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Sea ice mass balance during the MOSAiC drift
experiment: Results from manual ice and snow
thickness gauges

Ian A. Raphael1,* , Donald K. Perovich1, Christopher M. Polashenski1,2,
David Clemens-Sewall1, Polona Itkin3, Ruibo Lei4, Marcel Nicolaus5, Julia Regnery5,
Madison M. Smith6, Melinda Webster7, and Matthias Jaggi8

Precise measurements of Arctic sea ice mass balance are necessary to understand the rapidly changing sea
ice cover and its representation in climate models. During the Multidisciplinary drifting Observatory for
the Study of Arctic Climate (MOSAiC) expedition, we made repeat point measurements of snow and ice
thickness on primarily level first- and second-year ice (FYI, SYI) using ablation stakes and ice thickness
gauges. This technique enabled us to distinguish surface and bottom (basal) melt and characterize the
importance of oceanic versus atmospheric forcing. We also evaluated the time series of ice growth and
melt in the context of other MOSAiC observations and historical mass balance observations from the
Surface Heat Budget of the Arctic (SHEBA) campaign and the North Pole Environmental Observatory
(NPEO). Despite similar freezing degree days, average ice growth at MOSAiC was greater on FYI
(1.67 m) and SYI (1.23 m) than at SHEBA (1.45 m, 0.53 m), due in part to initially thinner ice and snow
conditions on MOSAiC. Our estimates of effective snow thermal conductivity, which agree with SHEBA
results and other MOSAiC observations, are unlikely to explain the difference. On MOSAiC, FYI grew more
and faster than SYI, demonstrating a feedback loop that acts to increase ice production after multi-year
ice loss. Surface melt on MOSAiC (mean of 0.50 m) was greater than at NPEO (0.18 m), with considerable
spatial variability that correlated with surface albedo variability. Basal melt was relatively small (mean of
0.12 m), and higher than NPEO observations (0.07 m). Finally, we present observations showing that false
bottoms reduced basal melt rates in some FYI cases, in agreement with other observations at MOSAiC.
These detailed mass balance observations will allow further investigation into connections between the
carefully observed surface energy budget, ocean heat fluxes, sea ice, and ecosystem at MOSAiC and
during other campaigns.

Keywords: Sea ice mass balance, MOSAiC, Arctic sea ice, Transpolar Drift, False bottoms, Snow on
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1. Introduction
Arctic sea ice continues to undergo rapid change, with
dramatic declines in extent, thickness, and age over the
last few decades (Maslanik et al., 2007; Meier et al., 2007;
Kwok, 2018; Meier et al., 2021). First-year ice (FYI) is now
the dominant ice type in the Arctic, and the remaining
second-year ice (SYI) and multi-year ice (MYI) is signifi-
cantly younger and thinner. The factors contributing to
this loss are likely changing as the ice pack becomes thin-
ner, younger, and less extensive. We need an up-to-date
understanding of Arctic sea ice mass balance in order to
ensure its accurate representation in climate models,
including an understanding of the energy fluxes influenc-
ing ice growth and melt.

Positioned at the boundary of the ocean and atmo-
sphere, sea ice occupies the key interface in the Arctic
system, governing the flow of heat, light, and mass
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between the ocean and the atmosphere. In addition to
governing mass and energy transfer, sea ice is also
impacted by fluxes from the atmosphere and ocean,
responding through growth and ablation. Monitoring ice
growth, surface melt, and bottom melt over time provides
an integrated measure of atmospheric and oceanic heat
fluxes. This approach helps us build a process-based
understanding of ice mass balance that is generalizable
and suitable for climate modeling.

Mass balance observations have been conducted
at many prior sea ice field experiments (Koerner, 1973;
Perovich et al., 2003; Perovich and Richter-Menge, 2006)
and are collected on an ongoing basis by autonomous ice
mass balance buoys (Richter-Menge et al., 2006; Perovich
et al., 2014; Lei et al., 2018). In situ measurement using
hotwire thickness gauges and ablation stakes is one of the
simplest, most robust methods of observing local sea ice
mass balance. These instruments have also been deployed
on prior field experiments (Untersteiner, 1961; Perovich
et al., 2003; Roesel et al., 2018). On the Multidisciplinary
Drifting Observatory for the Study of Arctic Climate
(MOSAiC) campaign, we had the rare opportunity to
deploy large numbers of hotwire thickness gauges and
ablation stakes across an ice floe so that we could
observe and understand ice mass balance and its
variability at the floe scale. The campaign also provided
an opportunity to measure the ice mass balance in the
context of detailed observations of surface and ocean heat
fluxes.

A similar program of paired mass balance and heat flux
observations was carried out during the Surface Heat Bud-
get of the Arctic (SHEBA) field experiment in 1997–1998
(Uttal et al., 2002). However, pack-ice conditions have
changed substantially since then. Describing the general
behavior of perennially thinning FYI and SYI and the dif-
ferences between the two ice types is a key part of under-
standing the changing Arctic ice cover. The MOSAiC floe
was chosen to represent this “new” Arctic, as it was com-
posed of FYI and SYI with very thin initial conditions
(Krumpen et al., 2020).

In this article, we report on the ice mass balance obser-
vations made using hotwire thickness gauges and ablation
stakes during MOSAiC, compare the results to prior cam-
paigns, and connect ice thickness changes to specific pro-
cesses. Using the Icepack single column model (Hunke
et al., 2023), we demonstrate that thinner snow and ice
conditions contributed to high growth compared to his-
torical observations. We also make estimates of the effec-
tive thermal conductivity of snow on sea ice, and consider
the effects on ice mass balance of under-ice meltwater and
false bottoms during the melt season.

In addition to hotwire thickness gauges and ablation
stakes, several other methods for measuring snow and ice
mass balance were implemented on MOSAiC, including
repeat ground-based surveys using an electromagnetic
(EM) induction device (Itkin et al., 2023); repeat aerial
EM surveys (Belter et al., 2021); and various types of
autonomous ice mass balance buoys (IMBs) (Koo et al.,
2021; Lei et al., 2022; Perovich et al., 2023). Of these
studies, Lei et al. (2022) offer the most relevant

comparison, presenting an analysis of ice thickness point
measurements which resolve surface and basal change.
Ultimately, we draw the common conclusion that initial
ice thickness is a primary determining factor for ice win-
ter growth. We find similar timings for growth and melt
transitions. While Lei et al. (2022) provide valuable tem-
perature measurements in the ice and higher temporal
resolution, our dataset offers higher measurement preci-
sion (0.01 m vs. 0.04 m) and a greater number of sam-
pling locations (137 vs. 23). Although a thorough
comparison of the numerous and highly complementary
mass balance measurements made on MOSAiC is still
needed, this study is intended to provide an analysis of
the hotwire thickness gauge and ablation stakes mea-
surements and to place them in context with similar
historical observations.

Smith et al. (2022) and Salganik et al. (2023a) both
present observations of false bottoms and under-ice melt-
water layers collected on MOSAiC. These studies are valu-
able for their relatively extensive areal observations of the
features. Salganik et al. (2023a) also provide a review of
the existing literature and underlying physical processes
influencing meltwater layers and false bottoms and an
estimation of their influence on ice mass balance. Further,
Smith et al. (2023) conducted a thorough synthesis of
recent work on false bottoms and under-ice meltwater
layers, with a focus on MOSAiC observations. They
explored the impacts of these features across the sea ice
system, with attention to ocean, ice, gas-flux, and ecology
processes. Both Smith et al. (2023) and Salganik et al.
(2023a) observed that false bottoms lead to an approxi-
mate 8% reduction in basal melt. We found a greater
effect on mass balance from false bottoms, estimating
a nearly 50% reduction in basal melt over the course of
our observations. Further comparison is needed to deter-
mine the cause of the difference. Our paired false bottom
and mass balance observations complement these various
studies by offering a relatively long time series, high mea-
surement precision, and a higher number of individual
sampling points.

2. Methods
2.1. MOSAiC concept and measurement program

The MOSAiC expedition was a year-long Arctic drift exper-
iment carried out in the central Arctic Ocean from October
4, 2019, to September 20, 2020, aboard the German
research icebreaker FS Polarstern (Figure 1). Detailed
descriptions of the expedition are available in several over-
view papers (Nicolaus et al., 2022; Rabe et al., 2022; Shupe
et al., 2022). Sea ice studies were an integral component
of MOSAiC. The MOSAiC plan proposed occupying a single
ice floe throughout an annual cycle. Due to rapid drift and
logistical constraints, however, the expedition was carried
out at three distinct scientific camps on two different ice
floes. The first floe was occupied during two intervals from
October 4, 2019, to July 31, 2020 (MOSAiC Legs 1–4), with
autonomous observations from May 16, 2020, to June 19,
2020, during an off-site personnel rotation (Nicolaus et al.,
2022). The first floe was abandoned on July 31, 2020, once
it had reached Fram Strait, where it quickly disintegrated.
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The expedition then reestablished at a second location
near the North Pole on August 21, 2020, to observe fall
freeze-up (MOSAiC Leg 5). This camp configuration
resulted in a multi-part mass balance observational record.
These observations highlight a key reality of the new Arc-
tic: due to anomalously high drift speeds (Rinke et al.,
2021), ice that entered the western (upstream) side of the
Transpolar Drift (TD) during freeze-up in 2019 fully

transited the Arctic and melted in Fram Strait before the
start of fall freeze-up in 2020. Thus, this ice did not have
the opportunity to undergo a full annual cycle. In this
study, we exclude results from the third camp, which were
made on a different collection of ice floes in a different
geographic location. We focus on observations from the
first two camps in order to ensure consistency in the mass-
balance time series.

Figure 1. Map of stakes sites on MOSAiC from October 4, 2019, to July 31, 2020. Site numbers correspond to the
following sites during Polarstern Legs 1–4: Bow Stakes (1), Stakes 2 (2), Stakes 3 (3), Stakes 1 (4*), MET Stakes (5),
Ridge Ranch (6*), Runaway Stakes (7*), Miss Stakes (8*), Steak Stakes (9*), Return of the MET Stakes (10), Drone Bones
(11*), Reunion Stakes (12*), and Beanpole Stakes (13). Asterisks indicate first-year ice sites (red site labels). Second-year
ice sites are labeled in dark blue. The locations of FS Polarstern on Legs 1–3 (October 4, 2019, to May 16, 2020) and on
Leg 4 (June 19, 2020, to July 31, 2020) are indicated. The locations of several snow (Snow 1–3), ice (Fort Ridge, ROV),
and atmosphere (MET City) sampling sites are also indicated. Primary ice camp roads are shown as red lines. The Leg 4
floe is outlined with a dashed yellow line. The basemap is a topographic relief map generated from a composite aerial
LiDAR scan from March 5, 2020; the vertical range spans approximately 2 m, with lighter shades indicating higher
features. The inset map shows the MOSAiC drift path during the growth period (green) and melt period (pink), as well
as the full drift tracks (gray) of the NPEO buoys analyzed in this manuscript. The thicker, black traces show the NPEO
buoy drift tracks during the MOSAiC melt period (June 25–July 25); the inverted black triangles show the location of
each NPEO buoy on June 25.

Raphael et al: Sea ice mass balance during the MOSAiC drift experiment Art. 12(1) page 3 of 26
D

ow
nloaded from

 http://online.ucpress.edu/elem
enta/article-pdf/12/1/00040/828724/elem

enta.2023.00040.pdf by guest on 18 N
ovem

ber 2024



2.2. Ablation stakes and hotwire thickness gauges

Ablation stakes and hotwire thickness gauges (Figure 2)
are frequently used to obtain point mass balance measure-
ments of snow and sea ice (Untersteiner, 1961; Hanson,
1965; Perovich et al., 2003). They offer several advantages
for studying ice mass balance processes. Because they pro-
vide a direct and manual measurement of snow and ice
interfaces, their results require minimal processing and
few assumptions in their interpretation. Second, they are
a point measurement: repeat measurements can be used
to determine the response of a specific location in the ice
to environmental forcings. These measurements comple-
ment repeat transect surveys often made with snow depth
probes and electromagnetic induction (EM) instruments
(Eicken et al., 2001; Roesel et al., 2018, Itkin et al.,
2023). EM instruments are well suited for statistical anal-
yses of snow- and ice-thickness distributions in a given
area. However, they cannot be used to delineate between
surface and bottom changes, and do not precisely identify
the ice thickness at a given point due to the footprint of
the instrument and errors in co-locating snow depth mea-
surements. Furthermore, the uncertainties of ice thickness
retrieval are 0.05–0.10 m over level sea ice and larger over

deformed ice (Eicken et al., 2001; Haas et al., 2009). Abla-
tion stakes and hotwire thickness gauges have relatively
high measurement precision, with a total thickness uncer-
tainty estimated at about 1 cm, and are installed at a fixed
location. They allow us to distinguish between thickness
change at the surface versus the bottom of the ice, which
is particularly important in determining the influence of
atmospheric and oceanic heat fluxes on ice mass balance.
Further, because they require manual measurement,
detailed contextual information may be recorded, which
is usually not available for autonomous measurements
made by ice mass balance buoys.

The ablation stakes used on MOSAiC were either 2-m-
long wooden stakes painted white to minimize solar heat-
ing and melt-out, or 3-m-long white PVC stakes. Both had
graduated metric tape affixed along their length. We
installed the stakes in 0.05 m diameter holes drilled into
the ice using ice augers. We allowed them to freeze into
the ice with 1.5 m beneath the ice surface and the remain-
ing length extending up through the snow and into the
air. The ablation stakes provided a fixed reference point
from which to measure the relative position of the ice or
snow surface, which we read directly from the graduated

Figure 2. Diagram of an ablation stake and hotwire thickness gauge. Measurement stations consisted of an
ablation stake and hotwire thickness gauge. Each stake had a graduated tape affixed along its length. A copper
grounding wire was installed at each site. A generator was used to resistively heat the thickness gauge, with seawater
completing the circuit. See Untersteiner (1961) for a detailed description of the method.
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tape to the nearest 0.005 m. We assumed that the snow–
ice interface did not change until snow melt was com-
plete. We did not observe flooding, snow-ice formation,
or other types of surface ice formation at any of the stakes
during the growth season.

Hotwire thickness gauges consisted of an approximate
4 m length of 2.5 mm diameter stainless steel wire, with
a 0.10 m long, 0.025 m diameter steel crossbar affixed to
one end and a wooden handle affixed to the other. We
installed them in 0.05 m diameter holes drilled directly
next to each stake, so that the crossbar hung in the ocean
below the ice, while the wooden handle remained above
the surface. We made measurements of the ice bottom
position by running electrical current through the gauge
until it melted free of the ice, then pulling up on the
gauge until the crossbar contacted the bottom of the ice
(Untersteiner, 1961).We then measured the position of the
handle against the graduated tape on the ablation stake.

We made measurements of initial ice thickness and
snow depth during installation, as well as measurements
of initial ice and snow surface and ice bottom positions.
Changes in the positions of each interface (ice bottom, ice
surface, snow surface) over subsequent measurements
directly corresponded to changes in ice and snow thick-
ness.We used the measurements of initial snow depth and
ice thickness made during installation to convert interface
position measurements to absolute ice thickness and
snow depth. Throughout the manuscript, we refer to an
ablation stake/hotwire thickness gauge pair simply as
a “stake.”

We deployed iButton DS1925 combined temperature
sensor/datalogger units at the snow–ice interface at eight
FYI stakes (Section 3.4; Raphael et al., 2024). These sensors
recorded hourly temperature readings with 0.5�C accuracy
and 0.0625�C precision. We used these data in snow ther-
mal conductivity calculations (Section 4.2).

2.3. Observing false bottoms

A false bottom is a secondary layer of ice that forms
beneath the sea ice at the interface between the upper
ocean mixed layer and an overlying, relatively fresh, melt-
water layer (Notz et al., 2003; Smith et al., 2022). The
meltwater originates from percolated surface snow and
ice melt, as well as bottom melt. Because of the buoyancy
of this relatively fresh and warm meltwater, it can accu-
mulate in inverted basins beneath the ice, remaining
strongly stratified from the mixed layer. As heat diffuses
from the meltwater into the mixed layer, a layer of ice—
a “false bottom”—can form between the two strata (Notz
et al., 2003). We observed false bottoms at several stakes
during the melt season. Smith et al. (2022) observed and
measured false bottoms in the vicinity of the site using
independent methodology.We continued to note the pres-
ence or absence of false bottoms at the site “by feel,” that
is, noting when the crossbar contacted a solid that could
not reasonably be the true ice bottom. In some cases, we
were able to maneuver the crossbar through preexisting
holes in the false bottom, which likely existed due to
enhanced melt of the false bottom around the hotwire
and crossbar. In these cases, we measured false bottom

thickness as the gauge difference between the crossbar
resting above, then below the false bottom (accounting
for the thickness of the crossbar). We also measured the
distance between the false bottom and the “true” bottom
of the ice. These measurements had the same precision as
standard stakes measurements; however, due to the pre-
sumed enhanced melt around the hotwire, our estimates
of false bottom thickness are likely low-biased.

Our observations of bottom melt (which we use inter-
changeably with “basal melt”) represent the “true” bottom
of the ice. When reaching the true ice bottom with the
crossbar was not possible, bottom measurements were not
made and thus do not appear in the dataset. This occurred
regularly for only 3 stakes during the melt season.

2.4. Measurement sites

We measured ice mass balance at 137 individual stakes
over the growth and melt seasons on MOSAiC. Individual
stakes were clustered together at 13 different sites to cap-
ture the small- and large-scale spatial variability of the ice
mass balance (Figure 1). We installed the stakes at each
site using regular-grid or transect patterns with spacings
of 5–10 m between stakes, depending on the site. This
distribution produced a random sampling within each
site. Individual site maps are available in the stakes data
archive (Raphael et al., 2022), and detailed maps showing
the location of sites in relation to other MOSAiC installa-
tions are available in Nicolaus et al. (2022). The distribu-
tion of stakes within each site captured the mean behavior
and variability of ice mass balance given a certain ice type
and/or local conditions. Variability between individual
stakes within a site represents small-scale spatial variabil-
ity of ice mass balance processes given common ice type
and conditions. Variability between sites gives insight into
how ice mass balance processes differ between ice types
and conditions. Hereafter, population standard deviations
are given as a plus/minus range after mean or median
values, for example, mean ± standard deviation.

Sites were chosen to represent the range of ice types
and conditions at MOSAiC, as well as to co-locate stakes
measurements with atmospheric and oceanic measure-
ments and other ice and snow mass balance measure-
ments. Seven sites were installed on FYI (including two
lead ice sites formed in midwinter), and six on SYI. We
installed the sites at various times throughout the expe-
dition, as some sites were destroyed or became inaccessi-
ble due to ice dynamics (Figure 3).We measured each site
approximately every 2 weeks (corresponding to about
0.15 m of ice growth) during the growth season and every
1–3 days (0.02–0.06 m of combined melt) during the
melt season.

2.5. Icepack sea ice column modeling

To explore factors contributing to differences in ice
growth between MOSAiC and SHEBA, we used Icepack
(Hunke et al., 2023), the column physics submodule of
the CICE sea ice model (Hunke et al., 2017). Icepack simu-
lates thermodynamic growth and melt, and dynamic
changes to the ice thickness distribution and ice state
(e.g., salinity, enthalpy, etc.) for a domain with fixed areal
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extent. CICE uses Icepack within each Eulerian grid cell
(i.e., domain with fixed extent and location) of the CICE
grid. We used Icepack to simulate drifting Lagrangian par-
cels of ice corresponding to the manual mass balance sites
at MOSAiC and SHEBA.

Icepack uses an ice thickness distribution (ITD; Bitz
et al., 2001) to represent the ice cover. The ITD represents
the ice cover as a set of ice thickness categories (typically
5), each of which is defined by non-overlapping category
limits (e.g., the thickness limits for category two may be
0.6–1.4 m). Each thickness category comprises an evolving

ice thickness and fractional ice area. At each time step,
thermodynamic changes are simulated independently for
each category using mushy layer physics (Turner and
Hunke, 2015), assuming the ice and snow within the cat-
egory is horizontally uniform. Shortwave radiative trans-
port is simulated with a Delta-Eddington parameterization
(Briegleb and Light, 2007). After ice growth/melt has been
computed for each category, a linear remapping scheme
transports ice volume and area between categories to
respect category limits while conserving mass (Lipscomb,
2001). As we are focused on wintertime growth at non-

Figure 3. Operational and sampling dates of MOSAiC stakes. The operational periods for individual stakes on Legs
1–4 are shown as blue or red solid horizontal bars. Red indicates first-year ice; blue, second-year ice. Stakes are
grouped and labeled by site. White dots mark measurement dates for each stake. We made measurements every
2–3 weeks during the growth season, when change was relatively slow, and every 1–3 days during the melt season,
when change was more rapid. The gray-shaded areas indicate the growth and melt periods presented in this study. The
labels above the figure indicate the regional location of the ice camp throughout the drift.
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deforming mass balance sites, the melt pond and mechan-
ical redistribution parameterizations are not relevant for
this work.

For standalone Icepack simulations (i.e., not coupled
to an atmosphere model), the required atmospheric for-
cings are time-resolved precipitation, air temperature,
specific humidity, wind speed, and downwelling long-
wave and shortwave radiation. With the exception of
precipitation, we derived these quantities primarily from
the MOSAiC MET City atmospheric measurements (Cox
et al., 2023a). We filled gaps in the MET City record with
measurements from the Automated Surface Flux Sta-
tions (Cox et al., 2023b; 2023c; 2023d). See Clemens-
Sewall et al. (2024) for details of gap-filling. These data
have a native 1-minute resolution, so we averaged them
to the model’s 1-hour time step. Precipitation forcing was
interpolated from the snow accumulation measurements
at the mass balance sites of each campaign (MOSAiC,
SHEBA), such that the simulated accumulation matched
the observations. Finally, in standalone Icepack simula-
tions, we have a simple, well-mixed slab ocean mixed
layer with prognostic temperature and prescribed salin-
ity, mixed layer depth, and oceanic heat flux convergence
(which we assume can be approximated by the turbulent
heat flux over the halocline). The prescribed forcings
were derived from daily Ocean City measurements
(Schulz et al., 2023) and linearly interpolated to the mod-
el’s hourly time step.

3. Results
3.1. Installation measurements and general

observations

Here we present the time series of thickness data from 121
stakes, many of which were not recorded for the entire
time frame. We excluded 10 stakes installed at the third
camp, and 6 that were removed in the quality control
process. The ice experienced significant deformation
throughout the growth and melt seasons (Krumpen
et al., 2021). Of the 94 stakes deployed during the growth
season at the first scientific camp, only 8 survived until the
second scientific camp was established during the melt
season. These 8 stakes were only measured once during
the melt season as ice dynamics made them difficult to
access. The additional 27 stakes installed during the melt
season (Reunion Stakes, Drone Bones, and Beanpole Stakes)
were lost when the floe melted in Fram Strait.

Initial thicknesses for undeformed SYI ranged from
0.56 m to 0.78 m at the time of installation (late October),
with a median thickness of 0.66 m. Deformed SYI stakes
had a median initial thickness of 1.60 m and a maximum
of 2.16 m. The seasonal cycle of winter ice growth and
summer melt is apparent in Figure 4a, with thickness
increasing steadily over approximately 9 months of
growth and melting rapidly during the melt season. Some
ice growth had already occurred between SYI bottom
growth onset (as early as October 14, 2019; Lei et al.,
2022) and the first installation of SYI stakes. Independent

Figure 4. Time series of snow and ice thickness measurements. Panel (a) shows measured ice thickness for
individual stakes on Legs 1–4 (October 4, 2019, to July 31, 2020). Panel (b) shows snow depth at individual stakes
over the same period. First-year ice (FYI) stakes are shown in red, second-year ice (SYI) stakes, in blue. Filled circles
indicate measurement dates. Traces are interpolated linearly between measured values. The black trace with triangular
markers in panel (a) shows the average ice thickness at regular query points, determined by averaging the value of all
linearly interpolated ice thickness traces at the time of each query point. The grey-shaded areas indicate the growth
and melt periods presented in this study.
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observations from four SIMB3 ice mass balance buoys
(Planck et al., 2019) deployed at other floes in the region
in similar SYI (Perovich et al., 2023) indicated that an
average growth of approximately 0.23 m had occurred
between growth onset and November 15. The thin, unde-
formed condition of the sampled SYI indicated that the ice
had only narrowly survived the summer melt season. Dur-
ing initial MOSAiC floe exploration and setup, we also
observed that the ice was porous and rotten.

Over the course of the growth season, two FYI sites
(Stakes 1 and Miss Stakes) were specifically installed on
newly refrozen leads formed later in the growth season.
Stakes 1 was installed on November 28, 2019, in a refrozen
lead that opened around November 16, intended to cap-
ture the growth of thin, new ice. Excluding one outlying
(likely rafted) stake, the site had an average initial thick-
ness of 0.28 ± 0.03 m and a minimum initial thickness of
0.25 m. We removed Miss Stakes from the dataset during
the quality control process; they are not considered in
this analysis.

We installed the remainder of the FYI sites beginning
in January, several months after initial ice formation had
begun in late September. At that time, the average instal-
lation thickness for FYI that had formed at the beginning
of the growth season was 1.00 ± 0.39 m.

Seasonal transition timing from winter growth to
spring melt was similar for all ice types (Figure 4a).
Growth ended between April 28 and May 12, 2020,
depending on the site. The thicknesses of FYI, late-
forming first year (lead) ice, and undeformed SYI all ulti-
mately peaked in a similar range. FYI reached a median
maximum thickness of 1.64 ± 0.11 m. SYI reached
a median maximum thickness of 1.66 ± 0.23 m. No unde-
formed SYI grew thicker than 2.09 m, and level FYI had
a similar maximum recorded thickness of 1.92 m. Only
thermodynamic growth was noted; stakes cannot be used
to measure dynamic growth, and no snow-ice formation
was observed.

Surface melt onset (surface skin temperature above
0�C) occurred during a period when the ice floe was not
occupied. Other records from autonomous surface range-
finders and surface energy balance observations indicate
that surface melt onset occurred on approximately May 25
(Cox et al., 2021), and surface melt ponds were visible in
satellite imagery by May 28 (Webster et al., 2022). Bow
Stakes and Ridge Ranch showed brief episodes of bottom
melt beginning on April 21 and April 24, respectively,
which coincided with intense low-pressure systems bring-
ing high wind and ice drift speeds (Shupe et al., 2022).
Approximately half of the stakes at these two sites expe-
rienced bottom melt by May 12. Sustained bottom melt
began during the logistics gap between May 16 and June
19. The 2020 fall freeze-up was not documented in this
record because the ice floe drifted into the North Atlantic
and did not survive the summer season.

A mean of 0.08 m of snow accumulation had already
occurred prior to the first site installations, which began
on October 24, 2019 (Figure 4b). Snow depth increased
rapidly during the early part of the growth season (Octo-
ber–January) followed by little accumulation through late

April. A small increase in snow depth occurred in late April
and early May. Maximum snow depth occurred in early
May and on SYI averaged 0.30 ± 0.08 m, while maximum
snow depth on FYI averaged 0.23 ± 0.08 m. SYI sites
tended to gain more snow than FYI during accumulation
events. On both ice types, snow depth was highly spatially
variable and moderately temporally variable throughout
the time series due to snow erosion, transport, redeposi-
tion, and increased entrapment in deformed ice areas.

Upon reoccupation of the ice camp in June 2020, sig-
nificant surface melt had already occurred, and the aver-
age snow depth had decreased to 0.02 m on FYI and
0.06 m on SYI. The remaining snow persisted primarily
in drifts located adjacent to deformed ice. Snow depth
reached 0 cm at all stakes by July 13, 2020. Although
there were several light snowfall events during the melt
season, measurable accumulation did not occur.

3.2. Growth season

Total ice growth over the growth season (estimated from
growth onset) varied substantially by ice age. SYI grew an
average of 1.23 m, while FYI grew 1.67 m, an average of
0.44 m more growth than SYI. We determined FYI growth
simply as the peak ice thickness of FYI recorded during the
winter, as this thickness represents the total growth that
had occurred since the beginning of the season. Because
we do not have SYI initial thickness measurements coin-
ciding with the onset of growth, total SYI growth was
determined by differencing the average thickness of SYI
stakes measured between October 24 and November 28
from the average thickness of SYI stakes measured
between May 1 and May 6, 2020, then adding the growth
prior to November 15 from SIMB3 buoys installed in
undeformed SYI. We assume here that the SYI stakes mea-
sured during the May period were installed on ice similar
to the ice measured during the November period.

We determined time-averaged growth rates between all
consecutive observations for each stake, then found the
spatial average of all stakes at monthly intervals
(Figure 5a). We determined growth rates for each stake
over each measurement interval as H1 � H0

t1 � t0
; that is, the

difference in ice thickness measurements (H1 �H0)
divided by the time interval between the two measure-
ments (t1 � t0). This calculation leads to a total percent
uncertainty in average growth rate for each stake of
dhb
Dhb
þ dt

Dt. The terms Dhb and Dt are the change in bottom
position and the change in time, respectively, during each
interval; their typical values were on the order of 0.08 m
and 10 days, respectively, during the growth season. The
term dhb is the uncertainty in bottom interface change
(± 0.01 m), which is twice the interface detection mea-
surement uncertainty (± 0.005 m) to account for uncer-
tainty in measurements at both t0 and t1. The term dt is
twice the measurement uncertainty in time, estimated at
approximately ±4 hours. Typical uncertainties in the rates
presented in Figure 5a are thus approximately 14%.
Values in Table 1 were calculated over the season, leading
to season growth-rate uncertainties on the order of 1%.
Further, all values in Table 1 are presented as mean ±
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population standard deviation, a measure of spatial vari-
ability rather than uncertainty.

Peak growth rates occurred in December, with an aver-
age maximum (combined FYI and SYI) of 0.011 m day�1.
Season-long (October 4, 2019, to May 12, 2020) averages
indicate that FYI grew faster than SYI (Table 1). Measure-
ments at thin-ice sites (Stakes 1, Miss Stakes) indicate that
FYI initially grew at least twice as fast as SYI, with recorded

growth rates of up to 0.02 m day�1. This value is likely still
a significant underestimate of initial ice growth rate, as
growth rates are expected to decrease inversely with ice
thickness (Maykut, 1986) and even the thinnest ice cases
had reached 0.25 m before observations began. The
observed high growth rates gradually reduced as the ice
grew to a thickness comparable to SYI (approximately
1.00–1.50 m in mid-January). The difference in total

Figure 5. Growth and melt rates and their variabilities. Average growth rates for all stakes are shown here in panels
(a) and (b), with monthly averages during the growth season (a), and weekly averages during the melt season in 2020
(b). Their variabilities (population standard deviations) are shown in the panels (c) and (d) with identical time bins.
Melt rates and standard deviations are separated into surface melt (teal) and bottom melt (blue). Negative values
indicate ice melt.

Table 1. Mean growth and melt rates for first-year ice (FYI) and second-year ice (SYI) stakes

Ice Age
Mean Growth Rate

(m day–1)a
Mean Total Melt Rate

(m day–1)b
Mean Surface Melt Rate

(m day–1)b
Mean Basal Melt Rate

(m day–1)b

FYI 0.008 ± 0.0005 –0.021 ± 0.005 –0.017 ± 0.003 –0.004 ± 0.002

SYI 0.006 ± 0.0004 –0.020 ± 0.007 –0.016 ± 0.005 –0.004 ± 0.002

aCalculated for October 4, 2019, to May 12, 2020 (FYI), and October 14, 2019, to May 12, 2020 (SYI).
bCalculated for June 25–July 25, 2020.
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growth between FYI and SYI therefore primarily occurred
early in the growth season. Spatial variability (population
standard deviation) in growth rate generally decreased
over the growth season, likely due to the decreasing sig-
nificance of snow depth and ice thickness variability com-
pared to increasing ice thickness (Figure 5c). Growth
rates declined monotonically after December, reaching
0 m day�1 on May 12. We found no relationship between
mean growth rate and standard deviation in growth rate
during the growth season.

3.3. Melt season

3.3.1. Melt timing, magnitude, and variability

The overall amount of melt at the floe was quite simple in
some ways: all ice entered the North Atlantic through
Fram Strait, broke up around July 31, and presumably
melted completely thereafter. However, for comparison
with prior work, we are primarily interested in the ther-
modynamic balance prior to encountering near surface
Atlantic water on about July 25 (Rabe et al., 2022). We
therefore present the total ice melt as the amount of melt
occurring between June 25 and July 25. All other melt
season results are presented for this same period.

The ice station was not manned during surface melt
onset (Nicolaus et al., 2022), which occurred in mid-May
(Shupe et al., 2022). Through autonomous observations,
we know that surface (snow) melt commenced on May 25
(Cox et al., 2021), though snow remained at all sites when
we re-occupied the floe on June 25. Upon reoccupation,
we installed three new stake sites on FYI and SYI. The
newly installed FYI stakes had a mean thickness of 1.39
± 0.13 m, and SYI stakes had a mean thickness of 2.57 ±
0.32 m. The average snow depth at that time was 0.02 m
(June 25) on FYI and 0.06 m on SYI (July 6). Snow melt
completion varied by site from June 28 to July 13, with
deeper snow near deformed ice persisting longer into this
range. Total ice melt at FYI sites averaged 0.63 ± 0.13 m.
Surface ice melt on FYI far exceeded basal melt, with
a mean of 0.52 ± 0.10 m; basal melt contributed 0.11 ±
0.05 m. SYI sites experienced slightly less total and surface
melt, with an average of 0.60 ± 0.17 m total melt and
0.47 ± 0.15 m surface melt. We observed slightly more
basal melt on SYI, totaling 0.13 ± 0.05 m.

We calculated season-long melt rates (Table 1), as well
as monthly melt rates in the same manner as growth rates,
though in addition to basal change we also considered
change at the surface. Thus, for each stake, time-
averaged basal melt rate was calculated as
hbðt ¼ 1Þ � hbðt ¼ 0Þ

t1 � t0
, surface melt rate as h0ðt ¼ 1Þ � h0ðt ¼ 0Þ

t1 � t0
, and

total melt rate as H1�H0
t1 � t0

, where hb is the bottom position
and h0 is the surface position. Percent uncertainties can
then be calculated as dh0 þ dhb

DH þ dt
Dt, where DH is the mea-

sured thickness change and dh0 ¼ 0:01, or twice the sur-
face interface detection uncertainty. During the melt
season, DH was on the order of 0.06 m, Dt on the order
of 3 days, and dt approximately ±4 hours. With these
values we find uncertainties in the melt rates presented
in Figure 5b of around 39%.

Average total ice melt rates were 0.013 m day�1

(0.012 m day�1 surface, 0.001 m day�1 bottom) in the
week preceding June 30, and increased to 0.029 m day�1

(0.021 m day�1 surface, 0.008 m day�1 bottom) by July 24
(Figure 5b). Melt rates were highly variable between
stakes during the melt season, with standard deviations
of up to about 0.02 m day�1. Variability in surface melt
comprised most of the total melt variability and correlated
strongly with net incident shortwave radiation (R ¼ 0.84,
P ¼ 0.018) governed by albedo.

3.3.2. Meltwater production

We calculated a time series of the cumulative meltwater
equivalent produced by ice and snow melt (Figure 6)
according to Equations 1–3. The cumulative meltwater
equivalents produced by surface ice melt (H0), basal ice
melt (Hb), and snow melt (Hs) are the cumulative sum of
average thickness changes between each measurement
interval of the ice surface (Dh0 ), ice bottom (Dhb ), and
snow (Dhs ), multiplied by their respective densities. These
averages were calculated as the mean of all operating
stakes in each time interval, irrespective of ice type. Ice
and snow densities were determined as the average of
each parameter during Leg 4 (June 19–July 31, 2020):
ri ¼ 0:9 g cm�3 (Oggier et al., 2023a; 2023b), and
rs ¼ 0:42 g cm�3 (Macfarlane et al., 2021). Total cumula-
tive meltwater equivalent (Ht ) is the sum of the three
terms: HtðtÞ ¼ H0ðtÞ þHbðtÞ þHsðtÞ

H0ðtÞ ¼ ri

Xt

0

Dh0 ð1Þ

HbðtÞ ¼ ri

Xt

0

Dhb ð2Þ

HsðtÞ ¼ rs

Xt

0

Dhs ð3Þ

The contributions to meltwater production from ice
surface, bottom, and snow melt were proportional to the
melt observed in each category. Surface meltwater equiv-
alent increased steadily over the season. Snow melt ini-
tially produced slightly more meltwater equivalent than
bottom melt. The contribution from snow melt (approxi-
mately 0.09 m cumulative meltwater equivalent)
remained unchanged following the completion of snow
melt at most stakes in early July. Average bottom melt rate
increased after July 19, at which point the cumulative
meltwater produced by basal melt surpassed that of snow
melt. Total meltwater equivalent reached 0.77 m by July
25. Ice surface melt composed the majority (74%), fol-
lowed by bottom melt (14%) and snow melt (12%).

3.3.3. Melt ponds

Approximately 38% of stakes measured during the melt
season had surface melt ponding at some point. Melt
ponds occurred at more FYI stakes (9 of 18, 50%) than
SYI stakes (3 of 9, 33%). The combined melt pond fraction
was 4% at the beginning of observations (June 26) and
increased throughout observations, peaking at 23% in the
week of July 24. The timing and magnitudes of our melt
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pond fraction estimates agree with Niehaus et al. (2023).
Though work by Webster et al. (2022) shows an earlier
peak melt pond fraction, a disagreement is reasonable
because their observations were made solely along the
floe perimeter where early pond drainage by lateral over-
flow was likely.

Pond depths averaged between 0.12 m and 0.37 m over
the season. Ponded ice exhibited surface melt rates that
were between 1.5 and 15 times higher than unponded ice.
The difference was generally largest at the beginning of
the melt season, when unponded areas were still snow-
covered. Basal melt rates at ponded stakes were also con-
sistently, though only slightly, higher than at unponded
stakes (mean difference of �0.001 m day�1).

3.3.4. False bottoms

We observed false bottoms beginning in early summer
(June 26) at the Reunion Stakes FYI site located in the
interior of the floe. We noted false bottoms at Reunion
Stakes beginning when we installed the site on June 26,
and observed them until the end of our observations on

the floe on July 31. Eight of the 9 stakes at Reunion Stakes
exhibited false bottoms. The fraction of stakes at this site
(about 90%) exhibiting false bottoms remained nearly
unchanged during the summer melt observations. False
bottoms were just beginning to deteriorate at the end of
the campaign.We did not observe false bottoms at any SYI
stakes (Beanpole Stakes), nor at the FYI site at the edge of
the floe (Drone Bones). The thickness of the false bottoms
ranged from 0.02 m to 0.08 m thick, and they were offset
from the bottom of the ice by a water layer 0.16 m to
0.29 m thick.

3.4. Snow-ice interface temperature observations

Snow–ice interface temperatures (Figure 7) can be used
to constrain the heat flux occurring through the snow and
ice, particularly at times when temperature gradients
through the snow and ice are temporally stable and
approximately linear. At most stakes, snow–ice interface
temperatures remained between �20�C and �12�C dur-
ing most of the observed growth season. Stake 17 at the
FYI Stakes 1 site exhibited a much higher snow–ice

Figure 6. Cumulative meltwater equivalent during the ice melt season in 2020. We calculated cumulative
meltwater equivalent according to Equations 1–3, shown here as time series traces for snow, ice surface, ice
bottom, and total meltwater equivalent. Meltwater equivalent reflects the average cumulative snow and ice melt
through the season, scaled by the appropriate densities. Total meltwater equivalent is the sum of snow, ice surface,
and ice bottom meltwater equivalents.

Raphael et al: Sea ice mass balance during the MOSAiC drift experiment Art. 12(1) page 11 of 26
D

ow
nloaded from

 http://online.ucpress.edu/elem
enta/article-pdf/12/1/00040/828724/elem

enta.2023.00040.pdf by guest on 18 N
ovem

ber 2024



interface temperature due to thin ice (initial thickness of
0.26 m) and deep snow (0.41–0.48 m) at the stake, with
temperatures 2–9�C warmer than the other stakes during
the growth season. The relative behavior of each stake
remained fixed (i.e., relatively cold sites remained colder
throughout winter) with the exception of Stake 63, where
a doubling of snow depth (from 0.10 m to 0.21 m) caused
a significant increase in average temperature around Feb-
ruary 14. There was a large temperature transition
between February 18 and March 5, when the interface
temperature first increased by about 5�C and then
decreased by 8–12�C at all stakes, reaching a minimum
of �28�C at Stake 67. The rapid temperature change coin-
cided with a powerful low-pressure system traversing the
area, and a subsequent period of deep cold under atmo-
spheric inversions, during which 2 m air temperatures
reached a low near �40�C (Shupe et al., 2022). Interface
temperatures generally increased afterward, returning to
the same �8�C to �12�C range for another month. We
truncated the interface temperature time series to March

15, after which solar radiation adds additional complexity
to interpreting these data in the context of thermody-
namic mass balance.

4. Discussion
4.1. Ice growth on the Transpolar Drift

Prior studies have commented on the ice-thickness/ice-
growth feedback loop (Bitz and Roe, 2004; Goosse et al.,
2018; Petty et al., 2018; Zhang, 2021); as sea ice thins,
conductive heat flux through the ice increases (Maykut,
1986). With equal thermodynamic forcing, a thinner ice
pack should experience more growth over the winter than
a thicker ice pack, creating a stabilizing (negative) feed-
back loop. Model studies have reproduced the predicted
increase in ice growth as Arctic sea ice thins, but few
studies have confirmed this trend in real-world observa-
tions. Previous work on this topic has been limited by the
high uncertainty of thickness retrieval methods using sat-
ellite freeboard and submarine draft measurements
(Zhang, 2021).

Figure 7. Selected snow–ice interface temperatures during the ice growth season in 2019–2020. Time series
traces of snow–ice interface temperatures from a selection of first-year ice stakes at the Ridge Ranch and Stakes 1 sites
are shown. The 2 m air temperature is shown as the dashed black trace. All temperatures are smoothed using a 1-day
moving average.
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Our results show greater winter sea ice growth on
MOSAiC than observed in historical observations in the
central Arctic. We compared ice growth in FYI and SYI cate-
gories on MOSAiC to FYI and MYI stake measurements on
SHEBA (Figure 8a). On average, SYI grew 0.7 m more dur-
ing the MOSAiC growth season than MYI on SHEBA. We
determined a time series of freezing degree days (FDD) for
MOSAiC and SHEBA according to Maykut (1986)
(Figure 8b). FDD on MOSAiC increased in line with SHEBA
through December, at which point MOSAiC began to lag
SHEBA by up to approximately 380�C FDD through the
midwinter. The two records then reapproached each other,
nearly meeting on April 13, after which they again diverged
slightly. MOSAiC reached approximately 4900�C FDD on
May 12, while SHEBA reached approximately 5100�C FDD
by the same date. Clearly FDD were similar for both expedi-
tions and cannot explain the greater SYI growth on
MOSAiC. Here (Figure 8), we calculated FDD beginning
on the same date (October 9). While surface freeze-up
began earlier at SHEBA (likely in late August or early Sep-
tember based on the 1998 freeze-up date noted in Perovich
et al., 2003), MYI basal growth did not begin until the cold-
front propagated through the ice, reaching the bottom in
early November (Perovich et al., 2003). However, the longer

SHEBA growth season and potentially higher FDD only
serve to accentuate our conclusion: despite a shorter
growth season and slightly lower FDD, both FYI and SYI
ice at MOSAiC grew more than at SHEBA.

We asked whether shallower snow depth and thinner
initial ice thickness could explain the greater SYI growth
observed on MOSAiC. MOSAiC SYI stakes had a median
initial thickness of 0.66 m at installation, compared to the
SHEBA MYI median of 1.64 m.We used the Icepack single-
column model (Hunke et al., 2023) to explore this ques-
tion. SYI model runs were initialized on November 28 (the
beginning of MOSAiC stake observations) and ended on
May 12 (the end of ice growth observed at MOSAiC) so
that the observational periods fully overlapped. We used
average ice thickness and median snow depth values mea-
sured at MOSAiC and SHEBA stakes in a 5-day window
around November 28 to initialize the respective model
runs. Initial values for MOSAiC SYI were 0.80 m for ice
thickness and 0.08 m for snow depth. For SHEBA MYI,
these values were 1.76 m and 0.24 m, respectively. We
used snow depth observations from stake measurements
at each expedition to model time-resolved snow accumu-
lation. MOSAiC observations were used for all oceanic and
atmospheric model forcings (Long et al., 2019; Cox et al.,

Figure 8. Total growth for first-year ice and second-year/multi-year ice on MOSAiC and SHEBA. Panel (a) shows
average total growth for first-year ice (FYI) and second-year/multi-year ice (S/MYI) stakes on MOSAiC (blue) and
SHEBA (orange). The S/MYI category includes only SYI for MOSAiC, and both SYI and MYI for SHEBA. Panel (b) shows
freezing degree days calculated for MOSAiC (blue) and SHEBA (orange) between October 9 and May 12 of their
respective years, 2019–2020 and 1997–1998.
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2023a; 2023b; 2023c; 2023d; Schulz et al., 2023). Besides
snow conditions and initial ice thickness, we used identi-
cal forcings for MOSAiC and SHEBA model runs. We did
not use dynamic forcings for any Icepack simulations as
we were comparing to stake results, which can only mea-
sure thermodynamic change.

The model simulated 1.03 m of ice growth for
MOSAiC SYI, which aligns well with the average
1.00 m of growth observed from November 28 to May
12 at MOSAiC stakes. Stake observations from SHEBA
show 0.41 m of average SYI growth during this period,
0.59 m less than at MOSAiC. The model simulated
0.76 m of ice growth for SHEBA MYI, 0.27 m less than
the MOSAiC model growth and 0.35 m more than
observed in SHEBA stake measurements. Thus, initial
thickness and differences in snow depth and accumula-
tion can explain 0.27 m (46%) of the 0.59 m difference
in observed MOSAiC and SHEBA S/MYI growth. The
remainder is likely due to higher ocean heat flux on
SHEBA, which becomes a more significant term as snow
and ice thickness increase and total conductive heat flux
decreases (Maykut, 1986). Clearly, ice thickness and
snow depth play a substantial role in SYI growth, and
the thinning of S/MYI leads to greater ice production,
partially stabilizing ice loss. However, further work is
necessary to close the energy balance and fully explain
the higher ice growth observed on MOSAiC in compar-
ison to SHEBA.

Krumpen et al. (2019) indicate that surface warming in
the Siberian sector of the Arctic is resulting in reduced ice
thickness and concentration in the region, as well as lower
volumes of ice advected out of the Siberian sector into the
TD. Sumata et al. (2023) found a similar long-term
decrease in ice concentration and age in the ice-
formation zones of the Siberian Arctic. They observed
a stepwise decrease in mean residence time in these areas
from 15 to 6 months, which occurred after the 2007 sea
ice minimum. This decrease in residence time means that
ice advected from these areas is now primarily FYI, corre-
sponding to lower initial ice volume, age, and thickness
along the TD. Sumata et al. (2023), as well as Belter et al.
(2021), further found that ocean heat flux in the Siberian
sector is thinning sea ice before it begins its drift on the
TD. Subsequently, faster drift leads to shorter and fewer
growth seasons (as more FYI exits the TD before transi-
tioning to SYI), preventing potential ice growth from fully
compensating for initial thinning. Both found a negative
trend in ice thickness in the Fram Strait and Greenland
Sea areas, which Belter et al. (2021) attribute to shorter
growth seasons resulting from increased TD speed. Our
results indicate that the observed thinning prior to advec-
tion, as well as faster TD drift speeds, could be partially
stabilized by an ice-thickness/ice-growth feedback loop.
Although ice along the TD is experiencing a net thin-
ning, this thinner ice demonstrates the potential to grow
more and faster, damping the effect of surface ocean
warming and reduced residence times in the TD and
ice-formation areas. However, modeling studies show that
the ice-thickness/ice-growth feedback will likely be

overwhelmed by surface warming and cloud feedbacks
in the future (Petty et al., 2018).

FYI grew an average of 0.22 m more on MOSAiC than
SHEBA (Figure 8a). Because all FYI necessarily starts with
the same initial thickness (0 m), this difference cannot be
due to a thickness feedback mechanism. The similar FDD
time series shows that differences in atmospheric temper-
ature do not account for higher FYI growth on MOSAiC.
We used the same modeling approach to explore whether
thinner snow cover on MOSAiC FYI significantly increased
conductive heat flux and resulted in greater FYI growth on
MOSAiC. MOSAiC FYI had a median initial snow thickness
of 0.02 m around November 28. SHEBA had a median
initial snow thickness of 0.11 m on October 29. By the
end of May, MOSAiC had a median snow thickness of
0.23 m, and SHEBA, 0.37 m.

We conducted Icepack model runs for November 28–
May 12 (MOSAiC) and October 29–May 12 (SHEBA). We
used average measured FYI thickness (0.28 m MOSAiC,
0.46 m SHEBA) to initialize the model runs. The MOSAiC
model run simulated that FYI reached a thickness of
1.73 m by May 12, showing reasonable agreement with
the observed average of 1.67 m. The SHEBA run simulated
an average thickness on May 12 of 1.64 m, 0.32 m greater
than the observed average of 1.32 m. Therefore, thinner
initial cover snow and lower accumulation on MOSAiC
explains 0.09 m (41%) of the 0.22 m greater growth seen
in MOSAiC FYI. Like the SYI case, ocean heat flux may
explain the remainder of the difference in growth, but
further work is needed to explore this hypothesis.

Our results differ slightly from MOSAiC IMB results
from Lei et al. (2022). They found slightly lower total ice
growth (0.64–1.38 m, average of 0.92 ± 0.28, n ¼ 10),
noting that total growth depended primarily on initial
thickness (0.35–1.80 m, average of 0.96 ± 0.48 m, n ¼
23).We suggest that our observations of higher ice growth
(1.23 m SYI, 1.67 m FYI) are attributable to our thinner
observed initial conditions (median 0.66 m).

While we focused solely on thermodynamic growth,
dynamic growth also makes a significant contribution to
winter ice growth and thickening. Von Albedyll et al.
(2022) found a 30% contribution during the MOSAiC year,
which will likely increase as ice thins and deforms more
readily (Rampal et al., 2009; Itkin et al., 2017).

4.2. Effective thermal conductivity of snow

In considering the greater ice growth observed on MOSAiC
compared to SHEBA, we asked whether higher snow ther-
mal conductivity led to greater ice growth on MOSAiC. The
effective thermal conductivity of snow on Arctic sea ice
(k�s ) is a critical parameter in sea ice thermodynamics.
Despite its importance and variability, there are few avail-
able in situ estimates of k�s . Sturm et al. (2002) inferred k�s
from ice growth and temperature measurements at sev-
eral sites on SHEBA, finding a range of values, 0.168–
0.699 W m�1 K�1, with an average of 0.33 W m�1 K�1.
We derived estimates for k�s during the growth season on
MOSAiC (Figure 9) using ice and snow thickness, snow–
ice interface temperature, and air temperature data. We
assumed linear, quasi steady-state temperature profiles
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from the snow surface to the snow–ice interface and from
the snow–ice interface to the ice bottom. We used Four-
ier’s Law of heat conduction with linear temperature gra-
dients to describe conductive heat flux through the ice
and snow, and assumed that the flux through the ice was
equal to the flux through the snow (Equation 4). Rearran-
ging Equation 4 to solve for k�s is straightforward.

ki
T0 � Tf

hi
¼ k�s

T0 � Ts

hs
ð4Þ

The snow–ice interface temperature (T0) was taken
from temperature sensors at the snow ice interface of
selected stakes (Section 3.4), and was smoothed from
hourly to daily average values. Tf is the ice–ocean inter-
face temperature (assumed to be �1.8�C, the freezing
point of seawater), and Ts is the snow surface tempera-
ture. We replaced Ts with the 2 m air temperature in all
calculations. We note that periods of large, rapid temper-
ature change violate the steady-state assumption and
result in non-linear temperature profiles. Such tempera-
ture changes occurred several times during the analysis
period; we did not attempt to correct for this effect. We
recommend additional work to understand the impact of
transient surface temperature when using this method.
The thermal conductivity of the ice (ki) was set at
2 W m�1 K�1 after Perovich et al. (2003). Ice and snow

thicknesses (hi, hs) were taken from the stake associated
with each snow–ice interface temperature sensor and
were interpolated linearly to 1-day intervals.

We first calculated daily values for k�s at each stake,
then found the median of the values at all stakes for each
day. Finally, we took the monthly average and seasonal
average of the medians. We only present results prior to
sunrise so that we may neglect the influence of incoming
shortwave radiation. We also neglect the heat sink term
due to internal temperature change in the ice and snow.

We found a range of k�s over the season of 0.26–
0.35 Wm�1 K�1, with a seasonal average of 0.29 Wm�1 K�1.
This value agrees with SHEBA observations (Sturm et al.,
2002); we therefore find that our data do not support the
hypothesis that differences in effective snow thermal con-
ductivity played a significant role in the greater ice growth
observed at MOSAiC.

Our estimate also agrees with MOSAiC observations
made byMacfarlane et al. (2023), while preliminary MOSAiC
work by Sledd et al. (2022) and Perovich et al. (2023) shows
higher values, in the range of 0.33–0.41 W m�1 K�1.
We observed an increase in k�s over the season, which we
believe is due primarily to snow densification over the sea-
son, as observed by Macfarlane et al. (2023).We also saw an
increase in snow depth anisotropy on short length scales
(approximately 0.5 m) at several stakes in the dataset, which

Figure 9. Effective thermal conductivity of snow during the winter season. Estimates of the effective thermal
conductivity of snow (k�s ) are shown as monthly averages of daily population medians throughout the winter (blue
bars). The seasonal average is shown as the dashed horizontal line.
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may have resulted in significant lateral heat transfer, increas-
ing the apparent (vertical) snow thermal conductivity. Fur-
ther investigation is necessary to determine the sources of
spatial and temporal variability in k�s , especially the influence
of highly heterogeneous snow depth.

4.3. Increased ice melt on MOSAiC

Numerous studies have highlighted the decline in Arctic-
wide sea ice extent, thickness, and volume over the mod-
ern observational record (e.g., Meier, 2017; Kwok, 2018). In
addition to the factors discussed in Section 4.1, Stroeve
et al. (2014) indicate that this decline is also due in large
part to changes in the melt season. However, Stroeve and
Notz (2018) noted that whether increased sea ice melt is
the result of magnified atmospheric or oceanic heat
exchange is not clear. To determine the magnitude and
causes of increased summer ice melt, we compared stake
data to historical ice mass balance buoy data.

As part of the North Pole Environmental Observatory
(NPEO) project, ice mass balance buoys were deployed in
the North Pole region each spring from 2000 to 2015
(Perovich et al., 2014).We compared MOSAiC observations

in 2020 to data from the 11 NPEO buoys deployed
between 2004 and 2015 that followed drift tracks similar
to that of the MOSAiC floe. Substantially more total melt
(0.35 m more melt) occurred on MOSAiC than on average
in NPEO data (Figure 10). Most of the difference resulted
from increased surface melt (mean of 0.50 m on MOSAiC,
0.18 m from NPEO, for a difference of 0.32 m). Perovich
et al. (2008), and then others (Polyakov et al., 2012; Wang
et al., 2016; Stroeve and Notz, 2018), found that increased
solar heat deposition into the upper ocean is a strong
driver of increased ice melt, ultimately through basal melt-
ing. Over the observed portion of the melt season, basal
melt averaged 0.12 m at MOSAiC and 0.07 m at NPEO.
MOSAiC thus showed more basal melt than NPEO, though
the ranges were similar, and basal melt composed only
a modest fraction of total melt for both during this period.
We also note that the majority of basal melt in NPEO
measurements occurred in the latter half of the melt sea-
son (approximately August–mid-September), a period
which could not be considered in this comparative analy-
sis. Because of its high drift speed (Belter et al., 2021),
the MOSAiC floe exited the TD into Fram Strait and

Figure 10. Comparative ice melt at MOSAiC (2020) and NPEO (2004–2015). The distribution of ice melt at
MOSAiC stakes in 2020 and 11 NPEO buoys spanning 2004–2015 is shown in box and whisker plots. Medians are
shown as the line inside each box. Lower and upper quartiles are the top and bottom edges of each box. The whiskers
indicate the lowest and highest values in each range. Outliers are marked as open circles. Sample sizes are noted in
parentheses in the legend. *NPEO sample size was n ¼ 11, except for bottom melt, where n ¼10.
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disintegrated before an increase in basal melt due to solar
deposition would have become fully evident, that is, the
record was truncated before we could fully test a hypoth-
esis about changes in basal melt. Finally, observational
and modeling studies have demonstrated that melt ponds
tend to increase basal melt (Skyllingstad and Paulson,
2007; Flocco et al., 2012; Polashenski et al., 2012). While
we observed a slight increase in basal melt at ponded
stakes (mean 0.001 m day�1 higher than at unponded
stakes), this effect did not significantly increase total basal
melt in our observations.

Perhaps the most important observation of this mass-
balance time series is the vulnerability of the ice under
observation. The MOSAiC floe barely survived its first year,
with a mean thickness at the end of the 2019 melt season
of less than 0.5 m. Further, the ice observed at MOSAiC
fully transited the Arctic during the 2019–2020 drift
period, disintegrated in Fram Strait and likely melted com-
pletely, all in less than one year. Sumata et al. (2023)
showed that mean TD transit times have decreased from
4.3 to 2.7 years, resulting in a significantly thinner ice
cover. Here, a fundamental conclusion is that even ice that
formed a year prior in the Siberian sector of the Arctic, the
most upstream location in the TD, did not survive a full
annual cycle. The accelerated life cycle of ice in the TD
stands out as a marker of the changing Arctic ice cover.

At SHEBA, 135 stakes were installed, 95 survived the
winter, and 68 lasted the entire year. In addition to
impacting the continuity of results, the number of lost
stakes is an indicator of the major changes in the state
of the ice cover from earlier expeditions and is consistent
with other indicators that the Arctic pack ice is drifting
faster and deforming more readily than it once did (Kwok
et al., 2013; Belter et al., 2021; Lei et al., 2022).

Thus, we highlight two factors that appeared to have
driven a significant increase in sea ice melt on the MOSAiC
floe compared to NPEO, both of which are related to
increased drift speed along the TD. First, there was a large
increase in surface melt that we hypothesize was due to
a more southerly position caused by anomalously high TD
speeds, which led to warmer air temperatures and greater
incident solar radiation. Further investigation in the con-
text of other MOSAiC observations is needed to confirm
this hypothesis. Second, the increase in TD speed led to an
earlier export of the MOSAiC floe into Fram Strait, and
abrupt disintegration and melt in this area. Perovich et al.
(2014) observed that, as of 2014, while there was wide-
spread thinning across the Arctic, the North Pole/TD area
was not experiencing as dramatic a change as the rest of
the Arctic. They concluded that the “ice cover in this
region is still robust at the end of the summer melt
season.” They also noted, however, that even though the
ice in the region at that point survived summer melt, in all
cases it subsequently entered Fram Strait and melted com-
pletely between the following December and March.
Increased TD speeds have accelerated this process, leading
to ice in the region entering Fram Strait and melting
completely before the end of the melt season (Kwok
et al., 2013; Belter et al., 2021; Lei et al., 2022). This
acceleration, combined with intensified surface melt such

as that seen on MOSAiC, will result in a less robust ice
cover even at high latitudes. Sumata et al. (2022) recorded
an unprecedented decline in sea ice volume export
through Fram Strait in 2018, which they attributed to
anomalous ice melt during January–March 2018. While
they suggest that this decline was caused by low drift
speeds increasing residence time in warm Atlantic water
in Fram Strait, an additional probable cause is deeper
infiltration of Atlantic water into the Arctic Ocean
(Ingvaldsen et al., 2021).

Our observations represent only part of the melt sea-
son, but they show a significant increase in melt during
the middle of the melt season compared to historical
NPEO observations of the same period. We expect that
increasing melt season duration and intensity (Stroeve
et al., 2014) will only magnify this trend. Accelerating
TD speeds threaten more rapid ice export into Fram Strait,
less ice surviving into the following growth season, and an
overall reduction in average Arctic ice thickness (Sumata
et al., 2023). Further, as shown by Sumata et al. (2022),
increased ice melt will likely still occur during periods of
low TD speeds.

4.4. False bottoms and under-ice meltwater

As noted in Section 3.3, under-ice meltwater layers
resulted in the formation of false bottoms at some FYI
stakes. The formation of an under-ice meltwater layer and
false bottom has opposing implications for ice mass bal-
ance: desalination and preconditioning for melt due to
meltwater contact could potentially increase ice melt,
while reduced contact with the underlying ocean mixed
layer likely decreases bottom melt.

The stratified meltwater layer beneath the ice is likely
at its freezing point, as it is bounded above by ice and
below by either a false bottom or the colder, more saline
mixed layer. Since the meltwater, which is no colder than
its freezing point, has a lower salinity than the underly-
ing mixed layer, the ice bottom is in contact with
a warmer and fresher fluid than if it were in direct con-
tact with the mixed layer. Eicken et al. (2002) showed
that exposing the bottom of FYI to relatively warm, fresh
meltwater causes desalination and internal melting,
enlarging pore sizes and preconditioning the ice for
rapid ablation later on.

On the other hand, the stratified meltwater layer and
false bottom may isolate the sea ice from mixed layer
water, which would ablate the ice bottom due to higher
salinity and heat (Notz et al., 2003; Notz, 2005). The false
bottom likely limits the turbulent transport of heat and
salt to the ice bottom and may eliminate bottom ablation
during the time that the false bottom is present. Finally,
any solar heat deposited within the meltwater layer would
be trapped there and result in ice bottom melt; however,
little solar heat is likely absorbed in this relatively small
freshwater layer.

The net impact seems to result in a reduction in bot-
tom melt. A modeling study conducted by Smith (2019)
predicts a 1%–8% reduction in ice melt when false bot-
toms are present. In situ observations on MOSAiC by Sal-
ganik et al. (2023a) agree with this prediction, finding an

Raphael et al: Sea ice mass balance during the MOSAiC drift experiment Art. 12(1) page 17 of 26
D

ow
nloaded from

 http://online.ucpress.edu/elem
enta/article-pdf/12/1/00040/828724/elem

enta.2023.00040.pdf by guest on 18 N
ovem

ber 2024



approximate 8% reduction in basal ice melt. Given the
complex and under-observed nature of these processes,
we analyzed our data to determine the net impact of false
bottoms and found a higher reduction in bottom melt
than predicted by Smith (2019) or observed by Salganik
et al. (2023a).

Reunion Stakes and Drone Bones were both FYI sites
measured during the melt season. The sites had initial ice
thicknesses of 1.58 ± 0.12 m and 1.95 ± 0.44 m, respec-
tively. Reunion Stakes experienced extensive formation of
false bottoms, while Drone Bones saw none. At Reunion
Stakes, average ablation of the true ice bottom was near
zero from June 21 to July 21 (Figure 11). At the time, false
bottoms were observed at 8 of the 9 stakes at the site, for
about 90% local coverage compared to the 20% floe-scale
average areal fraction found by Smith et al. (2022) and the
similar 21% coverage found by Salganik et al. (2023a).
During this period modest ice growth may have occurred
on the true ice bottom at Reunion Stakes. An average of
0.02 m of growth was seen between July 8 and July 10,
just above the 0.01 m measurement precision threshold.
Meanwhile, from June 21 to July 21, 0.08–0.10 m of bot-
tom melt occurred at Drone Bones.

Once false bottoms began to deteriorate at Reunion
Stakes, however, melt rates were substantially greater than
at Drone Bones, consistent with preconditioning by con-
tact with warm, low salinity water. Even with this acceler-
ated melt, the cumulative (seasonal) melt rate at Reunion
Stakes still did not match that of the site without false
bottoms (Drone Bones), and Reunion Stakes experienced
51% less cumulative basal melt over the observational
period. We note that Salganik et al. (2023a) found that
thicker FYI melted faster than thinner FYI on MOSAiC. We
were unable to control for this effect in our observations,
which could have further increased the melt rates at Drone
Bones. However, due to the timing and magnitude of the
differences in total melt and melt rate, we believe that
false bottoms played the central role in decreasing melt at
Reunion Stakes. We recommend additional work observing
the mass-balance effect of false bottoms between and
within ice thickness classes to separate these effects.

On balance, the formation of false bottoms thus
appears to result in reduced bottom melt. Further inves-
tigation is necessary to explore both the prevalence of this
phenomenon and the magnitude and variability of its
impact on ice mass balance across ice types.

Figure 11. Cumulative ice bottom melt at sites Reunion Stakes and Drone Bones in 2020. Cumulative ice bottom
melt is shown for two first-year ice sites throughout the melt season. Reunion Stakes (orange) was a first-year ice site at
the interior of the floe, where false bottoms (FBs) were observed at approximately 90% of the stakes throughout the
time series. Drone Bones (blue) was a first-year ice site at the edge of the floe, where no FBs were observed. Values
below 0 m (solid black line) indicate net ice growth.We observed deterioration of false bottoms at Reunion Stakes after
July 19, indicated by the dashed vertical line.
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5. Conclusions
We made precise measurements of sea ice growth and
melt during the 2019–2020 MOSAiC experiment in the
central Arctic. We estimate that SYI at MOSAiC had an
average thickness at the end of the 2019 melt season of
approximately 0.43 m. By the time SYI stakes were
installed, we observed a median installation thickness of
0.66 m. FYI grew an average of 1.67 m, and SYI grew
1.23 m until growth ended around May 12, 2020. These
values were 0.22 m and 0.70 m more than on SHEBA,
despite similar FDD.

We determined that differences in snow thermal con-
ductivity were unlikely to have led to greater MOSAiC ice
growth. The seasonal average of our estimates of effective
thermal conductivity, 0.29 W m�1 K�1, is similar and con-
sistent with estimates made at SHEBA (Sturm et al., 2002)
as well as select MOSAiC observations (Macfarlane et al.,
2023). However, further work is recommended to deter-
mine the influence of snow spatial heterogeneity and lat-
eral heat flux on ice growth.

Modeling experiments using the single column Icepack
model (Hunke et al., 2023) indicated that thin snow and
ice conditions contributed substantially to greater ice
growth at MOSAiC than at SHEBA. Lei et al. (2022)
reached a similar conclusion that ice growth is determined
primarily by initial ice thickness, and while they observed
slightly less ice growth during the winter than seen in our
results, the difference may be explained by the greater
initial ice thicknesses at their observation locations. This
ice-thickness/ice-growth negative feedback may temper
recently observed thinning of Arctic sea ice, but is likely
to be overwhelmed by surface warming and cloud feed-
backs in the future (Petty et al., 2018).

Surface melt onset was observed around May 25, and
observations of melt continued until the floe broke apart
in Fram Strait on July 31. On average, MOSAiC sea ice
experienced 0.6 m of total melt during the observed melt
period, which was 0.35 m more than the average recorded
during the same calendar period by 11 NPEO buoys
deployed between 2004 and 2015. Most of the difference
was due to higher surface melt. We suggest that greater
surface melt was due to a more southerly floe position,
resulting in higher air temperatures and greater incident
radiation. We recommend further work to explore this
hypothesis.

We calculated a time series of meltwater equivalent for
use in future meltwater budget analyses and meltwater
process studies (Figure 6). Relative meltwater contribu-
tions from snow, surface, and basal melt reflect the respec-
tive melt in each category and compare to NPEO values in
a like manner given similar snow and ice densities. We
note that there are several meltwater sources that we did
not document in this study, including ridge melt (see
Salganik et al., 2023b) for MOSAiC ridge melt observations
and lateral floe melt. Perovich et al. (2021) present a useful
method for developing meltwater budgets for MYI sea ice.
Our results are intended to contribute to, but not consti-
tute, additional meltwater studies.

Basal melt was significantly lower at a MOSAiC FYI site
where false bottoms were consistently observed,

compared to a FYI site where false bottoms were never
observed. Our results show a greater reduction in basal
melt than predicted by Smith (2019) or observed at
MOSAiC by Salganik et al. (2023a). Additional measure-
ments of false bottoms and the thermohaline conditions
directly beneath the ice during the melt season are
needed to further constrain the character and mass bal-
ance implications of false bottoms and under-ice
meltwater.

In sum, our observations are indicative of a thinning ice
cover that is growing more during the winter, transiting
the Transpolar Drift more quickly, and melting faster than
seen in historical observations. This pattern is consistent
with diminishing mean annual pack ice thicknesses
observed over the last several decades by Hansen et al.
(2013), Mahoney (2018), and Meier et al. (2021), among
others. As increasing summer melt forces a decline in ice
thickness, a resultant increase in conductive flux through
the thinner winter ice pack enables more growth. How-
ever, as long as melt outpaces growth, mean annual thick-
ness will decrease, while oscillations around the mean
(growth and melt) will increase, until thermodynamic for-
cings stabilize and an equilibrium thickness is reached
(Maykut, 1986).

The mass balance results presented in this article are
critical for interpreting coincident atmospheric and oce-
anic heat flux measurements made during MOSAiC. They
will also permit data-driven initialization of single column
and full-scale climate model simulations. We recommend
further work to improve high precision observations of
winter snow distribution and the ice–ocean boundary
layer during the melt season.
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All of the stake data generated on MOSAiC and used in
this article have been archived in the Arctic Data Center:

� Raphael et al. 2022. Measurements of sea ice point-
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ablation stakes during the Multidisciplinary drifting
Observatory for the Study of Arctic Climate (MOSAiC)
Expedition in the Central Arctic (2019–2020). Arctic
Data Center. DOI: https://dx.doi.org/10.18739/
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� Perovich et al. 2022. Measurements of ice mass bal-
ance and temperature from autonomous Seasonal
Ice Mass Balance buoys in the Arctic Ocean, 2019–
2020. Arctic Data Center. DOI: https://dx.doi.org/10.
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NPEO buoy data are available at the Cold Regions
Research and Engineering Laboratory Ice Mass Balance
Buoy Program portal:

� Perovich et al. 2023b. Observing and understanding
climate change: Monitoring the mass balance,
motion, and thickness of Arctic sea ice. Available at
http://imb-crrel-dartmouth.org.

SHEBA mass balance data are available at the Earth
Observing Laboratory data archive:
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Snow–ice interface temperature data have been archived
in the Arctic Data Center:

� Raphael et al. 2024. Snow–ice interface tempera-
tures from the Multidisciplinary drifting Observatory
for the Study of Arctic Climate (MOSAiC) Expedition
in the Central Arctic (2019–2020) [dataset]. Arctic
Data Center. DOI: https://dx.doi.org/10.18739/
A2MP4VQ0X.

IcePack forcing data from MOSAiC have been archived in
the Arctic Data Center:

� Clemens-Sewall et al. 2024. Merged datasets for the
Multidisciplinary drifting Observatory for the Study
of Arctic Climate (MOSAiC) Central Observatory in
the Arctic Ocean (2019–2020) [dataset]. Arctic
Data Center. DOI: https://dx.doi.org/10.18739/
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Forcing data for SHEBA IcePack model runs are available
in the supplemental data in the “MOSAiC_Raphael_
snow_sheba_MDF_20191005-20201001.csv” (CSV) file or
“SHEBA Icepack Snow.nc” (NetCDF) file.
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