding
seawater through desalination processes. These include grav-
ity drainage and flushing during the melting season. Grav-
ity drainage is the exchange of the dense brine in the ice
with seawater by convective overturning triggered by a heat-
induced increase in ice permeability. Flushing is the replace-
ment of the salty brine in the ice with surface meltwater per-
colating through the ice (Notz and Worster, 2009). In rela-
tive terms, both processes reduce the freshwater equivalent
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by releasing a salt mass Amg,; from the ice into the ocean
and thus form a sink term in the freshwater budget that we
consider with Vipernal. Following the scheme to start from
the surface meltwater, Vipternal 1S derived here from the vol-
ume difference of the freshwater equivalent of the surface
meltwater (VMw, surf = Msnow + Mi,surf — Vimp) before drain-
ing through the ice (VMw,equ(in)) and after (Vmw,equ(out)):

Vinternal = VMW,equ (in) — VMW,equ (out). 3)

The freshwater equivalent of the surface meltwater before
draining into the ice was obtained by scaling the available
surface meltwater Virw surf USing

. < 1.1gkg™! )
VMW,equ (in) = VMW,surf' l————, 4)
Sref

for which we assume a constant salinity of 1.1 gkg™! of the
surface meltwater (Lange et al., 2022) and the previously de-
fined reference salinity Spef = 34 gkg™!.

After draining through the ice, the volume of meltwater
remains constant, i.e., isochoric, but the salt content changes;
thus the freshwater equivalent changes to

Smw
VMW,equ (out) = VMW,surf' <1 - S ) (5)
ref

with the increased salinity of the drained meltwater:

_ Amgay
(Amgai; - 1000 + myw.surf)

Smv (0)
The generalization across all desalination processes was
made to be able to derive a time series of Vipternal both with
measurement data, combining the observed total loss of salt
in ice cores Amgy with surface meltwater, and with simu-
lations, which fully resolve all individual desalination pro-
cesses using the multiphase thermodynamic single-column
model Semi-Adaptive Multi-phase Sea-Ice Model (SAM-
SIM; Griewank and Notz, 2013). The model was initialized
and run separately with ice core data from FYI and SYI from
early May (Oggier et al., 2023a, b) and then forced with a set
of boundary conditions. Boundary conditions used a merged
time series of observed atmospheric boundary fluxes (Pirazz-
ini et al., 2022), ERA-5 data as gap fillers (Hersbach et al.,
2017), a rather small constant oceanic heat flux of 1 Wm2,
and an initialized snow thickness of about 22 cm based on ob-
servations. Changes in salinity of the underlying ocean water
due to the formation of the meltwater layer are not consid-
ered in the model. Given these forcings, the model simulated
ice evolution similar to the observed ice core measurements.
Bulk brine volume estimates from IMB buoy temperature ob-
servations are very similar to those from coring observations
in magnitude and temporal evolution on both FYI and SYI
(Fig. C2), giving confidence to the applied estimates.
Meltwater can also re-freeze in ridge keels during summer
(e.g., Salganik et al., 2023b), which may provide a transient
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sink in opposition to the source from accelerated ridge keel
melt. We do not make explicit estimates of it here, as reliable
pre-melt-season salinities are not available. However, we ex-
pect the term to be relatively small, as the keel macroporos-
ity in June was already very low (4 %—6 % for a ridge on the
same floe), suggesting low meltwater mass fraction (Salganik
et al., 2023b).

3 Results
3.1 Freshwater sources

Estimates of sea ice and snow source terms from methods
and ice types are compared in Fig. 3. Initially, there is ap-
proximately 2-3 times more surface and snowmelt on SYI
than FYI but around 2 times more bottom melt on FYT than
on SYI. By the end of the observation period (late July), the
cumulative freshwater produced on both ice types approxi-
mately converges, with the larger bottom melt of FYI (40 %
greater; 6 cm) mostly compensating for the larger snowmelt
on SYI (2.5 times greater; 3 cm). The estimates from stakes
on both ice types sit mostly between the estimates for FYI
and SYI from IMB buoys, though with a somewhat larger
freshwater contribution from snowmelt and surface melt es-
timated by the end of the period. In general, the relative rank-
ing of terms is consistent across methods and ice types.

The bottom melt on relatively level ice (solid blue line in
Fig. 3) is adjusted for the higher melt rate observed on ridge
keels in Fig. 4, following Eq. (2). Ridge keel melt is esti-
mated to contribute cumulatively around 0.12 m of freshwa-
ter by the end of the period, increasing cumulative bottom
melt estimates by over one-third (navy line in Fig. 4).

All source budget terms are summarized in Fig. 7. The rate
of freshwater input from all terms appears quite episodic, as
dictated by atmospheric and ocean forcing. The contribution
from surface ice melt is initially close to zero, as solar energy
is likely focused on snowmelt, and some buoys observed a
re-freezing of melt ponds. The surface and bottom sea ice
melt (M; surf, Mi vottom) generally accelerate over the course
of the observation period. In contrast, the contribution from
snowmelt (Mgow) ceases on 13 July, when nearly all snow
had melted on level ice (Macfarlane et al., 2023; Webster
et al., 2022). Lateral melt estimates (M; 1a) Suggest thatitis a
low fractional contribution through the period (less than 5 %
of the total). The contribution from precipitation is episodic,
with a total cumulative contribution barely over 1 cm. The
largest overall contribution to the cumulative freshwater is
from surface sea ice melt.

Both precipitation-related source terms (Mgnow and P) in
total contribute less than 7 % of freshwater to the cumulative
total by the end of the period. Given the uncertainty in both
initial snow thickness and precipitation of up to 50 % (Itkin
et al., 2023; Fig. 5), we estimate this could range from 4 %-—
10 %. Figure 8 compares the relative contributions from these
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Figure 8. Comparison (a) and relative contribution (b) from stored
precipitation (snow; green) and in situ precipitation (gray).

terms. The ratio is very high initially (> 100), as snowmelt is
rapid and little rain has yet been recorded. By the end of the
observation period, stored precipitation (snow) contributes
around 6 times as much to the freshwater budget as in situ
precipitation (rain). The relative fraction is likely to continue
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to decrease past the period of this time series, as precipitation
may continue in August but the snow has virtually all melted.

3.2 Freshwater sinks

Figure 9b shows that storage in melt ponds is notably higher
on SYI (dashed line) compared to FYI (dash-dotted line).
Equivalent freshwater storage is over twice as large on SYI
at times. The temporal evolution on FYI is less extreme
compared to that on SYI through the middle of the obser-
vation period, likely owing to the earlier formation of lat-
eral drainage channels on FYI (Webster et al., 2022). How-
ever, the temporal evolution is largely similar between the ice
types, suggesting that the drivers of sources (meltwater in-
put) and loss via drainage are not independent. Some of the
temporal variability on the FYT portion of the transect from
20 July onward could be biased by necessary relocation of
the transect as melt ponds melted completely through (Web-
ster et al., 2022). The substantial decrease from 10-14 July
on the SYI was associated with a large pond drainage event
that was visible from the floe and in aerial imagery and re-
sulted in a large reduction in both melt pond fraction and
depths (Webster et al., 2022) and an increase in ice freeboard
(e.g., Salganik et al., 2023c). The average melt pond fresh-
water storage along the full transect (solid line) is used for
the comparison of sink terms in subsequent analysis.

We note here that the estimates of freshwater in melt ponds
during MOSAIC, as quantified from transect data, may be bi-
ased low due to the location at the periphery of the ice floe
(Fig. 1), where lateral drainage is greater. Specifically, esti-
mates of freshwater equivalent from bathymetric reconstruc-
tions of orthomosaics suggest approximately twice as much
freshwater stored in melt ponds in the first half of the pe-
riod (30 June and 7 July) compared to transect observations
(Fuchs et al., 2024). Further investigation into these differ-
ences suggests that this is likely mainly due to differences in
observed areas instead of methodological differences (Fuchs
et al., 2024). The orthomosaic estimates are not used here
due to sparse temporal coverage, and the reader is referred to
Fuchs et al. (2024) for more details on these observations.

Internal storage of freshwater due to desalinization based
on observational (coring) data and modeling is shown in
Fig. 10. The fully resolving model indicates a higher Vipernal
for both ice types over the entire summer melt and indicates
two main desalination periods: the first in late May through
warming of the ice interior, during a period when there is a
gap in coring and other observational datasets, and a second
period starting mid-July. The observations additionally cap-
ture the rapid increase in FYI storage in mid-July. While both
ice types showed the same amount of total surface melt over
the observational period (Fig. 3), FYI typically desalinates
more and stores more freshwater. We thus use the estimate
from FYT cores (dark-brown dash-dotted line in Fig. 10b) as
the time series of internal freshwater storage Vipernal in sub-
sequent comparisons, providing a likely upper bound on the
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Figure 9. (a) Cumulative surface freshwater input on SYI (dashed)
and FYI (dash-dotted) from combined surface ice melt, snowmelt,
and precipitation. (b) Melt pond equivalent freshwater thickness for
SYI and FYI. The solid line shows the equivalent thickness for the
full transect on each date, while the dashed and dash-dotted lines
show equivalent thicknesses over just the SYI and FYI sections,
respectively (see Fig. 1). (¢) The ratio of freshwater in melt ponds
to the freshwater input (b/a) provides an estimate of the melt pond
fractional storage. Following the initial peak in storage on 27 June,
the storage (c¢) gradually decreases throughout July largely due to
the steady increase in input from surface meltwater (a) which is not
matched by a comparable increase in equivalent pond volume (b).

term. Sensitivity of these terms is approximated using runs
where forcing terms are given the following ranges: ocean
heat flux from 0.5-10 W m~2, reference salinity Srer from
32-34.9 gkg™! (Schulz et al., 2024; Norwegian Polar Insti-
tute, 2022), and meltwater salinity Sy from 0.6-1.9 gkg™!
based on the range of observed melt pond salinities (Smith
et al., 2022b; Lange et al., 2022). The range of all runs for
coring and model calculations is shown as shading in Fig. 10
and suggests errors from around 5 %-100 %. For the FYI
core estimates used in subsequent calculations, this repre-
sents a 9 % range. We do not explore in detail the relative sen-
sitivity of the estimated meltwater value to the input terms,
but results suggest the greatest impact is that of the meltwater
salinities.

https://doi.org/10.5194/tc-19-619-2025



M. M. Smith et al.: Meltwater budget

629

T @
ﬁg—Z ‘:'-'?_‘:_-:;: ‘‘‘‘‘ |
EQ TTREmoL
£ === -'?_’DX‘___
S —4 3N ot e
&8 \.
£ \
oo | e By
-6 =
S
Jun08 Jun15 jun 22 U0l Jul08  Jul15  jul22 Aug 01
0.012 m
—-== SYI, cores i i
_0.0101 —-— FYI, cores i
3 I
2 SYI, model [y & il
= 0.008 1 FYI, model ; t i
[} | | i
T 0.006 ! i e
2 i { bl
% l | i‘ "
£ 0.004 A | i a
{ ol
] | | Ir N1
© . | i 1w
S 0.002 et R s A i, li'“f'“ i ." i
\/ /' R . J o=/ 2]
0.000 : ¥ el M L S L
Jun08 Jun15 Jun 22 Jul 01 Jul 08 Jul 15 Jul 22 Aug 01
0.20
— (c)
£
5 0.15
8 =
z /
= —
2010+t ot
£ ==
g Z
® A e
£o0s — ’
= P
O —
0.00
Jun08 Jun15 Jun 22 Jul 01 Jul 08 Jul 15 Jul 22 Aug 01

Figure 10. Estimates of salt internally in ice and contribution to
freshwater sink. (a) The change in mass of salt in ice, relative to
the start of the melt season, is used to calculate the (b) rate and
(¢) cumulative freshwater stored internally in the sea ice (Vipternal)-
Estimates are shown based on coring observations (dark brown) and
a 1D model (light brown) for SYI (dashed) and FYI (dot-dashed).

Quantified freshwater sink terms both on the ice and in the
upper ocean are combined in Fig. 11. Melt ponds and under-
ice meltwater layers were observed from near the beginning
of the record, with lead meltwater layers only first being ob-
served on 8 July. Thus, under-ice layers and melt ponds are
the dominant sink in early July. Under-ice meltwater layers
constitute a significant fraction of the observed sinks, with
melt ponds and leads representing approximately the same
volume from the middle to the end of July. In mid-July, in-
ternal storage in the sea ice becomes the dominant sink, with
over 0.10 m equivalent freshwater storage by the end of the
observation period. The total freshwater equivalent stored in
the quantified sinks (black line in Fig. 11) peaks at 0.25m in
late July.

3.3 Sources vs. sinks
By comparing the melt pond term with the surface sources,
we can understand the efficiency of melt ponds as sinks.

Sources for melt ponds include snowmelt, sea ice melt, and
precipitation, which can be determined from the results in
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Figure 11. Summary of meltwater sinks (freshwater equivalent)
from mid-June to late July. The total (black) includes estimated
freshwater in leads (purple), melt ponds (cyan), under-ice (pink),
and internal in the ice (brown).

Fig. 7 to calculate the cumulative surface freshwater input
(Fig. 9a). Dividing this by the melt pond volume, Vi, fol-
lowing Perovich et al. (2021), gives an estimate for the frac-
tional storage of surface freshwater in melt ponds in Fig. 7c.
During their initial formation, melt ponds are an efficient sink
for surface meltwater, with over 45 % estimated on 27 June.
This rapidly decreases with a decrease in freshwater in melt
ponds in late June, and fractional storage remains below 20 %
throughout July.

Figure 9c also shows differences in the relative melt pond
storage of ice types. Initially, FYT stores more surface melt-
water than SYI, but SYI stores a higher relative fraction after
7 July. As both surface meltwater inputs and melt pond fresh-
water volume are higher throughout the summer on FYI, this
temporal shift largely results from a decline in the rate of
surface freshwater production on FYT over time.

Comparing the total quantified freshwater sinks with es-
timates of sources provides insight into the full freshwater
budget and the residual that is deposited into the ocean. By
the end of the observation period, 0.68 m or 75 % of the es-
timated sources (Fig. 7) are unaccounted for by observed
sinks (Fig. 11). This suggests that a majority of local fresh-
water from sea ice melt and snowmelt is ultimately entrained
into the upper ocean. We can use this to make some indi-
rect inferences about the residence time of freshwater within
the various sinks. While the magnitude of freshwater within
lead, melt pond, and under-ice sinks does not significantly
grow over time, freshwater sources provide relatively consis-
tent new inputs. It is thus likely that most of the freshwater
that ends up in the upper ocean passes through one of these
other sinks first. In other words, initial increases in the under-
ice freshwater sink suggest that the flux of freshwater from
sources is outpacing the mixing into the upper ocean, while
the decrease later in the observation period suggests that the
mixing is outpacing new inputs.
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Figure 12. Comparison of meltwater budget terms from MOSAIiC
(solid) and SHEBA (dashed). (a) Cumulative meltwater source
terms, noting that snow is not shown for SHEBA, and (b) fractional
melt pond storage.

4 Discussion
4.1 Comparison with prior observations: SHEBA

Perovich et al. (2021) provided one of the first comprehen-
sive budgets of meltwater in Arctic sea ice using observations
from the 1997-1998 SHEBA datasets. Notable differences
between MOSAIC and SHEBA include that sea ice during
MOSAIC was a mix of FYI and SYI, while SHEBA oc-
curred on dominantly MYI. Additionally, MOSAIC was in
the Central Arctic, approaching the Fram Strait by the time
of the melt season, while SHEBA occurred in the Beaufort
Sea. Some changes in conditions can also be expected as a
result of the 22 years separating the expeditions. More ex-
tensive quantification of thin meltwater layers in the ocean
on MOSAIC (e.g., Smith et al., 2022b, 2023) also allowed
the calculation of sinks.

Figure 12a compares the cumulative freshwater inputs
from major sea ice and snow sources. The total cumulative
input is remarkably similar between the two by the end of
the comparison period, despite the differences in conditions.
Notably, the contribution from bottom melt closely tracks be-
tween the two sets of observations, despite the significant
adjustment for contribution from ridges on MOSAiIC. The
multi-year ridges during SHEBA were smoother and so pro-
duced less meltwater than typical FYI ridges, with only 1.6
times more bottom melt at ridge keels (Perovich et al., 2003).
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The surface melt was a larger fraction of melt on both cam-
paigns but accelerated more rapidly earlier in the melt season
during SHEBA. The lateral melt is a minor fraction (~ 5 %)
on both campaigns by the end of July. In both, the contribu-
tion from summer precipitation is small compared to other
terms and can be considered negligible (not shown here).

Fractional storage in ponds drops sharply early in the melt
season following initial drainage due to the melt pond—ocean
connection on both MOSAiC and SHEBA. The storage con-
tinues to decrease over time on MOSAIC in contrast to
SHEBA, where fractional storage somewhat rebounded fol-
lowing the initial drainage (Fig. 12b). The decrease on MO-
SAIC is in large part due to the rapidly increasing meltwater
input, which outpaces the storage in ponds (which also in-
creases; see Fig. 9). The rate of meltwater contributions were
less rapid on SHEBA, and the pond storage increased some-
what more dramatically, perhaps because of the difference in
ice type. The difference may be accounted for by the rela-
tively high internal storage in FYI (Fig. 10), which was not
present during SHEBA.

4.2 Variability in the sea ice freshwater balance

There is variability in the sources and sinks in the sea ice
freshwater budget both within our observational dataset (lo-
cal scale) and across years and locations (basin scale). Here
we consider the possible errors in our estimates that may
impact the results shown and discuss the variability in rel-
evant terms that may result in a larger range of values on the
basin scale. In general, we expect the fractional distribution
of sinks to vary more than sources due to the significant role
of atmospheric and ocean forcing on small-scale heterogene-
ity, and these sink estimates also have more uncertainty in
our calculations.

Variability in estimated source terms for this case study
may result from snow thickness (which largely determines
the snowmelt input), sea ice bottom and surface melt, ridge
fraction and thickness ratio, lateral melt rate, sea ice salin-
ity, and liquid precipitation rate. Transect observations gave
pre-melt (May) snow thickness of 31 417 cm (Itkin et al.,
2023), which suggests up to almost 50 % variability in the
local snowmelt contribution. Similarly, sea ice bottom and
surface melt rates vary significantly by thickness and ice type
across the floe (Raphael et al., 2024), but the relative agree-
ment across methods suggests the average contributions have
errors less than 10 % (Fig. 3). Sea ice core salinity values
ranged from 1-5 gkg~! (Angelopoulos et al., 2022; Salganik
et al., 2023a). Sea ice and density used in the volume conver-
sions may present another possible source of error (Salganik
et al., 2024) but are estimated to be small compared to other
listed terms. Error and variability in lateral melt rate cannot
be estimated from the observations available, but the rela-
tive magnitude is likely to be most sensitive to the size of
the floe considered in budget calculations. Precipitation esti-
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mates may have substantial uncertainty, as described (Fig. 5),
but should not vary spatially across the floe considered.

While the comparison with SHEBA suggests that there
may be reasonable consistency in source terms across years
and locations (Fig. 12), we would expect that there is signif-
icant basin-scale variability in the magnitude and fraction of
sea-ice-derived freshwater. As snow on sea ice mostly melts
by the end of Arctic summer, the snowmelt term is mostly
bounded by the seasonal maximum snow thickness, which
has been estimated pan-Arctic as 20 = 6 cm from ICESat-2
and CryoSat-2 altimeters (Kacimi and Kwok, 2022). Vari-
ability in bottom and surface melt is at least in part deter-
mined by the ice age, which ranges from pure FYT to pure
MYT across the Arctic. Coupled sea ice models may be used
to explore the relative contributions from mass budget terms
in the context of the freshwater budget (e.g., Keen et al.,
2021), where the changes in proportions of ice types likely
lead to changes in dominant melt terms. One contribution to
this is the range in ridge fraction, which can be estimated
as varying from 12 %-20 %, as discussed in Methods. Fi-
nally, pre-melt sea ice bulk salinity similarly varies from 1—
2gkg™! for pure SYI to 4-5 gkg~! for pure FYI (Vancop-
penolle et al., 2009b), which may impact the conversion from
sea ice meltwater to freshwater by up to 10 %.

Variability in sink terms may be a result of uncertainty in
melt pond depth and fraction; melt pond salinity; depth and
salinity of under-ice meltwater layers; depth of lead melt-
water layers; lead or open-water fraction; and variability in
terms used in internal storage estimates, including meltwater
salinity, ocean reference salinity, ocean heat flux, and initial
snow thickness. In general, the uncertainty in each of these
terms can be expected to be large. Melt pond volumes calcu-
lated using aerial and satellite photogrammetry suggest that
the transect data used here may underestimate the equivalent
freshwater thickness by up to 50 % early in the time series
(30 June) due to location bias, but estimates converge by mid-
July because of pond drainage (Fuchs et al., 2024). Compar-
ison of different methods for estimating under-ice and lead-
layer freshwater equivalent gives estimates that vary by as
much as 100 % and 50 % on a given date, respectively. Direct
estimates of the uncertainty in internal storage using ranges
of observed input terms (Fig. 10) give an error around 10 %
for the FYI core data, but estimates vary largely by ice type
and model. Thus, the ratio of sink terms is likely to have sig-
nificant error and variability spatially.

As a comprehensive budget of sea ice freshwater sinks has
not previously been completed, we cannot evaluate how this
might vary. Melt ponds can vary widely in depth and cover-
age based on ice type, morphology, and forcing conditions
(e.g., Buckley et al., 2020; Fetterer and Untersteiner, 1998;
Webster et al., 2015, 2022). Freshwater layers under ice and
in leads have been observed previously but are also com-
monly not present in observations made across the Arctic
during the melt season (Smith et al., 2023). We suggest that
future work addressing this gap is needed. Modeling stud-
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ies using coupled global climate models may be well suited
to address some of these questions regarding variability in
meltwater storage in ponds and in the ice.

4.3 Comparison with a model: CESM2

Model representation of freshwater budget source terms from
snow and sea ice meltwater and the storage in ponds is evalu-
ated using one CMIP6-class coupled sea ice model, the Com-
munity Earth System Model 2 (CESM2; Danabasoglu et al.,
2020). Model outputs are evaluated using a sea ice grid cell
near the MOSAIC location, where averages over 10 years
from 2015-2025 are computed (Fig. 13). The modeled total
freshwater input from sea ice melt and snowmelt (Fig. 13)
is moderately low compared to that observed (Fig. 7), with
about 0.35m (40 %) less total freshwater input from sea ice
and snow terms. There are more significant differences when
comparing individual source terms. The model predicts more
bottom melt but less surface melt compared to observations.
Specifically, by 25 July, there is approximately 0.1 m (50 %)
more freshwater contributed from bottom melt in the model
compared to the observations, while the contribution from
surface melt is about 0.35 m more (around 3x) in observa-
tions compared to the model. The snowmelt and lateral ice
melt are both lower in the observations than in the model.
We note that MOSAIC provides only one realization of the
range of possible conditions represented by the model, so fu-
ture investigations with a forced 1D model will be necessary
to understand the role of atmospheric or oceanic drivers ver-
sus processes in contributing to these differences.

Properly representing the storage of melt ponds in coupled
climate models is critical to the representation of a number of
other processes. We evaluate the representation of melt pond
fractional storage in the model by calculating the fractional
storage in the same manner as for observations (Fig. 13b).
The model dramatically underestimates the fractional stor-
age of surface meltwater in melt ponds, despite the under-
representation of surface meltwater budget terms (Fig. 13a).
The modeled storage never exceeds 4 %, and it peaks much
later than in the observations. Additionally, the greater esti-
mates of melt pond volume over the entire CO2 floe from
orthomosaics early in the observational period (see Sect. 3.2;
Fuchs et al., 2024) suggest that the observational estimates
of pond storage (Figs. 9b, 13b) may be biased low, which
would push the observations and model estimates even fur-
ther apart. Our working hypothesis is that this is a result of
vertical meltwater drainage parameterizations which result in
ponds that are too thin (e.g., Webster et al., 2022). Separate
ongoing work is seeking to better understand the contribu-
tion of melt pond drainage processes to pond volume and
improve the representation of the meltwater budget informed
by MOSAIC observations.
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Figure 13. Sea ice freshwater budget terms from CESM2 near the
MOSAIC expedition. (a) Freshwater source terms from sea ice melt
and snowmelt, with the range over 2015-2025 in CESM2 indicated
by shading. (b) Fractional surface freshwater stored in ponds on
MOSAIC (solid) compared to model results from CESM2 over the
period from 2015-2025 (dashed).

4.4 TImpact on ocean heat budget

The presence of the observed thin, relatively fresh layers
can have contrasting impacts on the upper-ocean heat budget
driven by local solar input. On the one hand, these surface
layers may accumulate solar heat which can contribute di-
rectly to enhanced lateral and basal melting (Richter-Menge
et al., 2001; Smith et al., 2023). On the other hand, solar
flux can also be transmitted through such thin layers, and the
strongly stratified surface layer can allow solar heat to tem-
porarily be stored deeper in the water column, inaccessible
for immediate ice melt (Hudson et al., 2013; Granskog et al.,
2015). Taken together, these opposing impacts suggest that
the sea ice freshwater (salt) budget is closely intertwined with
the upper-ocean heat budget. Small-scale processes within
the mixed layer are not typically observed by oceanographic
observations or represented in ocean circulation models (e.g.,
Steiner et al., 2004).

While we do not attempt a heat budget here, observations
of upper-ocean temperature combined with rates of melting
suggest some feedbacks between the two. In the ice-covered
portion of the study area, transmitted energy is likely directly
available for sea ice bottom melt on the order of centime-
ters (Tao et al., 2024). In the open-water portion (leads), the
solar heating can be directly available for lateral melt. The
heat available for melting is determined as a function of the
temperature difference of the water from freezing, following
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Richter-Menge et al. (2001):
Q = prwerw (T — Tp) Az, (7

where pgy, is the freshwater density; cty is the specific heat
capacity of freshwater, 4185Jkg~! K~!; Az is the depth
range of the layer; and T — Tt is the difference between
the water temperature and the salinity-determined freezing
point. This is calculated here over the upper 2m (Az =2)
of leads using near-surface ocean profiles made on six dates
in July (Smith et al., 2021a), shown in Fig. 14. The salinity-
determined freezing point is calculated using the Gibbs Sea-
water implementation of the Thermodynamic Equation of
Seawater 2010 (TEOS-10) (McDougall and Barker, 2011).
The lower salinity of the layer results in higher relative heat
content for the same temperature. While there are lower-
salinity layers present near the surface on all dates (Fig. 14b),
the temperature above freezing is highest at above 2 °C on
1 July and typically below 1 °C after that (Fig. 14a). This re-
sults in a high heat content initially, which may have con-
tributed to the initial increase in lateral melt rates (e.g.,
Fig. 7), which then stays at a relatively constant level for the
remainder of the observation period.

The net impact of the freshwater budget on the heat budget
cannot be determined, especially as the total solar heat flux
is larger than the ocean heat flux from lateral and basal melt
(e.g., Hudson et al., 2013). Regardless, observations suggest
that the interaction of the two can increase lead heat content
and lateral melt rates, which may persist throughout the melt
season once initiated.

4.5 Meltwater composition from isotopic analysis

The oxygen isotope ratio and salinity of seawater may be
used to differentiate sources as meteoric water (river runoff
and precipitation) from sea ice meltwater (e.g., Macdonald
et al., 1995). Isotopic analysis (§'30) was undertaken as part
of the MOSAIC expedition to understand freshwater sources,
and results relevant to the present article can be found in
Smith et al. (2022b) and Mellat et al. (2024). Smith et al.
(2022b) reported that melt ponds observed on 25 July 2020
were a majority FYI melt, with a significant secondary con-
tribution from snowmelt (Lange et al., 2022). The additional
melt pond samples reported in Mellat et al. (2024) unfor-
tunately did not have corresponding salinities recorded, so
a composition analysis is not possible. Under-ice meltwa-
ter layer composition largely matched that of melt ponds
(Smith et al., 2022b), consistent with the story that they are
driven primarily by vertical drainage rather than bottom melt.
Under-ice meltwater layers were 31 % seawater on average,
suggesting some mixing between the meltwater layers and
the underlying ocean by the sampling date on 25 July. Re-
latedly, the incorporation of snow and sea ice meltwater into
the upper ocean (e.g., Vyo) contributes to significant changes
in salinity and isotopic composition of surface seawater dur-
ing the summer (Mellat et al., 2024). We also note that FYI
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Figure 14. Upper-ocean lead profiles of (a) temperature above freezing and (b) absolute salinity on six dates in July measured using the
CastAway CTD. (b) Lead heat content calculated by Eq. (7) on those six dates.

has a relatively high enrichment of §'80 compared to SYI.
This difference is likely due to modification from the longer
freeze—melt history and the lower values in surface seawater
(Mellat et al., 2024).

5 Conclusions

This study builds on the results of Perovich et al. (2021),
who examined meltwater budgets in the Western Arctic about
20 years prior (SHEBA), to provide the first comprehensive
freshwater budget of FYI and SYI from observations and
quantification of the sinks. In general, there has been less de-
formed ice in the Arctic since 2007 (Sumata et al., 2023). As
such, the substantially deformed floe measured during MO-
SAIC is not necessarily representative of the meltwater bud-
get and partitioning of Arctic sea ice as a whole. However,
comparison to meltwater budgets from SHEBA shows over-
all remarkable similarity between the source terms and melt
pond storage. While these campaigns still only represent two
discrete points in space and time, they can more robustly sug-
gest some likely targets for model representation improve-
ment, such as the storage of surface meltwater in melt ponds.

The largest source of local freshwater in the MOSAiC ob-
servations is from surface sea ice melt. Tao et al. (2024)
found that a majority of solar energy input over sea ice during
MOSAIC is absorbed within the ice, snow, and melt ponds
rather than transmitted through to the ocean, likely contribut-
ing to accelerated surface melt rates. This suggests the po-
tential for feedbacks between the production of freshwater
(as from melt) and storage in melt ponds, which modify the
solar radiative budget. In comparison, bottom melt of sea ice
constituted only around one-third of cumulative freshwater
in observations but was notably increased by over one-third
by making adjustments for ridge fraction, which are under-
represented by typical observational methods. Precipitation
sources in general are a small contribution to the freshwater
budget (< 10 % total), and the contribution from precipita-
tion over the year stored as snow is much greater than that
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occurring directly during the summer as rain. As the Arctic
transitions to be more rain-dominated in the future (Bintanja
and Andry, 2017), the cumulative summer freshwater gener-
ation from snow will likely decrease, with a larger role for in
situ precipitation. Lateral melt is a small freshwater source
term on the relatively large floe observed here, as is typical
within the pack ice, but is likely to be a larger contribution in
marginal ice zones where typical floe sizes are smaller (e.g.,
Smith et al., 2022a).

The small total volume of freshwater sinks on, in, and un-
der sea ice relative to the sources suggests that most fresh-
water ends up in the upper ocean. Even if we assume that
errors in sink terms could be as large as 100 %, the ocean
would remain at least the largest freshwater sink term, if not
still the majority of the volume. More direct quantification of
the upper-ocean entrainment term in future studies would be
useful for understanding the contribution to ocean freshen-
ing. Regardless, the storage of freshwater from sea ice melt
and snowmelt has significant local impacts.

Despite their low volume, meltwater layers in ponds and
in the ocean under the ice and in leads have extensive im-
portance for the coupled Arctic system (Smith et al., 2023),
acting as a barrier on the upper ocean, resulting in reduced
gas and momentum exchange, separation of ecosystems, and
more. Understanding the factors in formation and dissolu-
tion of these layers is key to understanding the importance
across the changing Arctic. Observations from the MOSAiC
expedition here show that, while a higher fraction of surface
freshwater is initially retained in melt ponds on FYI, SYI
stores a higher fraction of freshwater through the mid- to
late summer. This is likely in part a result of the evolution
of fractional coverage of melt ponds. Recent research has
similarly suggested that melt pond fraction is initially higher
on less deformed ice but remains higher later in the summer
on more deformed ice (Niehaus et al., 2024), likely due to a
reduction both in lateral drainage, as a result of the surface
expression of deformation, and in vertical drainage, related
to reduced permeability with lower salinities. However, con-
tradictory results throughout the literature suggest that this
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could be an important topic to address with future research
(Polashenski et al., 2012; Webster et al., 2015; Buckley et al.,
2020; Webster et al., 2022). An additional novel result of
this study is that internal storage of freshwater in the sea ice
through the desalinization process is larger than other quanti-
fied sinks. The associated brine drainage to the ocean results
in a salinification of the upper ocean at the same time that
melt is directly freshening, making observational constraint
of the freshwater budget in the ocean even more challenging.

Appendix A: Open-water fraction estimates

Figure A1 summarizes the methods related to the calculation
of open-water fraction. The area over which open-water frac-
tion is calculated from orthomosaics (Neckel et al., 2023) is
shown in the images in the top row, with shaded red rings.
The sea-ice-covered fraction, where the open-water fraction
is 1 minus the sea ice fraction, is plotted in the bottom panel
in red, which is interpolated to dates between. For context,
they are compared with two satellite methods for estimated
sea-ice-covered fraction, which generally bracket the same
range of values, giving higher confidence to the estimates.
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Figure Al. Methods for calculation of the open-water fraction. Panels (a)—(c) show aerial orthomosaic maps (from Neckel et al., 2023) of
the floe area and the 100 m ring around the floe used to determine the open-water fraction on three dates. Panel (d) shows a comparison
of the open-water fraction (derived from the top images; red circles) with satellite sea ice products (which have a spatial resolution of

25km x 25 km).
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Appendix B: Upper ocean (Vy,)

The freshwater content of the upper ocean hpw can be cal-
culated from profiles of vertical absolute salinity Sa by in-
tegrating the deviation in salinity from a chosen reference
salinity Sef over some vertical range z; to zp,

<b

Seef — S
hFW=/ ef 2 4z, (B1)

ref

2t

following, e.g., Rabe et al. (2011). Here, we calculated hpw
from daily averaged salinity profiles obtained with a mi-
crostructure profiler at a central position of the MOSAIC floe
(Ocean City; Schulz et al., 2022). Several profiles were mea-
sured on a near-daily basis through a hole in the sea ice be-
tween 27 June and 29 July 2020, with no data available on 12,
23, and 24 July 2020. In contrast to hydrographic measure-
ments performed from the ship, which are affected by mixing
created at the ship’s keel and by its positioning system, the
microstructure measurements represent a more undisturbed
upper-ocean stratification. Vertical integration was chosen to
start at zy = 4 m to avoid including salinity measurements in
a freshwater lens that was present at the sampling site until
mid-June 2020. The lower limit was either chosen as a fixed
depth level (50 m) or a fixed isohaline (32.4 g kg_l), and the
reference salinity was chosen to be 34.2 gkg~!. Results are
insensitive to the choice of the lower integration threshold
criterion and variations of the exact depth level or isoha-
line, except towards the end of July (see Fig. B1b), when the
34.2 gkg~! isohaline had deepened from initially between 4—
60 m to over 100 m. Results are quantitatively more sensitive
to the choice of reference salinity; however, the qualitative
behavior of Apw holds for a broader variation in Spef.

Ignoring the presence of lateral gradients or advective ef-
fects, the evolution of Apw would reflect the input of fresh-
water into the upper ocean. However, the drift traversed sub-
stantial lateral salinity gradients associated with entering the
edge of the transpolar drift of river-rich water on 16 July 2020
when leaving the Yermak Plateau and with the subsequent
progression further into the low-salinity core (vertical dashed
line, Fig. Bla). This transition into a different surface water
regime is also visible in other parameters than salinity, i.e.,
an increase in the river water fraction (based on oxygen iso-
tope measurements) and a higher concentration of colored
dissolved organic matter characteristic of river water (see
Schulz et al., 2024). The evolution of Apw after 16 July 2020
is therefore dominated by regional gradients in surface salin-
ity and does not provide means to discern local meltwater
input into the upper ocean.

Between 27 June and 16 July 2020, we did not observe any
changes in upper-ocean properties that point to pronounced
lateral gradients. For this period of time, we can assume the
variability in hpw reflects meltwater input, acknowledging
that this involves the assumption of no lateral effects, which
cannot be proven. Ocean freshwater content exhibited little

https://doi.org/10.5194/tc-19-619-2025

635

variability until 11 July, with values ranging between 0.1—
0.2 m before 6 July 2020 and 0.2-0.3 m after. Sometime be-
tween 11-13 July, freshwater content increased by around
0.35 to 0.6 m, likely associated with the substantial melt pond
drainage event (Webster et al., 2022) and vertical mixing
events which redistributed meltwater from a shallow, meter-
scale layer near the surface through the upper tens of meters
in the ocean. A subsequent slight decrease in Agw of 0.1 m
over 3d could be attributed to a lateral spreading of the lo-
calized meltwater input driven by baroclinic instabilities.

Overall, we conclude that, in our case, the upper-ocean
freshwater content by itself is not suited to quantify meltwa-
ter input into the ocean. The contribution of spatial gradients
or lateral advection cannot be isolated from the meltwater
input and might dominate the signal, especially near hydro-
graphic fronts.

The Cryosphere, 19, 619-644, 2025



636

0 (a)

M. M. Smith et al.: Meltwater budget

m)

depth (
w
o
T

50 1 1

1 1 31

1
27-Jun 02-Jul 07-Jul 12-Jul

17-Jul 22-Jul 27-ul

I
e 4mto50m
3H °® 4mto34.2g kg'1 isohaline

© 0 o 0 9 o 0 o ° 9 o ° o o |

27-Jun 02-Jul 07-Jul 12-ul

10}
a0 P |

50

27-Jun 02-Jul 07-Jul 12-Jul

17-ul 22-Jul 27-ul
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Appendix C: Internal storage

Figure C1 compares vertical profiles of salinity estimates
from IMB buoys in FYI and SYI (left and middle panels) and
the resulting change in salt mass over time (right panel). The
salt mass, mgs = S - hsirhogj, decreases from the start of the
melt season onwards. Figure C2 then compares bulk brine
volume estimates from coring measurements (circles) and
from IMB buoys near coring sites (dashed lines). The relative
volume of brine was estimated using ice salinity and tem-
perature measurements (Fig. C3) from ice coring using Cox
and Weeks (1983) for cold ice and Leppidranta and Manni-
nen (1988) for ice warmer than —2 °C. We note that the bulk
ice temperature is notably warmer for FYI in much of July
(Fig. C3) due to the presence of thin meltwater layers, which
also impacts the simulated brine volume. To fill the observa-
tional gap between 4 May and 22 June, brine volume was
also estimated using temperature measurements from two
IMB buoys located near coring FYT and SYI sites, with lin-
early interpolated salinity from ice coring. The close agree-
ment in magnitude and approximate timing suggests that cor-
ing observations provide a reasonable estimate of salt mass
flux from the ice on both FYI and SYT.
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Bulk ridge salinities (Fig. C4) show general freshening
trends of ridges over time. These generally follow the fresh-
ening trends of level FYI and SYI (e.g., Fig. C1) and support
the approach of estimating combined internal meltwater stor-
age.
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Figure C4. Bulk salinity of various ridges sampled within CO1.

Data availability. All MOSAIC datasets used have been archived
and are available as follows:

— Stakes data: Raphael et al. (2022);

— IMB datasets: several datasets were used in this analy-
sis, including SIMB archived at https://doi.org/10.18739/
A20Z70Z01 (Perovich et al., 2022); DTCs archived at https:
//doi.org/10.1594/PANGAEA.964023 (Salganik et al., 2023d);
and SIMBAs, which are individually archived with the
following DOIs: https://doi.org/10.1594/PANGAEA.940393
(T58) (Lei et al., 2022a), https://doi.org/10.1594/PANGAEA.
940231 (T62) (Lei et al.,, 2022b), https://doi.org/10.1594/
PANGAEA.940593 (T63) (Lei et al., 2022c), https://doi.
org/10.1594/PANGAEA.940617 (T64) (Lei et al., 2022d),
https://doi.org/10.1594/PANGAEA.938134 (T66) (Lei et al.,
2021a), https://doi.org/10.1594/PANGAEA.938128 (T67) (Lei
et al, 2021b), https://doi.org/10.1594/PANGAEA.940659
(T70) (Lei et al., 2022¢), https://doi.org/10.1594/PANGAEA.
940692 (T74) (Lei et al.,, 2022f), https://doi.org/10.1594/
PANGAEA.940740 (T75) (Lei et al., 2022g), https://doi.org/
10.1594/PANGAEA.940702 (T76) (Lei et al., 2022h), and
https://doi.org/10.1594/PANGAEA.940712 (T79) (Lei et al.,
2022i);

— Floe orthomosaics: Neckel et al. (2023);

— Snow freeboard from airborne laser scanner: https://doi.org/10.
1594/PANGAEA.950896 (Hutter et al., 2023);

— Precipitation datasets: Kyrouac and Holdridge (2019);

— Melt ponds: https://doi.org/10.1594/PANGAEA.937781 (Itkin
etal., 2021);

— Melt pond salinities: Lange et al. (2022);
— YSI lead and under-ice: Smith et al. (2021a);

— Fishing rod CTD: https://doi.org/10.1594/PANGAEA.956142
(Karam et al., 2023);

— Coring: https://doi.org/10.1594/PANGAEA.956732 (Oggier
et al., 2023a), https://doi.org/10.1594/PANGAEA.959830
(Oggier et al., 2023b);
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— Upper ocean: https://doi.org/10.18739/A2TT4FV1G (Smith
et al., 2021a);

— SHEBA mass balance data: Perovich et al. (2007).
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