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Sea ice heat and mass balance measurements
from four autonomous buoys during the MOSAiC
drift campaign

Don Perovich1,* , Ian Raphael1, Ryleigh Moore2, David Clemens-Sewall1, Ruibo Lei3,
Anne Sledd4,5, and Chris Polashenski1

As part of the Multidisciplinary drifting Observatory for the Study of Arctic Climate (MOSAiC), four
autonomous seasonal ice mass balance buoys were deployed in first- and second-year ice. These buoys
measured position, barometric pressure, snow depth, ice thickness, ice growth, surface melt, bottom melt,
and vertical profiles of temperature from the air, through the snow and ice, and into the upper ocean.
Observed air temperatures were similar at all four sites; however, snow–ice interface temperatures varied
by as much as 10�C, primarily due to differences in snow depth. Observed winter ice growth rates (November
to May) were <1 cm day�1, with summer melt rates (June to July) as large as 5 cm day�1. Air temperatures
changed as much as 2�C hour�1 but were dampened to <0.3�C hour�1 at the snow–ice interface. Initial October
ice thicknesses ranged from 0.3 m in first-year ice to 1.2 m in second-year ice. By February, this range was only
1.20–1.46 m, due in part to differences in the onset of basal freezing. In second-year ice, this delay was due to
large brine-filled voids in the ice; propagating the cold front through this ice required freezing the brine.
Mass balance results were similar to those measured by autonomous buoys deployed at the North Pole from
2000 to 2013. Winter average estimates of the ocean heat flux ranged from 0 to 3 W m�2, with a large
increase in June 2020 as the floe moved into warmer water. Estimates of average snow thermal conductivity
measured at two buoys during periods of linear temperature profiles were 0.41 and 0.42 W m�1 �C�1, higher
than previously published estimates. Results from these ice mass balance buoys can contribute to efforts to
close the MOSAiC heat budget.
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1. Introduction
There has been a dramatic reduction in Arctic sea ice in
recent decades. Ice extent has been decreasing in all
months, particularly in September (Stroeve et al., 2012,
2014; Meier et al., 2014, 2021). The ice cover has shifted
from one dominated by older, more resilient ice to a youn-
ger, more fragile sea ice cover (Maslanik et al., 2011;
Tschudi et al., 2016; Kwok, 2018; Kwok et al., 2019). The
thermodynamic sea ice mass balance is simply the amount
of ice grown in the winter minus the amount melted on

the ice surface and bottom during summer. Sea ice mass
balance measurements provide insights into the causes of
Arctic sea ice loss. They can help to delineate between the
impacts of snow depth, ice thickness, the surface heat
budget, and the ocean heat flux (Perovich et al., 2014;
Perovich and Richter-Menge, 2015; Lei et al., 2018; Planck
et al., 2020).

The recent decline in Arctic sea ice motivated the Mul-
tidisciplinary drifting Observatory for the Study of Arctic
Climate (MOSAiC) project, a large international, interdis-
ciplinary project. Its overarching science question is “What
are the causes and consequences of a diminished Arctic
sea ice cover?” The centerpiece of MOSAiC was a yearlong
drift experiment in the Central Arctic (Nicolaus et al.,
2022). Manual and autonomous mass balance measure-
ments were made throughout the MOSAiC field experi-
ment (Lei et al., 2022; Nicolaus et al., 2022).

In addition to the primary Central Observatory (CO) of
the MOSAiC field campaign, an extended network of mea-
surement sites called the Distributed Network was estab-
lished to explore spatial variability (Krumpen et al., 2020;
Rabe et al., n.d.). One element of the Distributed Network
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was a triangular array of autonomous instruments spaced
tens of kilometers from the CO.We deployed three auton-
omous seasonal ice mass balance buoys (SIMBs; Planck
et al., 2019) as part of the Distributed Network, with
a fourth buoy deployed at the CO. The SIMBs measure
geographic location, barometric pressure, snow depth, ice
thickness, ice growth, surface melt, bottom melt, and ver-
tical temperature profiles through the snow and ice.

Here we report the seasonal evolution of snow depth,
ice thickness, ice growth rates, onset dates of melt and
freezeup, and vertical profiles of temperature in the snow
and ice obtained from the four SIMBs. Similarities and
differences between the four sites are discussed. A
detailed analysis of results from the longest-lasting buoy
provides summer melt rates, temporally averaged esti-
mates of the ocean heat flux, and effective thermal con-
ductivity of the snow. These observations provide insights
into the relative contributions of atmospheric and oceanic
forcing to the observed decline in Arctic sea ice.

2. Methods
Four SIMBs were deployed during October 2019 at the
beginning of the MOSAiC field experiment. One was
deployed at “Met City” in the CO. The other three were
deployed at the three “L” sites as part of the MOSAiC
Distributed Network (Rabe et al., n.d.). At L1, L2, and L3,
the SIMBs were co-located with other autonomous instru-
ments observing the atmosphere, sea ice, and ocean. The L
site ice floes were selected to (i) sample a variety of dif-
ferent ice conditions and (ii) form a roughly equilateral
triangle surrounding the MOSAiC Central Observatory at
a distance of tens of kilometers. The four SIMBs are
referred to as CO, L1, L2, and L3.

The SIMBs deployed at MOSAiC were spar buoys
designed to float upright in open water (Polashenski
et al., 2011; Planck et al., 2019). The buoy is a cylinder
of ABS plumbing pipe covered in white vinyl shrink wrap
that is 4.87 m long and 0.117 m in diameter. The buoy
power supply is designed for a 2-year life expectancy. The
instrument package consisted of a downward-facing
acoustic rangefinder positioned above the ice that mea-
sured surface position, an upward-looking acoustic range-
finder positioned underneath the ice that measured ice
bottom position, a vertical digital temperature chain, and
air temperature and barometric pressure sensors
(Figure 1). The digital temperature chain had 192 ele-
ments placed at 0.02 m spacing and extended from the
air through the snow, through the ice, and into the upper
ocean. It is the same chain installed on the SIMBA buoys
(Lei et al., 2022). However, in the SIMBs the temperature
chain is mounted directly on the pipe and the heating
elements of the chain are not used. All measurements
were collected every 4 hours and transmitted through the
Iridium satellite network.

For each SIMB, the initial measurements of snow depth
and ice thickness were made at installation. The time
series of air temperature, barometric pressure, snow
depth, ice thickness, and snow and ice temperature were
transmitted and posted on a website in real time. All data
are archived at the Arctic Data Center (Perovich et al.,

2022). Snow accumulation and loss were determined, as
were ice growth and surface and bottom melt. Snow and
ice melt was converted into meltwater production. Tem-
perature profiles were used to calculate the heat content
and temperature gradient of the snow and sea ice layers.
Results were also used to calculate time-averaged esti-
mates of the ocean heat flux to the ice and the effective
thermal conductivity of snow. The details of these calcula-
tions are presented in Section 3.

3. Results
3.1. General mass balance

The drift track of MOSAiC is shown in Figure 2 along with
the layout of the buoys at deployment. The drift was from
the Eastern Arctic north toward the North Pole and then
south along the Transpolar Drift Current. Ice motion was
extremely fast (Belter et al., 2021; Krumpen et al., 2021)
and the MOSAiC CO reached the marginal ice zone at the
end of July 2020. The average ice velocity was 0.15 m s�1.
The largest monthly displacement of the buoys was in
March 2020, when they moved 350 km from 82.3�N,
34.15�E to 85.2�N, 15.97�E.

MOSAiCwas located in a very dynamic region with amix-
ture of first-year and second-year ice, which impacted the
working duration of the SIMBs. All four buoys were
deployed in October 2019, with the buoys lasting from 4
months to 10 months (Table 1). Initial ice thickness at
installation ranged from 0.30 m to 1.20 m. The L3 buoy
was installed in first-year ice, and the CO, L1, and L2 buoys
were in second-year ice. The L3 SIMB was crushed in a pres-
sure ridge on February 3, 2020, and L1 was crushed on
March 15, 2020. An ice dynamics event encased the lower
portion of the CO buoy in ice blocks on December 3, 2019.
However, the buoy was not destroyed and continued to
function until May 14, 2020, at which point it was crushed
by ice dynamics. The L2 buoy lasted until the MOSAiC floe
broke up in late July 2020 (Nicolaus et al., 2022).

Maximum observed ice thicknesses were 1.32 m (L3),
1.78 m (L1), and 1.90 m (L2), though the maximum thick-
nesses observed at L1 and L3 were not true maxima as
they were destroyed before the end of the growth season
in mid-May. After being embedded in a ridge, the acoustic
sensor was not able to measure the thickness at the CO
buoy. Maximum snow depth varied by nearly a factor of
four from 0.14 m on the first-year ice of L3 to 0.54 m on
the deformed ice of CO. There were snow drifts at the CO
site due to local ridges and built structures. A transect
survey over the CO and around the MOSAiC floe revealed
that the ridge surface accumulated on average nearly five
times the snow depth as level ice by the beginning of
April, when the snow depth reached its annual maximum
(Itkin et al., 2023). This range in snow depth implies that
the SIMB deployment sites can approximately represent
both the snow on ice ridges and snow on level ice.

The time series of air temperatures and snow–ice inter-
face temperatures at the four buoys are compared in Fig-
ure 3. Air temperatures were quite similar at the four
buoys, with variations of only a degree or two. There were
large differences of up to 10�C in the snow–ice interface
temperatures. Snow–ice interface temperature differences
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were only a few degrees from October into December,
when the variability began to increase, reaching a maxi-
mum in early March. Variations in snow–ice interface tem-
perature can result from differences in snow depth and ice
thickness. As the winter progressed, the ice thickness dif-
ferences between sites decreased and snow depth differ-
ences increased. The increase in snow depth variability
resulted from blowing snow forming drifts near ridges.
Thus, the increased variability in snow–ice interface tem-
perature at these sites was likely due to increased differ-
ences in snow depth among the sites. After a December
ridging event at the CO buoy, a snow drift formed around
the buoy resulting in much deeper snow (>0.4 m) than at
the other sites. Interface temperatures at the CO were
consistently 5–10�C warmer than the other sites through-
out the winter until air temperatures warmed in April,
illustrating the impact of snow as a thermal insulator.

The time series of ice mass balance and temperature of
the four sites are shown in Figure 4. In early fall, the cold
temperatures gradually propagate down toward the ice
bottom. The cold front reaches the bottom faster in thin
ice than in thicker ice. For example, ice growth had already
began at installation for the 0.30 m thick ice at the L3 site
and started a few days after installation at the 0.43 m
thick ice at the CO. In contrast, at the 1.20 m thick L1
site, there was still melting at the ice bottom just after
installation and growth did not start until mid-December.
Bottom growth at L1 was delayed by large voids of brine in

the ice. The impact of the delay on ice growth and slower
growth rates are evident comparing ice growth for L1 and
L3 from installation to February 1, 2020. L3 had 1.00 m of
growth from 0.30 m to 1.30 m compared to only 0.26 m
of growth from 1.20 m to 1.46 m at L1. The thinner ice
almost “caught up” to the ice that initially was 0.9 m
thicker.

On January 14, 2020, there was a rapid increase in ice
thickness at L2 from 1.33 m to 1.46 m (Figure 4c). This
increase was not due to thermodynamic growth, but
rather to the accumulation of platelet ice. The platelet ice
was assimilated into basal ice growth at L2 by February 10,
2020. Katlein et al. (2020) reported extensive platelet ice
formation at the MOSAiC CO (Nicolaus et al., 2022) from
January 2020 until the end of March 2020. Results from
L2 show that platelet ice extended tens of kilometers
beyond the CO. Mass balance buoy data also indicate that
while platelet ice was widespread, there was also small
scale variability in platelet ice accumulation. At the L3
floe, our mass balance buoy found no platelet ice at our
site, while there was platelet ice at a buoy reported in Lei
et al. (2022).

The propagation of air temperature into the ice is evi-
dent in the color contours of Figure 4. The dark blue
(cold) temperature contours are intermittent and only
propagate 0.2 m to 0.3 m into the ice. Occasionally tem-
peratures propagated deeper into the ice during an air
temperature change of longer duration, such as the warm

Figure 1. The seasonal ice mass balance (SIMB) buoy. (a) Schematic of the SIMB buoy and (b) photograph of the
SIMB buoy installed at L1 site. Photograph courtesy of Anne Gold.
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period from November 10 to November 17 when air tem-
peratures increased from �32�C to �5�C (red/yellow
increase). Temperature changes lower in the ice are due
to seasonal trends in air temperature, rather than synoptic
events. Deeper snow further insulates the ice from
changes in air temperature. Due to snow accumulation
in February at the CO site, ice temperatures never dropped
below �16�C after February, even as the coldest ice tem-
peratures of the year occurred at the other sites.

3.2. Ridge consolidation at the CO

The ice thickness and temperature evolution of the CO
SIMB was different from the other sites. In December and
January, there was a considerable amount of ridging

around the CO buoy. The CO buoy was embedded in, but
not destroyed by, a ridge in early December. An ice block
likely obscured the under-ice acoustic sensor ending
direct measurements of ice thickness. At the same time,
the ice temperature contours became much steeper than
the other sites, complicating estimation of ice thickness
from temperature profiles. The cooling was much faster
than the other sites, and much faster than can be
explained by conduction through the ice and snow. This
difference is possibly due to some ice blocks collecting
around the temperature chain when the sea ice was
deformed. These cold ice blocks would freeze the seawa-
ter next to the buoy, thus accelerating the decrease in
temperature.

Figure 2. Drift track of MOSAiC. The drift track of the MOSAiC and the ice extent in September 2019, March 2020,
and September 2020. The Central Observatory (CO) included an initial floe (CO1) until Leg 4 when a second CO (CO2)
was established. L1, L2, and L3 denote three remote sites deployed during MOSAiC. This figure is a modified version of
figure 1 in Nicolaus et al. (2022). The insert shows the layout of the four seasonal ice mass balance buoys (the CO buoy
and L1, L2, and L3) on October 21, 2019.
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The temperature chain, which is fastened to the hull of
the SIMB, remained vertical as shown in Figure 5, an
important point when analyzing the temperature results.
The temperature chain is fragile; if it had detached from
the hull it would have failed. If it remained attached to the
hull and the hull broke, the entire buoy would have failed.
The continued operation of the buoy indicates that the
temperature chain was not disturbed by the nearby
ridging.

Figure 6 allows a closer look at CO ice temperatures
from December through January by showing the time
series from sensors spaced at 0.1 m intervals from 1 m
to 2.7 m below the surface of the ice. A group of temper-
ature sensors all drop below �2�C between January 2 and
January 5, 2020 (Figure 6a), showing an increase in freez-
ing front depth from 1.6 m to 2.5 m in only 3 days. The
freezing front is denoted by the temperature dropping
below �2�C. There is a steady progression of the freezing
front for the second half of December (Figure 6c). How-
ever, the average growth rate is 3.8 cm day�1, much faster
than thermodynamic ice growth. The ice growth observed
at L1, L2, and L3 is also plotted in Figure 4 contour plots
and in Figure 6b, demonstrating that the passage of the
freezing front at the CO site was not due to bottom ice
growth.

Vertical temperature profiles at selected times are plot-
ted in Figure 6b. The December 2, 2019, profile is a typical

undeformed ice temperature profile: constant tempera-
ture in the air, nearly linear gradients in the snow and ice,
a larger gradient in the snow than ice, and water tempera-
tures at the freezing point below the ice. The profile on
January 13, 2020, is much different. The freezing front is
at a depth of 2.64 m compared to 0.74 m on December 2,
2019. This increase of 1.90 m is far too large for normal
thermodynamic growth. The bottom portion of the profile
is also unusual in being below the freezing point and
nearly vertical, suggesting that the buoy is in ice. The rapid
increase of the freezing front suggests a process other
than vertical conduction through the ice causing the
cooling.

3.3. Summer melt

The L2 buoy had the longest lifetime, lasting from October
to July, and was the only SIMB to survive into the summer
melt season. L2 results are first used to determine surface
and bottom melt and then the amount of meltwater pro-
duced. Surface and bottom melt were determined from
the above ice and below ice acoustic sensors. The top
panel in Figure 7 shows the 3-day running average of
surface and bottom melt rates at L2 from the onset of
melt in early June to July 12. Melt rates were averaged
to smooth uncertainties in the acoustic sounder measure-
ments. Snow melt rates are reported as ice equivalents,
scaled by 330 kg m�3/900 kg m�3. Surface melt started on

Table 1. Summary of results on snow depth, ice thickness, and melt from the four seasonal ice mass balance
buoys

Parameter

Seasonal Ice Mass Balance Buoy

L1 L2 L3 CO

Ice type Second year Second year First year Second year

Start (in 2019) Oct 5, 07:00 Oct 7, 00:24 Oct 10, 08:01 Oct 21, 08:01

Latitude 85.01 85.00 85.13 85.10

Longitude 132.75 134.96 135.43 132.64

End (in 2020) Mar 15, 23:03 Jul 30, 2:39 Feb 3, 12:07 May 14, 6:01

Latitude 86.84 79.60 87.59 83.39

Longitude 15.01 �1.66 91.26 9.88

Maximum snow depth (m) 0.24 0.24 0.14 0.54

Start of ice growth (in 2019) Dec 17 Nov 10 Oct 10a Oct 28

Initial ice thickness (m) 1.20 0.80 0.30 0.43

Maximum ice thickness (m) 1.78 1.90 1.32 —b

Total surface melt, snow þ ice (m) — 0.39 — —

Total surface melt, ice (m) — 0.31 — —

Total bottom melt (m) — 0.30 — —

Total ice growth (m) 0.58 1.10 1.02 —

Start, surface snow melt — Jun 8, 2020 — —

Start, surface ice melt — Jun 29, 2020 — —

Start, bottom melt — Jun 11, 2020 — —

aBottom growth was occurring at L3 at installation.
bNot available.
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June 8 and bottom melt began on June 11. On June 29,
surface melt transitioned from snow to ice. In total there
was 0.20 m of snow melt, equivalent to 0.07 m of ice melt,
0.32 m of surface ice melt, and 0.27 m of bottom ice melt.

Figure 7b shows the daily ice equivalent meltwater
input from both snow and ice melt. From June 8 to June

22, meltwater produced by bottom melt was greater than
surface melt due primarily to surface melt being snow.
Surface melt was then larger for the remainder of the
observation period. The bottom panel shows the cumula-
tive meltwater input. By July 12, there was a total of 0.25
m of meltwater produced by bottom melt and 0.35 m

Figure 3. Time series of air and snow–ice interface temperatures. Time series of (a) air temperature and (b) snow–
ice interface temperature for the four, color-coded seasonal ice mass balance buoys (L1, L2, L3, and CO).
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from surface melt. This meltwater contributed to the for-
mation of meltwater layers in the upper ocean directly
under the ice and to false bottoms (Smith et al., 2022).

3.4. Ocean heat flux

The ocean heat flux can be determined from measure-
ments of the vertical eddy flux of sensible heat
(McPhee, 1992; Maykut and McPhee, 1995; Krishfield
and Perovich, 2005). This effort entails measuring time
series of vertical profiles of ocean temperature, salinity,
and current, as well as determining the ice bottom
roughness. Temporally averaged values of Fw can also
be determined from relatively simple measurements of
ice temperature and mass balance (McPhee and Unter-
steiner, 1982; Wettlaufer, 1991; Perovich and Elder,
2002).

As first presented by McPhee and Untersteiner (1982),
ice temperature profiles and ablation or growth at the ice
bottom can be used to calculate the ocean heat flux by

treating it as a residual of the conductive (Qf), specific (Qs),
and latent (QL) heats of the ice.

Fw ¼ 1
Dt

� �
ðQ f þ Qs þ QLÞ: ð1Þ

Cooling, freezing, and upward heat flow are negative,
and warming, melting, and downward heat flux are posi-
tive. The details of this approach are presented in McPhee
and Untersteiner (1982). For these calculations, we
assumed that the thermal conductivity of ice was 2 W
m�1 �C�1 and that the salinity in the lower portion of the
ice was 3.

The primary uncertainty in this approach is determin-
ing the amount of ice growth or melt at the bottom. The
acoustic sensors have an uncertainty of ±0.5 cm. This
indirect approach works best when averaging over long
time intervals. Uncertainties in ocean heat flux resulting
from uncertainties in changes at the ice bottom are about
20 W m�2 for daily estimates, 3 W m�2 for weekly

Figure 4. Mass balance plots for the four seasonal ice mass balance buoys. Data are derived from the seasonal ice
mass balance buoys: (a) CO, (b) L1, (c) L2, and (d) L3. Color contours represent temperatures in the ice. The gray-shaded
area is snow. The purple area is the ocean. The hatched area indicates missing data. The arrow in (a) shows when the
under-ice acoustic sensor failed. Ice bottom positions after this point were determined from temperature profiles. The
arrow in (c) highlights the deposition of platelet ice.
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estimates, 1.5 W m�2 for biweekly estimates, and 0.6 W
m�2 for monthly estimates. Because of these uncertain-
ties, ocean heat fluxes calculated over periods of days to
a week tend to be noisy.

Results from the L2 buoy (Figure 4c) were used to
calculate estimates of the ocean heat flux (Fw). Issues with
the other three buoys precluded their use in this analysis.
The CO buoy was embedded in a ridge, the L1 had large
void spaces filled with brine, and L3 failed in January. The
platelet ice that accumulated at L2 complicated the anal-
ysis. For example, considering platelet ice to be ice growth,
the ocean heat flux calculated from January 10 to January
24, 2020, is �16 W m�2. This calculation is incorrect,
however, as platelet ice is not a solid slab of ice, but rather
a loose, aggregated collection of ice plates. We tempered
the impact of platelet ice by applying a linear fit to the
bottom position from January 13, 2020, before the start of
platelet formation, to February 10, 2020, after the end of
a distinct platelet layer.

Biweekly averages of ocean heat flux at L2 are pre-
sented in Figure 8 along with an 8th order polynomial
fit to the data (R2 ¼ 0.97). The ocean heat flux in early
November was 11 Wm�2. This flux is likely due to residual
solar heat that was deposited in the ocean in the previous
summer. From mid-November to January the ocean heat
flux was ranged from 0 to 3 W m�2. Even adjusting for

platelet ice, as described above, the mid-January value is
�3.5 W m�2. This negative value is a direct consequence
of the deposited platelet ice that is incorporated into the
growing ice. Platelet ice was also observed at the MOSAiC
CO during this period (Katlein et al., 2020) and at some
locations at the L3 remote floe (Lei et al., 2022). The ocean
heat flux remained small in March and April and began to
increase in May. There was a sharp increase in mid-June to
29 W m�2. Fw reached a maximum of 75 W m�2 during
the period June 26 to July 10. This increase was due to
more solar heating of the upper ocean and the floe mov-
ing south toward the marginal ice zone and warmer water.
The ocean heat fluxes observed at L2 are comparable to
those reported for MOSAiC in Lei et al. (2022) and those
reported for other times and regions (Krishfield and Per-
ovich, 2005).

3.5. Snow effective thermal conductivity

Estimates of the bulk effective thermal conductivity of
snow ðk�s Þ were calculated using a technique presented
in Sturm et al. (2002) assuming continuity of heat flux
at the snow ice interface. Assuming heat flux continuity is
simply stating that the heat flux out of the ice is equal to
the heat flux into the snow.

ki ¼ dTi

dzi
¼ k�s ¼

dTs

dzs
ð2Þ

Figure 5. Photograph of the Central Observatory seasonal ice mass balance buoy. The red arrow points to the
seasonal ice mass balance buoy (circled). Ridges can be seen near the buoy. The photograph was taken on May 4, 2020,
by Martin Radenz.
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Figure 6. Temperature profiles from the four seasonal ice mass balance buoys. (a) Time series of ice temperatures
at selected depths from the Central Observatory (CO) seasonal ice mass balance (SIMB) buoy. (b) Weekly vertical
temperature profiles from the CO SIMB, where zero indicates the ice–snow interface. (c) Freezing front depth as
a function of time for the four SIMBs (CO, L1, L2, and L3). The L1, L2, and L3 curves in panel (c) were determined from
the under-ice sounder. The CO curve was derived from temperature profiles.
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Figure 7. Time series of melt rate and meltwater input from sea ice balance buoy L2. Time series of (a) daily
surface and bottom ice melt rate, (b) daily meltwater input, and (c) cumulative meltwater input. The dashed vertical
line indicates when surface melting transitioned from snow to ice.
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Solving Equation 2 for k�s . gives

k�s ¼
ki

dTi
dzi

h i
dTs
dzs

h i ; ð3Þ

where the subscripts i and s denote snow and ice, T is the
temperature, z is the depth, and ki is the thermal conduc-
tivity of ice, again assumed to be 2 W m�1 C�1.

Temperature gradients in the snow and ice were deter-
mined from measured temperature profiles. A linear fit
was applied to the six snow temperatures from 2 cm to 12
cm above the snow–ice interface to determine dTs/dzs.
Similarly, temperatures from 2 cm to 12 cm below the
snow–ice interface were used to determine dTi/dzi. We did
not use the temperature sensor that was nominally at the
interface due to small uncertainties in its exact position.
This approach is predicated on three assumptions: (i) con-
tinuity of heat flux at the snow–ice interface, (ii) linearity
of the temperature profiles in the snow and ice, and (iii)
no snow–ice or superimposed ice formation.

Equation 3 was evaluated every 4 hours from Decem-
ber through mid-March for data from the L1 and L2 buoys.
This period was selected to avoid complications from the
freeze-in period (October–November) and from solar radi-
ation (mid-March to end of experiment). The time series

for k�s and a 3-day running mean of k�s for L1 and L2 from
December 1, 2019 to March 15, 2020 are plotted in Fig-
ure 9. Large and rapid changes in k�s are evident. There
can be variations in k�s due to physical drivers such as wind
pumping and the evolution of the snow cover (Sturm
et al., 2002). However, most of the variability in Figure 9
is likely due to the limitation of this approach. When air
temperatures are changing rapidly, the temperature pro-
files in the snow and ice deviate from steady state and
from linearity, causing errors in the estimate of k�s .

For the L1 buoy, the average k�s of all measurements
was 0.42 W m�1 �C�1, the median was 0.40 W m�1 �C�1,
and the standard deviation was 0.25Wm�1 �C�1 (Table 2).
For the L2 buoy, the average k�s was 0.47 W m�1 �C�1, the
median was 0.44 W m�1 �C�1, and the standard deviation
was 0.29 W m�1 �C�1. The large standard deviations illus-
trate the limitations of using this approach when tempera-
tures in the air, snow, and ice are changing rapidly and the
temperature profiles are not linear.

Estimates of k�s can be improved by focusing on times
when the temperature profiles were linear. For each k�s ,
coefficients of determination (R2) were calculated for the
linear fits of the snow and ice temperature profiles. The
triangles in the Figure 9 represent times when R2 was
greater than 0.99 for both the snow and ice temperature

Figure 8. Values of ocean heat flux determined from sea ice balance buoy L2. The ocean heat was calculated over
a 2-week interval. The points denote the middle of the interval and the horizontal bars show the 2-week time period.
Vertical bars indicate an uncertainty of ±1.5 W m�2 in ocean heat flux.
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profiles. Table 2 summarizes the results using all the data
and using only data when R2 was greater than 0.99 for
both the snow and ice profiles.

Considering k�s only when R2 > 0.99 for both the snow
and the ice profiles reduced the number of cases from 612
to 90 for L1 and from 612 to 233 for L2. For L1, the mean
k�s was 0.41 W m�1 �C�1, the median 0.40, and the

standard deviation 0.07. For L2, the mean was 0.42 W
m�1 �C�1, the median 0.42, and the standard deviation
0.06. The standard deviation of k�s for both L1 and L2 is
greatly reduced by applying the R2 > 0.99 criteria. There
was very little change in the mean and median for L1,
while the L2 mean and median were reduced to 0.42.

There can be considerable variability in estimates of the
effective thermal conductivity of snow. For example,
Sturm et al. (2002), using the same approach as in this
study, reported an average value for k�s of 0.33 Wm�1 �C�1

for measurements made during the SHEBA experiment in
the Beaufort Sea in 1997 to 1998. The SHEBA value is
smaller than k�s measured at either L1 or L2. Sturm
et al. (2002) also reported a large range in k�s between
sites, possibly due to the non-vertical transfer of heat.
More research is needed to understand the full range of
possible k�s values and to explain how snow physical prop-
erties, spatial variability in snow depth, and atmospheric
forcing contribute to the observed variability in k�s .

4. Discussion
4.1. Mass balance comparison

Here we compare MOSAiC mass balance results to
earlier observations made as part of the North Pole

Figure 9. Time series of effective thermal conductivity of snow from two seasonal ice mass balance buoys. The
time series of effective thermal conductivity, k�s , and a 3-day running mean of k�s obtained from seasonal ice mass
balance buoys L1 and L2. The symbols denote times when R2 > 0.99 for the linear fits in both the snow and in the ice.

Table 2. Statistical values for effective thermal con-
ductivity of snow (k�s ) from seasonal ice mass balance
buoys L1 and L2, considering all cases and only cases
when R2 is greater than 0.99 for both snow and ice
temperature profiles

Statistic

All Cases Cases of R2 > 0.99

L1 L2 L1 L2

Mean 0.42 0.47 0.41 0.42

Median 0.40 0.44 0.40 0.42

Standard
deviation

0.25 0.29 0.075 0.058

N value 612 625 90 233
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Environmental Observatory (NPEO; Morison et al., 2002).
Nine ice mass balance buoys were deployed in the Trans-
polar Drift near the North Pole during the period from
2000 to 2013 (Perovich et al., 2014). The results from the
NPEO study are not a perfect comparison to MOSAiC as
they were deployed near the North Pole in April, while
MOSAiC was at 85�N in April. However, we can compare
basic conditions between the NPEO buoys and the L2
SIMB.

The maximum snow depth at L2 was 0.24 m. NPEO
maximum snow depths ranged from 0.04 m to 0.38 m,
with a mean of 0.25 m. The maximum ice thickness at L2
was 1.90 m. NPEO ice thicknesses ranged from 1.77 m to
2.80 m, with an average of 2.27 m. The maximum snow
depth at L2 is in the middle of the NPEO results. The L2
maximum thickness is within the range of the NPEO
values, but in the lower third of the range.

Snow melt at L2 started on June 8, when L2 was at
83�N. The start of snow melt at the NPEO sites ranged
from June 1 to June 15, with all buoy positions north of
87�N. The date of snow melt onset at L2 was in the middle
of the NPEO range even though it was 450 km further
south. Total amounts of melting cannot be compared
because the MOSAiC floe was abandoned at the end of
July. Past results indicate that surface melting usually ends
in mid-August and bottom melt can last until the end of
September. The total surface melt at L2 was 0.39 m, falling
within the NPEO range of 0.13 m to 0.56 m. With addi-
tional weeks of surface melt, L2 would likely be at the
high end of the NPEO range. The L2 bottom melt of
0.30 m is on the high end of the NPEO range of 0.15 m
to 0.57 m. This position in the range is not surprising as at
the end of July, L2 was more than 600 km further south
than the NPEO buoys and in the marginal ice zone.

The details of the L2 melt amounts are moot, as the
floe exited Fram Strait and all the ice melted after the floe
was abandoned. The floe would likely have survived sum-
mer melt had it been further from the ice edge. The largest
difference between L2 and the NPEO results is the floe
velocity. The average daily drift from May through July was
11.3 km for L2 compared to an average of 4.1 km for the
NPEO buoys. The rapid drift of the MOSAiC floe was
responsible for the loss of the floe (Krumpen et al., 2021).

4.2. Onset of ice growth

Analyzing results from MOSAiC, Lei et al. (2022) defined
four phases of ice mass balance: freezing onset, rapid ice
growth, slowly growing, and melting. The timing of these
phases strongly influences the thermodynamic evolution
of the sea ice cover. Satellite remote sensing has been used
to map the spatial and temporal variability of the onset
dates of surface melt onset and freezeup (Markus et al.,
2009). While satellites observe conditions on the surface,
they do not see what is happening on the bottom of
the ice.

Planck et al. (2020) used results from autonomous ice
mass balance buoys to determine dates for beginning of
snow melt, surface ice melt, and bottom ice melt and for
ending surface melt and bottom melt for eight sites in the
Beaufort Sea for 8 different years. They found variations

ranging from 13 days (beginning of bottom melt) to 47
days (beginning of surface ice melt). This variability is not
surprising given that the results were from different years
at different locations within the Beaufort Sea.

MOSAiC provided an opportunity to examine the local
variability in onset dates for 1 year. The atmospheric and
oceanic forcings were generally the same at all the
MOSAiC locations. Here we examine the first phase of the
Lei et al. (2022) sequence, the onset of basal growth.
Figure 10 shows the onset date of basal growth versus
the initial ice thickness for three second-year MOSAiC sites
(CO, L1, L2) and four multiyear sites from SHEBA (Perovich
and Elder, 2001). There was an additional SHEBA site that
was an 8-m-thick ridge where basal freezing never started.
As expected, both MOSAiC and SHEBA have a general
trend of thicker ice leading to later basal freezing.

There are two data points (see arrows in Figure 10) of
particular interest. One from SHEBA was 0.9-m-thick ice
where basal growth did not start until December 20, 1997,
several weeks later than ice that was twice as thick. This
site was ponded ice. Basal growth could not begin until
the pond had frozen. Slowing basal growth further was
deep snow that drifted onto the freezing pond (Perovich
et al., 2003). The other point was the MOSAiC L1 site. This
delay in the onset of basal growth was due to the large
voids in the ice filled with brine. Propagating the cold
front through the ice was not just cooling the ice, but
freezing the large amount of brine. Large voids of brine
can be found in sea ice at the end of summer (Barber et al.,
2009). This analysis demonstrates that the timing of basal

Figure 10. Onset of basal ice growth versus ice
thickness. The onset date of basal ice growth versus
the end-of-summer initial ice thickness for three
MOSAiC second-year ice sites and four SHEBA
multiyear ice sites. The arrows denote two special
cases of delayed basal growth. For the SHEBA site,
a melt pond had to freeze first; for the L1 MOSAiC
site, large void spaces in the ice were filled with brine.
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growth onset depends not only on ice thickness but also
on ponding and the internal state of the ice.

4.3. Conductive heat flux

The variability of snow depth and ice thickness strongly
influences heat conduction to the surface. A complex field
of spatially varying snow depths and ice thicknesses is
often treated using an average snow depth and an average
ice thickness. This approach is inaccurate because the con-
ductive flux varies as dT/dz. Difficulty in determining the
heat conduction through an area is compounded by the
uncertainty in the value of k�s .

Here we calculate the conductive heat flux to the sur-
face for a sample case using observations of snow depth
and ice thickness from a transect made on March 5, 2020,
during MOSAiC (Itkin et al., 2023). The approach is based
on six assumptions: (1) the heat flow is one dimensional in
the vertical; (2) the temperature at the bottom of the ice is
equal to the water temperature (Tw); (3) the temperature
at the surface of the snow is equal to the air temperature
(Ta); (4) temperature profiles in the snow and ice are lin-
ear; (5) the thermal conductivities are constant with
depth; and (6) the conductive heat flux is continuous at
the snow–ice interface.

We used air and water temperatures from the L2 SIMB.
The spatial distribution of snow depth (hs) and ice thick-
ness (Hi) were obtained from survey transects (Nicolaus
et al., 2022; Itkin et al., 2023). The linearity of the tem-
perature profiles was assessed from SIMB results. Taking
a one-time snapshot and assuming 1-D heat flow are
major simplifications, and they both will accentuate the
impact of spatial variability. This analysis thus represents
a maximum impact of spatial variability.

Given the assumptions above, the conductive flux
through the snow is

Fs ¼ k�s
dT
dz
¼ ks
ðTa � TsiÞ

hs
ð4Þ

We do not know the value of Tsi along the transect line.
Assumption 5 is Fs ¼ Fi, giving

k�s
ðTa � TsiÞ

hs
¼ ki
ðTsi � TwÞ

Hi
ð5Þ

Solving Equation (5) for Tsi and substituting into Equa-
tion (4) gives the conductive flux through the snow (Fc)

Fc ¼ gðTw � TaÞ ð6Þ

where, following the formulation of Maykut (1978),

g ¼ kik�s
ðk�s Hi þ kihsÞ

: ð7Þ

Equations (6) and (7) were evaluated to determine
the conductive heat flux through the snow at each point
along the transect. These individual values were averaged
to calculate the average for the entire transect (Fc ). For
comparison, an average conductive heat flux was also cal-
culated using the average snow depth and ice thickness
from the transect (F ave

c ).
Fc was calculated using transect results from March 5,

2020. This date was selected because: (i) darkness still

prevailed in early March; (ii) air temperatures were cold;
and (iii) air temperatures were stable. The following values
were used to compute Fc: Ta ¼ �40�C, Tw ¼ �1.8�C, k�s ¼
0.4 W m�1 �C�1, and ki ¼ 2.0 W m�1 �C�1.

Pairs of snow depth and ice thickness for South Loop
(Itkin et al., 2023) are plotted in Figure 11a. There is
a wide range of ice thicknesses and snow depths. Much
of the ice was about 1.5 m thick, with a few pressure
ridges. The mean and median ice thicknesses were 1.69
m and 1.45 m. The mean and median snow depths were
0.25 m and 0.21 m. Conductive fluxes ranged from 9.9 W
m�2 to 45.4 W m�2, with an average of the individual
fluxes (Fc ) (black line in Figure 11a) equal to 28.9 W
m�2. The conductive flux using the average snow depth
and ice thickness (F ave

c ) was 26.1 Wm�2, 2.8 Wm�2 (9.7%)
smaller than the average of all the heat conduction values
(Fc ). Calculating the average heat flux by averaging the
flux at all the points (Fc ) always results in a larger value
than calculating the average flux by using the average
snow depth and ice thickness (F ave

c ).
The results in Figure 11 use k�s ¼ 0.4 and ki ¼ 2.0 W

m�1 �C�1. Figure 12 explores the impact of changing k�s
on the values of Fc and F ave

c . In all cases as k�s increases, the
conductive heat flux increases. However, the increase in
conductive heat flux is tempered. For example, doubling
k�s from 0.25 to 0.50 increases Fc by only 32%. Using the
Sturm et al. (2002) k�s of 0.33 W m�1 �C�1 results in an
Fc ¼ 26.7 Wm�2, only 2.2 Wm�2 (8%) less than the value
computed using k�s ¼ 0.4. For the March 5, 2020, case, the
8% reduction in calculated heat conduction using k�s ¼
0.33 is comparable to the reduction of 10% using mean
snow depths and ice thicknesses.

5. Conclusions
As part of a larger ice mass balance observation network,
four autonomous mass balance buoys were deployed dur-
ing MOSAiC, three at remote sites and one at the CO.
Three buoys were deployed in second-year ice and one
in first-year ice. Air temperatures were similar to within
a few degrees at all four sites. In contrast, snow–ice inter-
face temperatures varied by up to 10�C due to one site
having a much deeper snow cover. Initial ice thicknesses at
the four sites in October ranged from 0.3 m to 1.4 m. The
onset of basal ice growth for the second-year ice ranged
from October 28 to December 17. The timing of basal
growth onset depended not only on ice thickness but also
on the internal state of the ice. By February 1, 2020, the
range of ice thicknesses had decreased to 1.31–1.46 m.
The thin first-year ice had almost caught up to the thicker
second-year ice. By July 12, surface melt produced more
meltwater than bottom melt (0.35 m versus 0.25 m).

Estimates of ocean heat flux ranged from 0 to 3 Wm�2

for most of the winter. The exception was in January when
an ephemeral period of platelet ice formation resulted in
an ocean heat flux of �5 W m�2. This negative value was
due to the supercooling of the seawater under the ice, and
the accumulation of platelet ice at the ice bottom aug-
menting ice growth. In June, the combination of increased
solar heating of the upper ocean and proximity of the floe
to the warmer waters of the marginal ice zone resulted in
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Figure 11. Heat conduction through the snow on a transect in March 2023. (a) Snow depth and ice thickness
along the South Loop transect (Itkin et al., 2023) measured on March 5, 2023, and (b) the point-by-point heat
conduction through the snow. Measurements were made at 944 points along a 1500-m-long line. The solid black
line is the average of all the heat fluxes (Fc ), and the dashed line is the heat conduction using the average snow depth
and ice thickness (Favec ).
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a rapid increase in ocean heat flux reaching a maximum of
75 W m�2. These values were comparable to other
MOSAiC observations (Lei et al., 2022).

Estimates of average effective snow thermal conductiv-
ity derived from all snow and ice temperature data from
December 1, 2019, to March 15, 2020, were 0.42 W m�1
�C�1 at L1 and 0.47 W m�1 �C�1 at L2. By focusing on
periods with linear temperature gradients in the snow and
ice, values were refined to 0.41 Wm�1 �C�1 at L1 and 0.42
Wm�1 �C�1 at L2. These values are larger than the 0.33 W
m�1 �C�1 reported in Sturm et al. (2002) determined
using the same technique. The drivers of the differences
in k�s within MOSAiC and between MOSAiC and SHEBA
still need to be determined. Using average values of snow
depth and ice thickness to calculate the areally averaged
conductive flux results in values less than those resulting
from calculating fluxes at individual points and then
averaging.

In many ways ice conditions at the L2 site were similar
to those observed during the 9 years of the North Pole
Environmental Observatory. The maximum snow depth
and ice thickness were within the NPEO range, as was the
onset date of surface melt. There were two major differ-
ences: the presence of platelet ice in the winter (Katlein
et al., 2020) and the rapid motion of MOSAiC (Krumpen
et al., 2021). The platelet ice formation was an interesting,
ephemeral event that, combined with observations at the
CO (Katlein et al., 2020), demonstrated that the platelet
ice was widespread. The rapid ice motion was responsible
for the demise of the MOSAiC floe. At the end of July, the
ice thickness at L2 was 1.3 m, which normally would have
been sufficient to survive the summer. However, because
of its rapid transit, it was exiting the marginal ice zone of
Fram Strait into warm waters. More research is needed to

determine if the drift of MOSAiC in 2019–2020 was an
anomaly or a harbinger.

The next step is to integrate these results with other
MOSAiC observations. Mass balance results could be com-
bined with the extensive observations of the surface heat
budget to investigate the relative magnitude of the con-
ductive flux and determine if the heat budget can be
closed. Synthesis of the ocean heat flux estimates and
physical oceanographic measurements will facilitate stud-
ies of ice–ocean interactions. Finally, the larger scale
implications of these findings, such as delayed basal ice
growth and the variability in k�s , should be explored in
single column models.
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