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Quantifying false bottoms and under-ice meltwater
layers beneath Arctic summer sea ice
with fine-scale observations

Madison M. Smith1,*, Luisa von Albedyll2, Ian A. Raphael3, Benjamin A. Lange4,
Ilkka Matero2,5, Evgenii Salganik6, Melinda A. Webster7, Mats A. Granskog4,
Allison Fong2, Ruibo Lei8, and Bonnie Light1

During the Arctic melt season, relatively fresh meltwater layers can accumulate under sea ice as a result of
snow and ice melt, far from terrestrial freshwater inputs. Such under-ice meltwater layers, sometimes
referred to as under-ice melt ponds, have been suggested to play a role in the summer sea ice mass balance
both by isolating the sea ice from saltier water below, and by driving formation of ‘false bottoms’ below the
sea ice. Such layers form at the interface of the fresher under-ice layer and the colder, saltier seawater below.
During the Multidisciplinary drifting Observatory for the Study of the Arctic Climate (MOSAiC) expedition in
the Central Arctic, we observed the presence of under-ice meltwater layers and false bottoms throughout
July 2020 at primarily first-year ice locations. Here, we examine the distribution, prevalence, and drivers of
under-ice ponds and the resulting false bottoms during this period. The average thickness of observed false
bottoms and freshwater equivalent of under-ice meltwater layers was 0.08 m, with false bottom ice
comprised of 74–87% FYI melt and 13–26% snow melt. Additionally, we explore these results using a 1D
model to understand the role of dynamic influences on decoupling the ice from the seawater below. The
model comparison suggests that the ice-ocean friction velocity was likely exceptionally low, with
implications for air-ice-ocean momentum transfer. Overall, the prevalence of false bottoms was similar to
or higher than noted during other observational campaigns, indicating that these features may in fact be
common in the Arctic during the melt season. These results have implications for the broader ice-ocean
system, as under-ice meltwater layers and false bottoms provide a source of ice growth during the melt
season, potentially reduce fluxes between the ice and the ocean, isolate sea ice primary producers from
pelagic nutrient sources, and may alter light transmission to the ocean below.
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1. Introduction
During the Arctic summer, rapid melt of snow and sea ice
lead to large local sources of relatively fresh meltwater.

While some of this meltwater accumulates in melt ponds
on the sea ice surface, the majority drains to the ocean
(Eicken et al., 2002; Perovich et al., 2021), either vertically
through the ice or laterally over the ice to open water
leads. The fresher, less dense water remains on top of the
denser, saltier water below. In calm ocean conditions, this
meltwater can be pooled beneath ice floes in under-ice
meltwater layers (Figure 1), sometimes referred to as
under-ice melt ponds (Hanson, 1965). Mixing in the upper
ocean can result in this meltwater being entrained into
the mixed layer, contributing to freshening.

Under-ice meltwater layers have been observed sporad-
ically in the Arctic basin since Fridtjof Nansen’s 1893–
1896 expedition (Nansen, 1902), typically under ice that
is thin or with topographic depressions (Eicken, 1994).
Expeditions since then in multiyear ice have indicated that
these features are typically found in June–July, during the
peak of summer melt (e.g., Eicken, 1994; Perovich et al.,
2003; Lange et al., 2021). One such under-ice meltwater
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layer was sampled extensively during a field campaign in
multiyear ice in the Central Arctic (Eicken, 1994). Observa-
tions of this meltwater layer showed that it contained
water primarily from precipitation (i.e., snowmelt). Ice
core analysis showed that the meltwater layer modified
the properties of the overlying multiyear ice through dif-
fusional desalinization. While direct observations of
under-ice melt ponds are relatively sparse, the frequency
of their observed effect on ice cores (Eicken, 1994; Lange
et al., 2021) suggests that these features may be common.

Freezing at the salinity interface between under-ice
meltwater layers and the underlying seawater can result
in the formation of ‘false bottoms’ (Martin and Kauffman,
1974), contributing to the summer sea ice mass balance.
False bottom formation is a result of double-diffusion
processes at the boundary between freshwater and saltwa-
ter when both are at the freezing point, where the rapid
diffusion of heat from freshwater to saltwater relative to
salt results in a density inversion and high Rayleigh num-
ber convection. Martin and Kauffman (1974) described

this process with laboratory studies, summarized schemat-
ically in Figure 1. Initially, supercooling results in the
growth of platelet sheets down from the ice floe bottom
to the salinity interface. Then, false bottom growth pro-
gresses from platelets laterally across the interface
through diffusive processes. This lateral growth results in
a water-filled void space between the false bottom and the
ice above. Continued false bottom growth and thickening
progresses upwards, towards the main floe. The resulting
false bottom likely buffers the overlying ice against sub-
sequent melt to some extent, but melting can still occur at
the ice bottom from heat conduction through the floe
surface even as false bottoms are forming below. When
the meltwater layer temperature under the ice is higher
than the freezing point, it may also create an upward heat
flux and promote sea ice melting. In fact, warming of
under-ice meltwater layers may sometimes lead to prefer-
ential melt in low-draft areas, in contrast to the conven-
tional wisdom that the thickest ice melts fastest during
summer (e.g., Wadhams, 2000).

Figure 1. Schematic of under-ice meltwater layers and false bottom formation. Wadhams et al. (2006) described
how surface melt ponds often correspond with bottom depressions, such that the bottom topography mirrors the
surface topography. This mirror effect is likely a result of preferential absorption of solar energy in surface melt ponds,
which results in an enhanced local heat flux to melt the bottom of the ice (Taylor and Feltham, 2004). Martin and
Kauffman (1974) described the formation of false bottoms beginning with the pooling of relatively fresh meltwater in
depressions, which initially grows platelet ice. False bottoms (with thickness on order of centimeters) then grow
laterally from the ice (with thickness on order of meters) which serves as an anchor point. False bottoms then thicken
upwards towards the ice bottom. This process is dependent on the relative ice–ocean velocity, urel.
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Previously, there had been a number of anecdotal
observations of false bottom formation in under-ice melt-
water layers (e.g. Untersteiner and Badgley, 1958; Hanson,
1965), with thicknesses in the range of 2–10 cm. A more
systematic evaluation of false bottom formation was pro-
vided by the year-long SHEBA observational campaign in
the western Arctic, where false bottom formation was
observed at about 15% of mass balance stakes in the
summer of 1998 (Perovich et al., 2003). Their presence
was short-lived (less than a week) and tended to be under
thinner, heavily-ponded ice. Despite the relatively low con-
centration of under-ice layers and false bottoms, they are
likely a significant component of the net summer ice mass
balance (Eicken et al., 2002). Comparison of autonomous
buoy observations from two nearby sites in the high Arctic
during the 2013 melt season showed that a transient
under-ice meltwater layer and subsequent false bottom
formation at one location resulted in approximately
0.5-m thicker ice entering the refreeze period (Provost
et al., 2019). False bottoms have also been indicated by
observations in coastal regions with more freshwater con-
tribution from runoff (Wang et al., 2013).

Process modeling can provide insight on the physical
drivers of these small-scale features. Notz et al. (2003)
presented an analytical model describing the formation
and evolution of this layer through diffusional transport.
Using a simplified forcing time series, the model is able to
generally capture observed false bottom evolution during
SHEBA (Perovich et al., 2003). This nonlinear process was
modeled similarly by Alexandrov and Nizovtseva (2008).
Smith (2019) built on these prior models to derive
a model for the initial platelet crystal growth and lateral
growth at the salinity interface. Smith (2019) also devel-
oped a model for formation and evolution in the context
of a sea ice slab, whereas prior work modeled the false
bottom in isolation. In this context, the model suggests
that the local impact on mass balance may be significant,
with an average of 5-cm greater sea ice thickness in the
presence of false bottoms under typical Arctic conditions
over a 50-day period. Although there is evidence suggest-
ing that under-ice meltwater layers and false bottoms
could be widespread in the Arctic (Eicken, 1994), no
attempt has been made to model these features on the
basin-scale as the vertical scale of these features and their
topographic controls are not resolvable in most large-
scale models.

Under-ice meltwater layers and false bottoms can have
substantial impacts on many key processes in the sea ice
system, in addition to the mass balance. The retention of
meltwater in under-ice layers (estimated as 13% of total
meltwater volume by Eicken et al., 2002) can result in
delayed freshwater input to the mixed layer. However, the
presence of the false bottom may result in freshening and
shallowing of the mixed layer locally by blocking brine
expulsion (Smith, 2019). There is likely a reduction in gas
fluxes through the ice, both from the reduction in ice
porosity with growth of the fresher ice layer and from the
strong halocline acting as a barrier in the ocean. As Arctic
sea ice algal communities typically have the highest bio-
mass within the bottom few centimeters of the ice column

(Spindler, 1990; Gradinger, 1999; Lange et al., 2015),
under-ice meltwater layers are likely to impact growth of
these organisms and result in differences in community
structure (Gradinger, 1996). False bottoms also concen-
trate and release suspended material by trapping com-
pounds and organisms into the new ice matrix, which
alter ecological interactions between microbes and their
chemical environment. Gradinger (1996) characterized
such different communities and showed that, while the
bottom of the sea ice was largely inhabited by diatoms,
the under ice meltwater layer was dominated by autotro-
phic flagellates. Additionally, the growth of relatively fresh
ice with extinction coefficients greater than that of seawa-
ter (Perovich and Grenfell, 1981) and the presence of
ocean layers that may increase scattering and absorption
both likely act to decrease the transmitted light to the
ocean below.

The year-long MOSAiC drift expedition (October 2019
to September 2020) in the Central Arctic based from the
R/V Polarstern provided a unique opportunity to observe
the timing and duration of under-ice meltwater layers and
to analyze their occurrence in the context of the formation
and deformation history of the ice (Shupe et al., 2020;
Nicolaus et al., 2022). During this expedition, coordinated
observations of the atmosphere-ice-ocean physical system
were made alongside measurements of the ecosystem and
biogeochemical processes. The presence of under-ice melt-
water layers and false bottom formation was observed
near the beginning of the melt season at a number of
locations around the MOSAiC floe. In this paper, we exam-
ine the prevalence and distribution of these features, and
their association with other factors, including ice thick-
ness, ridges, melt ponds, wind speed, and drift speed.
We then combine observations with 1D modeling to
investigate the factors that drive the formation and per-
sistence of under-ice meltwater layers and false bottoms.
The results provide new insights for estimating the abun-
dance of under-ice meltwater layers and false bottoms,
and interpreting atmospheric, sea ice and near-surface
oceanic and ecological time series measured on the
MOSAiC floe.

2. Methods
Under-ice meltwater layers and false bottoms were
observed during the MOSAiC expedition from June to July
2020 (Leg 4; Shupe et al., 2020; Nicolaus et al., 2022).
Observations were made primarily over the “Central
Observatory” (CO-2; Nicolaus et al., 2022), which was a floe
with a circumference of about 3 km during this time.
During the study period, the position of the floe was
between 82.0�N, 8.3�E and 78.8�N, 2.3�W. The floe was
characterized as a mix of first-year ice (FYI) and second-
year ice (SYI). A part of this SYI was heavily deformed and
was thicker than the ice within a general radius of 50 km
(von Albedyll et al., 2022). A network of observatories and
measurement sites were laid out across the floe, the full
extent of which is described in Nicolaus et al. (2022); here
we focus on describing the datasets used in our analysis
and interpretation.
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2.1. Survey lines

2.1.1. Observations of false bottoms

Following the initial identification of false bottoms at
various sites, five opportunistic survey lines were mea-
sured sequentially with the primary aim of determining
the prevalence and distribution of false bottoms across the
floe (Figure 2). The five survey lines, with a total of 132
holes drilled, were measured over the period of July
14–29 (Table 1). These lines were selected to cross a rep-
resentative range of sea ice types (FYI and SYI) and topo-
graphical variability, while avoiding disruption of other
measurements and experiments. Holes were drilled with
a 2-inch Kovacs sea ice auger. Distance to the sea ice
bottom (void space top), false bottom top (void space
bottom), and bottom of the false bottom were measured
using a graduated rod with a hook on the bottom, allow-
ing us to calculate the thickness of the sea ice, void space,
and false bottom. A schematic of this measurement
approach can be found in the dataset archive (Smith
et al., 2021b). The typical sea ice thickness tape could not
be used, as it did not allow for distinguishing between
main ice floe and false bottom.

Observations where the measured ‘false bottom’ under
the void space was thicker than 0.3 m were assumed to be
a result of rafting rather than false bottom formation (7
locations; 5% of measurements). Ice characteristics at loca-
tions where this cutoff was applied qualitatively agreed
with this interpretation (e.g., thicker ice in deformed areas,
and thicker ice below the void space than would be
expected to grow through false bottom formation). This
rafted ice thickness is included in the total ice thickness.

2.1.2. Observations of under-ice meltwater layers

While we can infer that under-ice meltwater layers are
present at all locations where false bottoms are observed,
additional profiles of temperature and salinity beneath the
ice were completed along transects over 5 days in a total of
36 holes with the aim of quantifying the characteristics of
under-ice meltwater. These observations were completed at
a subset of locations on the survey lines focused on false
bottoms (Figure 2; Table 1). Based on the timing and
location of sampling activities, we do not believe that the
observed meltwater features were the direct result of prior
sampling activities, such as drilling or coring. The observa-
tion of melt pond drainage on the floe scale at times other
than when sampling occurred suggests that the sampling
activities did not dramatically impact the evolution of
meltwater that we hoped to observe.

Measurements were completed with a YSI Professional
Plus probe measuring temperature and conductivity. The
probe was deployed through holes shortly after drilling,
and care was taken during drilling and measuring to min-
imize disturbance to the under-ice water structure (where
some mixing associated with drilling is expected). No
drainage through holes for sampling activities was visible,
suggesting that the surface and under-ice water were
already hydraulically connected. The sensor was held at
each depth for at least three seconds, with continuous
minor up and down motion to encourage flushing
through the sensor. Conductivity was converted to practi-
cal salinity using PSS-78 by the instrument software,
which includes a correction for temperature, and is unit-
less. The conductivity sensor was calibrated onboard using
standard conductivity calibration fluid from YSI. Depth of
the conductivity sensor was recorded manually using
a measuring tape. Data processing included a correction
for the 4-cm offset between temperature and conductivity
sensors on the probe, which was done by calculating a sep-
arate set of depth values for the temperature measure-
ments, and then linearly interpolating temperature data
to the depth values of the salinity profiles.

Compared to traditional profiling, collection of point
measurements to form a profile allowed adaptive sam-
pling based on the features observed. The depth and spac-
ing of profile measurements varied, but typically began at
the sea ice bottom, and continued at a spacing of 3–5 cm
until the salinity had stabilized near mixed layer values
(typically around 2–4 m below the ice surface), which
decreased over the month of July from approximately
33.8 to 32.0. Note that some measurements were
made in the drill hole at depths where ice was present
(e.g., Figure 3), but do not represent the temperature and

Figure 2. Map of survey line locations on the MOSAiC
floe, July 2020. Yellow dashes outline the edge of the
MOSAiC floe. Gold lines indicate survey lines where
drilling was completed to check for false bottom
presence, and dark red markers indicate where false
bottoms were observed. FYI coring site (dark red
triangle) and FYI Ice Mass Balance buoy (IMB)
included in the analysis are labeled. Green stars
indicate locations of GoPro videos. White hash marks
indicate dedicated coring sites for isotope sampling.
Blue color scale shows approximate freeboard
elevation from the airborne laser scanner (ALS) surveys
ranging from 0–1.4 m with lighter shades indicating
higher freeboard values. Black areas indicate water
surfaces where laser measurements cannot be retrieved,
and thus are typically indicative of melt ponds. Inset in
upper right shows the drift track of the MOSAiC CO from
June 18 to August 1, 2020.
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salinity of the ice itself. Full description of data collection
and processing is included in the data archive (Smith et al.,
2021a).

2.1.3. Salinity and stable oxygen isotope sampling

Coring and sampling were completed at six locations
along lines 3 and 4 (white lines in Figure 2) on July 25
for measurement of salinity and stable oxygen isotopic
composition to better understand the meltwater sources

for under-ice meltwater and false bottoms. Cores were
collected using a 9-cm diameter Mark II coring system
(Kovacs Enterprises, US), and ice samples were collected
from the bottom 10 cm of the ice core in 5-cm increments
(0–5 and 5–10 cm above the bottom) and from the false
bottom ice. Samples of the under-ice meltwater layer and
water from directly below the false bottom were collected
using a peristaltic pump. In order to minimize contami-
nation from coring activities, under-ice meltwater samples

Table 1. Summary of survey lines of false bottom and under-ice meltwater layers

Date Line # FBa # FWEb FB % FB Thickness (m) FWE % FWE Thickness (m)

July 14 0 16 5 44 0.08 40 0.13

July 16 0 5 2 20 0.10 40 0.04

July 16 1 3 3 0 0 67 0.07

July 19 2 23 15 43 0.08 27 0.06

July 25 3 34 0 12 0.06 nac Nac

July 25 4 5 0 40 0.11 nac nac

July 27 5 19 1 0 0 0 0

July 29 5 27 10 0 0 0 0

a Number of holes samples for false bottoms (FB).
b Number of holes sampled for freshwater equivalent (FWE).
c Not applicable.

Figure 3. Example calculation of false bottom and FWE thickness. A profile from July 14, Line 0 position 5,
demonstrates the calculation of false bottom (FB) and freshwater equivalent (FWE) layer thicknesses. Profiles of water
temperature (left) and salinity (right) measured through the hole drilled in ice and false bottom, plotted relative to the
depth of the ice bottom, were used to calculate the thickness of the equivalent freshwater in the meltwater layer by
Equation 1 (FWE; shaded navy and denoted by the solid navy line), here 0.15 m. The false bottom, bounded by dashed
black lines, was 0.08 m thick.
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from the meltwater layer in the void space between ice
and false bottom were collected prior to coring through
the false bottom. Surface melt pond water samples were
collected by dipping plastic sample cups (rinsed with
milliQ water) in the melt ponds where cores were col-
lected, prior to ice coring. In total, ice samples were col-
lected from six cores, five of which included false bottoms,
and water samples were collected from four surface melt
ponds, three under-ice meltwater layers, and seawater
beneath false bottoms at four locations.

Ice samples were melted onboard the R/V Polarstern,
and salinities of all water and ice samples were measured
onboard using a calibrated YSI model 30 probe (with
salinity given in PSS-78 scale, unitless). Vials for oxygen
isotope composition were shipped to the Alfred Wegener
Institute (AWI) ISOLAB Facility in Potsdam, Germany,
where they were analyzed for stable water isotopes with
Finnigan MAT Delta-S mass spectrometers using equilibra-
tion techniques. The oxygen isotope composition is given
as per mil difference relative to VSMOW (‰, Vienna Stan-
dard Mean Ocean Water), with an internal 1s error better
than 0.1‰ for d18O (Meyer et al., 2000).

2.1.4. Under-ice videos

Under-ice videos were taken along the survey lines in
a number of locations with a GoPro Hero 8. Larger holes
were drilled with a Kovacs corer (9-cm internal diameter),
and the camera was slowly lowered down through the
hole and into the ocean below on a pole. Videos S1–S4
provided visual footage of false bottoms and the under-ice
meltwater layers (distinguishable as a result of the refrac-
tion of light at the interface between fresher and saltier
water). Additionally, a Blueye ROV was deployed through
large holes at various research sites on the floe and
through leads. Video recordings provide additional visual
confirmation and insight on the characteristics, distribu-
tion, and impact of under-ice features.

2.2. Ancillary observations

The MOSAiC sea ice physics coring program included
weekly collection and processing of a number of full thick-
ness sea ice cores from dedicated level ice areas (Granskog,
2021). This effort included measurements of the sea ice
thickness and freeboard, and profiles of ice temperature
and salinity. False bottoms were observed at the FYI coring
site, but were absent at the second-year ice (SYI) coring
site. Time evolution of the FYI coring site false bottom
thickness (Table S1) are used here to supplement survey
line observations.

In addition, profiles of upper ocean temperature from
an ice mass balance buoy (IMB) installed near the FYI
coring site (2019T66) provide insight into the temporal
evolution of meltwater in under-ice layers (Lei et al.,
2021). A thermistor chain frozen into the ice measured
temperature every 6 hours to approximately 5 m below
the ice surface at a spacing interval of 2 cm. Once a day,
the thermistor chain underwent a heating cycle, and tem-
peratures recorded 30 and 120 seconds after the end of
the heating were used to identify the sea ice bottom qual-
itatively. Temperature below the sea ice was used to

calculate salinity for the period of interest by assuming
all water was at the freezing point temperature. Our YSI
profile observations indicate that this assumption is rea-
sonable, as temperatures were usually within a few tenths
of a degree of freezing (e.g., Figure 3), but may have
underestimated salinity when water was actually above
the freezing temperature. Values shown here are averaged
to daily values (24-hour).

Wind and drift speed were calculated using measure-
ments from the ship-based meteorological observatory,
which provided the most continuous time series during
ship operation (Schmithüsen, 2021). Measurements were
combined from various instruments on the vessel, corrected
for instrument height above sea level, and subjected to
complete quality control. The 1-minute averages provided
in the full data set were averaged here to daily values
(24-hour). Wind speed was measured using a Thies Clima
2D Ultrasonic Anemometer, and drift was based on the GPS
values which provide the instantaneous drift speed of the
ship as it was attached to the MOSAiC floe.

2.3. Calculation of freshwater content

The freshwater content of under-ice layers was calculated
as the 1-dimensional freshwater equivalent (FWE; exam-
ple in Figure 3) that accounts for the salinity profile
observed beneath the ice:

FWE ¼
ðz¼icebot:

zðS¼Sref Þ
ð1� S

Sref
Þdz ð1Þ

where S is the measured salinity profile, Sref is a reference
far field salinity determined using the salinities observed
at the bottom of profiles on each date (typically 31–34),
and the reference salinity depth (zðS ¼ Sref Þ) is the shal-
lowest depth at which this salinity was observed. This
equation gives the equivalent thickness (relative depth)
of water with a practical salinity of 0 necessary to account
for the freshwater between the ice bottom and reference
salinity depth. This relative depth then typically corre-
sponds to a depth of intermediate salinity, between the
endpoints of 0 and Sref . This approach was applied to the
IMB profiles in the same manner as the YSI profiles, with
the exception that the salinity profiles for the IMB mea-
surements were inferred by assuming freezing tempera-
ture, rather than directly measured salinity.

Equation (1) was used to provide quantification of under-
ice meltwater layer thickness that is distinct from the pres-
ence and thickness of false bottoms. We hypothesize that
under-ice meltwater layers correspond to false bottom loca-
tions and that the thickness of this layer plays a role in the
thickness of the void space between the main ice and the
false bottom, aswell as the thickness of the false bottom that
may form. However, there are many scenarios where an
under-ice meltwater layer may be present in absence of
a false bottom or where the thickness of the layer may be
greater or less than the distance to the bottom of the false
bottom itself.Thus,wechose to ignore the salinity of the false
bottom itself in calculating under-ice FWE.

We considered an under-icemeltwater layer to be present
when the equivalent freshwater thickness FWE was greater
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than 0.02 m.We excluded all observations of rafted ice from
the analysis, which can otherwise erroneously affect the
interpretation of the time series of the equivalent freshwater
thickness. Although the trapping of meltwater between
rafted floes may be interesting for different reasons, it is
unlikely to result in the formation of false bottoms.

3. Results and discussion
GoPro videos taken along survey lines 4 and 5 on July 25
and 27, respectively, provided visual confirmation of fresh-
water layers and false bottoms and context for the condi-
tions in which they occurred. Figure 4 shows still images
from these videos (progressing downwards from top to

Figure 4. Screenshots of under-ice features from GoPro profiles. Still images from GoPro videos (a) on July 25,
showing a false bottom under survey Line 4, and (b) on July 27, showing an under-ice meltwater layer and platelet ice
on Line 5. The image sequences show the downwards progression through the ice and water column from top to
bottom with key features annotated, and the first row of images showing the ice surface at each location. Full GoPro
videos are available as Video S1 and Video S4.
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bottom) of a false bottom (a) and an under-ice meltwater
layer (b). The locations of these videos are indicated by the
green stars on the map (Figure 2). Clearly visible is the
transition from the main sea ice floe to the false bottom as
delineated by the void space, but the false bottom is char-
acterized by a very loose structure, with platelets extend-
ing upwards into the void space. The bottom of the false
bottom appears smooth and glassy, similar to that
described in the experiments of Martin and Kauffman
(1974). The halocline at the boundary between under-ice
meltwater and the ocean below can be seen in the videos
as a shimmer when passing through, and as a reflective
surface when viewed from below.

Here we characterize both the spatial and temporal
occurrence of under-ice meltwater layers and false bot-
toms and the factors driving their distribution. We can
identify a number of conditions that are necessary to form
under-ice meltwater layers, which may subsequently result
in growth of false bottoms:

1. An input of fresher water is needed. This input
occurs throughout the summer from snow and
sea ice melt. Meltwater drainage happens both
gradually through the ice, and can also occur in
more rapid drainage events.

2. The under-ice topography needs to be conducive
to accumulation of the meltwater. This accumu-
lation occurs in topographic lows in the ice basal
surface with relatively small draft, and is likely
related to the proximity and spacing of topo-
graphical ridges and their under-ice keels, which
provide a shelter and barrier to trap water
between.

3. Mixing needs to be sufficiently low for the
meltwater to remain stratified as an under-ice
layer, rather than being entrained into the
deeper mixed layer. Specifically, turbulence must
be low enough so that the existing stratification
from freshwater input and upper ocean warming
is not overcome. The turbulence is expected to be
strongly related to the wind and sea ice drift
speed, which drive mixing.

Condition 2 (topography) is primarily a spatial control
on variability such that it remains relatively constant over
the relevant time period, while the first and third condi-
tions can evolve over time. The details of these factors are
discussed alongside the observations in subsections focus-
ing on spatial and temporal distribution.

3.1. Spatial distribution

Histograms of the ice thicknesses at all observation points
and where features were observed show that both false
bottoms and under-ice meltwater layers are most likely to
occur under relatively thin ice, with thicknesses of
0.5–1.7 m (Figure 5). The exclusion of rafted ice areas
from classification as under-ice meltwater layers removed
two points along on Line 1. Most false bottoms occurred
under ice with a thickness of 1.0–1.3 m, and 60% of ice
observed in this thickness range had false bottoms

present. The majority of these false bottoms were
observed along Lines 0 and 2 (Figure 2; Table 1).

Qualitatively, we observed that false bottoms occurred
under ice that was level (Figure 2). However, not all thin,
level ice had under-ice meltwater layers or false bottoms,
and under-ice meltwater layers did not necessarily corre-
spond spatially with surface melt pond extent (Figure 1).
This spatial variability is a result of the additional impact
of topography, where ridges help confine meltwater layers
and provide anchoring points for false bottom layers.
Looking at the topography along Line 2 in more detail
(Figure 6) shows that the surface ridge corresponds to
a subsurface feature around 120 m constraining the
extent of under-ice meltwater layers and false bottoms.
However, to understand why under-ice features are not
observed in areas on both sides of this keel, we must look
at the 3-dimensional topographical differences.

Figure 5. Relative fraction of ice thicknesses where
false bottoms and under-ice meltwater layers were
observed. Normalized histogram of all ice thicknesses
(in gold) along survey lines for (a) false bottoms and (b)
under-ice meltwater layers. Ice thicknesses of
observations that contained false bottoms (in dark
red) and under-ice meltwater (in navy) are overlain as
the relative fraction of all observations. Numbers on top
of the bars indicate the total number of samples in each
bin.While under-ice meltwater layers have been inferred
where false bottoms are observed, the specific
temperature and salinity structure was only observed
at select locations.
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Freeboard maps from airborne laser scanner (ALS) sur-
veys allowed us to explore in more detail the role of
topography in the spatial distribution of these features
(Figure 7); although the sub-surface topography is not
directly indicated by the observed surface topography,
there is a strong correlation between the two (Wadhams,
1981). The most striking difference between the area with-
out false bottoms (approximately 140–200 m in Figure 6)
and where false bottoms were observed (dashed line in
Figure 6) is the absence of ridges encircling it. The blue
lines (Figure 7), which delineate the 0.2-m contour, high-
light the presence of ridges. The area in red (Figure 7) is
proximal to two ridges (suggested by freeboard greater
than 0.2 m), while the other area has only one ridge
bordering it. This result is consistent with prior work sug-
gesting that ice keels can help trap shallow freshwater
layers when they are moving at a speed similar to that
of the ice (Skyllingstad et al., 2003). Based on this analysis,
we conclude that factors controlling the spatial distribu-
tion of false bottoms include relatively level ice with low
freeboard and ridges that enclose low freeboard area on
multiple sides. Here, false bottoms generally occur in
areas with freeboard less than 0.1 m that are enclosed
by ridges with freeboard greater than 0.2 m, but the spe-
cific values are likely to vary across floes.

3.2. Temporal evolution

Figure 8 summarizes the temporal evolution of features
in survey line observations. Because the different survey
lines were visited on different days (Table 1), some spatial
variability is likely captured here, in addition to the tem-
poral variability. Full plots of survey line observations on
each date are provided in Figures S2–S9).

Generally, a reduction in the occurrence of under-ice
meltwater and false bottoms was observed over time
throughout July (Figure 8a). The occurrence of false bot-
toms in some of the early observations is remarkably high,
with 44% maximum occurrence frequency on July 14 and
19. The prevalence of under-ice meltwater and false bot-
toms are comparable, suggesting that false bottoms are
likely to occur when under-ice meltwater layers are
present.

Along survey lines, under-ice meltwater layers, when
present, ranged from 0.04–0.13 m in average FWE thick-
ness under the bottom of the ice (Figure 8c). The thickest
average under-ice layers were observed on the first obser-
vation date (July 14), then gradually thinned such that
none were observed on survey lines by the final date of
observations. False bottoms had an average thickness of
0.06–0.11 m (Figure 8b). Thinning occurred rapidly, such
that there were no false bottoms observed by the end
of July.

False bottoms were observed at the FYI coring site July
6–29 (denoted by the x’s in Figure 8b). The average thick-
ness increased over July 6, 13, and 20 (with 6, 9, and 13
measurements on each date, respectively), and decreased
on July 29 (15 measurements) (Table S1). A number of
locations at the coring site were observed to have multiple
false bottoms on July 20 and 29. These observations have
been excluded from the averages presented here, but pro-
vide evidence that multiple false bottoms can form, likely
from temporal increase in FWE such as associated with

Figure 6. Topography from drill line survey along Line
2 on July 19. False bottom (FB; bounds shown as
dashed black lines) is observed below the main ice
floe (solid black lines) from 10–110 m (see inset), and
the void space between is shown with teal shading. The
navy line shows the location of the under-ice meltwater
layer surface in terms of equivalent freshwater (FWE)
below the ice bottom, where applicable (0–20 m).
Depths shown relative to mean sea level (MSL).

Figure 7. Map of sea ice freeboard from airborne
laser scanner survey on July 22. ALS map (ALS
quicklook, credits: Hendricks, von Albedyll, Birnbaum;
data: Hutter et al., 2021) is zoomed into the area
surrounding survey lines 0, 1, and 2. Red shading
delineates the approximate area where we expect false
bottoms were present based on the observations of false
bottoms on July 16 (lines 0 and 1) and 19 (line 2)
(Figure 2). Black areas indicate water surfaces where
laser measurements are not retrievable, and thus are
typically indicative of melt ponds. Blue lines indicate
the 0.2-m contour.
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pond drainage events. The FYI IMB, which was nearby but
not exactly collocated with the FYI coring site (Figure 2),
shows evidence of an under-ice meltwater layer beginning
on July 10 and increasing in thickness through July 16. It
declines steadily from July 21 to July 29. Note that the
under-ice meltwater thicknesses inferred from the IMB are
substantially larger than those from the survey lines,
which had a maximum thickness of 0.16 m. It is possible
that the IMB was in a thicker under-ice meltwater layer
than other observations, as it was located more towards
the interior of the floe, or that the thickness of the under-
ice meltwater layer could be somewhat overestimated by
the methodology. The formation of false bottoms at IMB
locations is not discernible due to the lack of an associated
temperature signal, and no drilling was undertaken at
these sites. Based on the observation of false bottoms in
close proximity to the IMB, false bottoms were likely pres-
ent at some point.

Time series of daily average wind and drift speed
(Figure 8d) provide insight into the drivers of temporal
evolution. The first observations of under-ice features
occurred just after a drop in the wind and drift speeds,
dampening potential mixing and allowing the meltwater
input to accumulate and form stratified fresher layers and
false bottoms. The drift speed gradually increased over
July 13–25, which likely led to a higher friction velocity
that ultimately eroded false bottoms and under-ice melt-
water layers.

Meltwater from snow and ice melt likely finds its way
into under-ice meltwater layers either by drainage from
the sea ice surface, where meltwater often accumulates in
melt ponds, or directly as from sea ice basal melt. The
average total freshwater input from snow and sea ice melt
over June 25 to July 30 was 77 cm. The daily average
freshwater input over the period of observations pre-
sented here (July 5–29) was typically 1–3 cm/day, with
ice surface melt contributing over 80% (Raphael et al.,
2022). This estimate excludes contributions from lateral
melt, which drains directly into leads. Pond drainage
events and the resultant input of relatively fresh meltwa-
ter likely contributed to the formation and persistence of
under-ice meltwater layers and false bottoms, while
a reduction in pond drainage events may have contributed
to their demise by removing a substantial meltwater
source. Areal pond coverage on three dates in July is dem-
onstrated by snapshots from SkySat Planet scenes (Planet
Labs, Inc; Wright et al., 2021) of the MOSAiC floe (Figure
9). In general, higher pond coverage was observed along
Line 3. Drawing any conclusions about the spatial corre-
spondence of melt ponds and under-ice meltwater layers
from these observations is challenging due to the tempo-
ral mismatch in observations.

While both pond growth and drainage can be observed
over most areas of the floe, the images show that pond
behavior is heterogeneous and the timing and magnitude
of meltwater flux varies substantially around the floe

Figure 8. Time series characterizing observed features and factors relating to their occurrence. Percent
occurrence of (a) false bottoms (dark red) and under-ice meltwater layers (blue), average thickness of (b) false
bottoms (FB) and (c) freshwater equivalent (FWE) of under-ice meltwater layers where observed, and (d) daily
average wind speed (black) and drift speed (grey). The x’s in (b) and (c) correspond to observations from the first-
year ice (FYI) coring site and ice mass balance (IMB) site, respectively. Circles in (a)-(c) indicate observations along
survey lines.
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(Webster et al., 2022). The initial formation of false bot-
toms coincides with observations of surface melt pond
drainage; the first recorded observations of false bottoms
on the MOSAiC floe were at the FYI coring site on July 6,
when there was visible reduction in the extent of large
ponds nearby (light blue outline in Figure 9). Addition-
ally, the initial measurement of false bottom formation at
mass balance stakes in the area adjacent to Lines 0 and 1
occurred directly after a large input of meltwater to the
ocean associated with a significant vertical pond drainage
event July 11–13. There is a substantial reduction in the
pond coverage over the area around Line 4 (purple outline
in Figure 9), which also included the FYI IMB (blue x’s in
Figure 8c), following July 7. This reduction coincides with
the increase in equivalent freshwater thickness of the FYI
IMB site, from July 9 to July 16, likely due to substantial
meltwater input from pond drainage. In fact, observations
from the floe indicated substantial drainage in the area
near the FYI coring site from July 11 to July 13 (Webster et
al., 2022). Conversely, a substantial increase in the pond
coverage over the area surrounding Line 2 coincides with
the reduction in under-ice meltwater observations (Figure
8a), possibly indicating the impact of a reduction in

meltwater input. By this time, drainage had been observed
at most ponds.

3.3. Composition of under-ice meltwater and false

bottoms

Figure 10 shows the salinity and d18O values from sam-
ples collected along the survey line on July 25 (Lange et
al., 2022). (Complete profiles are shown in Figure S10.)
Characteristic endmember values for snow and FYI (grey-
and blue-shaded regions) are derived from samples taken
over July (Lange et al., n.d.). Snow samples from summer
are characterized by d18O ratio of –19.1 ± 9.8‰ (mean ±
1 standard deviation) and salinity of 0, which agrees rather
well with the snow values observed by Tian et al. (2018) in
the Beaufort Sea in late fall. FYI sea ice samples are char-
acterized by d18O ratio of –0.39 ± 0.47‰ with salinities
of 2.4 ± 0.3 (Lange et al., n.d.). We used the most saline
seawater measured beneath the false bottom as the sea-
water endmember, as this value likely represents the water
the meltwater mixes with below the ice. These seawater
values are similar to those found by Tian et al. (2018). Grey
dashed lines provide reference of mixing lines between
these three endmembers.

Figure 9. Melt pond evolution over the period of under-ice meltwater and false bottom evolution. SkySat Planet
satellite images (Planet Labs, Inc) on (a) July 1, (b) July 7, and (c) July 22 show changes in pond coverage. (d) The time
evolution of percent pond coverage is calculated for the areas outlined in the images, which approximately
correspond to the drainage areas of Line 2 (orange), Line 3 (blue), and Line 4 (purple) (Figure 2).
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Melt pond samples have a range of salinity and d18O
values along the mixing line between FYI and snow end-
members, indicating contributions from precipitation
(snow) and sea ice melt. There is little indication of sea-
water intrusion from pond connection with the ocean
below (due either to natural processes or sampling efforts)
in the sampled ponds. Under-ice meltwater layer samples
fall along the mixing line between melt ponds and seawa-
ter (grey dotted line), suggesting 52–81% contribution
from surface melt ponds. With an average salinity of
10.6 and d18O of –3.1‰, we applied the 3-component
model of Östlund and Hut (1984) to determine the rela-
tive fractions of melted FYI, snow, and seawater, using the
endmember values defined above. The results suggest that
the under-ice meltwater layer was approximately 58% FYI
melt, 11% snow, and 31% seawater. For the average FWE
thickness of 0.08 m, these values correspond to 0.04 m of
FYI melt and 0.01 m snow water equivalent.

Results from the bottom of ice cores show the influ-
ence of under-ice meltwater on FYI, in agreement with
earlier results of Eicken (1994) from Arctic multiyear ice.
While ice 5–10 cm above the bottom corresponds to

typical FYI values (in terms of both salinity and d18O), the
more negative d18O values at the bottom 0–5 cm of some
FYI cores indicate that under-ice meltwater, including
a mix of snow and seawater, was incorporated by diffu-
sional transport into the very bottom segment (either
from flushing or directly from the meltwater layer). The
incorporation of under-ice meltwater into the ice explains
the slightly lower d18O observed at the very bottom of
some FYI ice cores.

False bottoms typically form at the interface of under-
ice meltwater layers with seawater. The low salinity of false
bottoms indicates that they likely result primarily from
freezing meltwater. Additionally, the low d18O values of
false bottoms (in general agreement with the values
observed in Eicken (1994) are similar to those in the
under-ice meltwater layers, suggesting a significant con-
tribution from the meltwater rather than from seawater
below. However, the fractionation of oxygen isotopes dur-
ing freezing can enrich the isotope occurrence in ice rel-
ative to the water from which it froze; values around 2‰
are typical for natural sea ice, but can approach zero dur-
ing rapid freezing (e.g., O’Neil, 1968; Lehmann and

Figure 10. Composition analysis from d18O isotope and salinity sampling along survey lines. The ranges of d18O
and salinity for each component are summarized as box and whisker plots in (a) and (b), respectively, and all
individual points are shown in salinity-d18O space in (c). Grey- and blue-shaded areas represent endmember values
for snow and FYI from Lange et al. (n.d.), and grey dashed lines are mixing lines between endmembers.
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Siegenthaler, 1991). Our few seawater samples and FYI
values indicate fractionation of this magnitude during FYI
formation, which was also the case for FYI previously sam-
pled in the Nansen basin (Granskog et al., 2017). The
uncertainty in the fractionation values here make it diffi-
cult to determine with confidence the relative contribu-
tions from meltwater and seawater to false bottom
composition. If we assume sufficiently rapid growth that
the effect of fractionation was negligible, the false bottom
can be estimated to be formed nearly completely from the
meltwater layer, while more typical fractionation values
would suggest seawater contributions greater than 50%.
Taking the average false bottom salinity of 2.1 and d18O of
–2.8‰, we applied the 3-component model (Östlund and
Hut, 1984) to determine the relative fractions of melted
FYI, snow, and seawater of false bottom as approximately:
87% FYI melt, 13% snow, and <1% seawater. Notably,
assuming a typical isotopic fractionation rate of sea ice
(2‰) only increases the relative fraction of seawater by
1%, but nearly doubles the relative contribution from
snow. Additionally, the given average salinity of 2.1 and
near-freezing temperatures suggest a brine volume of
approximately 5% which could be considered semi-
permeable, in contrast to the less permeable layer (with
salinity of approximately 1) measured by Eicken (1994).

These samples were collected relatively late in the sum-
mer, after significant pond drainage and ocean mixing had
begun to increase (Figure 8). Future work should target
the temporal evolution of these characteristics, if possible
using less destructive sampling methods. This approach
would allow better characterization of the relative role
of under-ice melt and melt pond drainage as constituents
in under-ice meltwater layer formation, in order to better
understand the implications for the ice and ocean system.

3.4. Simulation with a 1D model

Notz et al. (2003) presented a model for false bottom
growth and evolution due to diffusional transport of heat
and salt. The model additionally allows for turbulent heat
and salt fluxes based on far field ocean properties. Here,
we applied this model to false bottom evolution observed
at the FYI coring site (the x’s in Figure 8b), where false
bottom growth and dissolution were observed at four
points in time throughout the month of July, to better
understand the evolution of false bottoms and likely forc-
ing conditions.

The model is forced with observed values driving dif-
fusional and turbulent fluxes to the extent possible. Ice
(false bottom) bulk salinity, Si, is defined as 2.1 based on
an average from coring activities. Surface temperature, Ts,
which in the case of the false bottom refers to the tem-
perature of the void space water, is defined as –0.7 �C
based on YSI measurements on July 25. Far field temper-
ature and salinity (Tinf and Sinf ) are obtained from the
deepest measurements in under-ice profiles made with
the YSI probe on available days (July 13, 16, 19, 29), and
are interpolated linearly (Figure 11a). YSI measurements
were not available for July 6, so earliest observations (from
July 13) are used over this period. Observations of ice-
ocean friction velocities (u�) are not available, and so were

estimated based on the daily-averaged ice drift velocity
(Figure 8d), which was assumed to represent the relative
ice-ocean velocity, urel , as:

u2
� ¼ cd;io � u2

rel ð2Þ

Two different values of the ice-ocean drag coefficient
cd;io were used. The first was estimated by iterating with
the model to find the “best fit” to obtain the observed
change in false bottom thickness from July 13 to July 20
(cd;io ¼ 2.5�10�7). A low friction velocity needed to repro-
duce the observed changes could also be achieved by
a reduction in local relative ice-ocean velocity, as discussed
below. The second is a more typical Arctic ice-ocean drag
coefficient (2.5�10�3; Cole et al., 2017, characteristic for
what was observed at the MOSAiC floe during the winter.

The observed evolution of false bottom thickness is
compared with model predictions using two drag coeffi-
cients in Figure 11c. The drag coefficient that best
matches the observed changes in false bottom thickness
July 13–20 is exceptionally low. No changes to other para-
meters within a reasonable range of values (Notz et al.,
2003) reproduced the observed false bottom thickness
without a substantial reduction to the ice-ocean drag coef-
ficient. The low drag coefficient required to reproduce
observed changes could possibly be a result of under-ice
meltwater layers (and other meltwater stratification)
resulting in “slippery layers” reducing under-ice drag. Addi-
tionally, the actual relative ice-ocean velocity at the location
of false bottom formation could be significantly lower than
that estimated by drift speed, in part due to the sheltering
by under-ice topography which helps to protect and main-
tain these slippery layers essentially decoupled from the
ocean below. Notably, none of the model settings tested
captured the false bottom thinning observed between July
20 and July 29. Rather, growth is predicted to increase
around July 19, when the far field temperature increased.
As the floe neared the ice edge, warmer subsurface ocean
temperatures and possible solar heat inputs to meltwater
layers likely impacted the overall ice mass balance, and melt
was observed to increase all across the floe. The 1Dmodel is
not equipped to capture these processes. Notz et al. (2003)
were similarly unable to predict false bottom disappearance
in prior observations associated with storm-induced mixing
and presumably enhanced salt flux.

Overall, these model results demonstrate that a low ice-
ocean friction velocity is likely at slippery meltwater layers
beneath the sea ice as a combination of a low drag coef-
ficient and reduced local relative ice-ocean velocities. This
finding is consistent with prior work indicating that
ephemeral meltwater layers can effectively decouple the
ice and the ocean below (Gallaher et al., 2016; Cole et al.,
2017). Additionally, we observed that the evolution of the
false bottom is sensitive to the ice-ocean friction velocity.
This sensitivity suggests that more measurements of this
property during the summer season when under-ice melt-
water layers occur are needed to understand variability in
ice-ocean momentum transfer. The formulation of the
Notz et al. (2003) model is not intended to simulate initial
formation or full melt, which limits its application to
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larger scales, requiring parameterization in other man-
ners. As a first step, a basin-scale false bottom parameter-
ization could be based on the fraction of 1–1.5 m ice with
some ridged fraction, volume and timing of melt pond
drainage, and on low ice-ocean friction velocities which
could possibly be implied by low wind and drift velocities.

3.5. Comparison with prior observations

Overall, our observations contained false bottoms in about
20% of observations throughout July, which compares
well with prior campaigns. Evidence of false bottoms was
seen in about 10% of observations during a campaign in
the Beaufort Sea in the early 1990s (Jeffries et al., 1995).
They were seen in about 15% of observations during the
SHEBA field campaign (Perovich et al., 2003), which took
place on multiyear ice in the Chukchi Sea and had approx-
imately half as much cumulative freshwater melt input as
that observed on MOSAiC by July 30. We hesitate to draw
conclusions about temporal evolution in false bottom fre-
quency in comparing these observational datasets due to
the differences in location and primary ice types, but note
that the topography of FYI and higher cumulative melt-
water input on MOSAiC are likely more conducive to
higher prevalence of false bottom growth. Nonetheless,

a moderate prevalence seems to be consistent across the
basin regardless of ice type or decade.

In some prior observations, the false bottoms also did
not persist into fall (Perovich et al., 2003), while in others
they were believed to persist until fall freeze-up such that
the prevalence would likely be consistent from the maxi-
mum onwards. Evidence of the formation of under-ice
meltwater layers and their persistence into winter has
been reported from one third of the multiyear ice cores
sampled during spring in the Lincoln Sea from 2010–2013
(N¼ 16) based on d18O isotope composition (Lange et al.,
2021).

The dissolution and thinning of false bottoms on
MOSAiC with increased drift rates as the floe neared the
ice edge may skew the comparison of overall percentages;
in fact, these features may have occurred at higher prev-
alence than in prior observations, but were overall less
persistent than in some earlier campaigns. The maximum
occurrence rate in our observations on a single day was
around 44%. The higher prevalence could be due to the
mixture of FYI and SYI in the study floe, which allowed
meltwater to become trapped under level ice near ridges,
whereas prior campaigns were primarily observing MYI.
Prior observations, as well as those presented here, may

Figure 11. One-dimensional growth and evolution model predictions at the FYI coring site, July 6–29, 2020.
We used the Notz et al. (2003) model, forced with observationally-based estimates of (a) far field temperature (black)
and salinity (gold), and (b) ice-ocean friction velocity for two drag coefficients (Equation 2). (c) Modeled false bottom
thickness (green), with shades corresponding to friction velocities in (b) are compared with average observed thickness
(dark red).
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suffer from sampling bias based on where features of
interest were first observed. Without more extensive
observations of these features, concluding with certainty
what factors led to the high maximum occurrence or if
this occurrence is indicative of a basin-wide trend is not
possible.

3.6. Impacts on the ice mass balance

The presence of under-ice meltwater and formation of
false bottoms play a role in the evolution of the Arctic
ice-ocean system. The sea ice mass balance is impacted by
the reduction of heat flux from the ocean to the ice bot-
tom, due to the isolating effect of the under-ice meltwater
layers and the associated ice growth. Comparisons of melt
rates at mass balance stake sites with and without false
bottoms present indicate that the overall impact on mass
balance of the main ice pack is small (Raphael et al., 2022)
compared to the nearly 0.5-m difference in basal melt
suggested in prior observations (Provost et al., 2019).
There appears to be a minor reduction in bottom melt
during the period when false bottoms were present, which
amounts to a small (approximately 0.04 m) reduction in
cumulative melt over the melt season. Similar magnitudes
of reduction in ice melt were suggested by a modeling
study (Smith, 2019), where smaller changes were pre-
dicted under thinner ice. The difference was not larger
because ice melt does not fully stall in the presence of
false bottoms, as ablation of the ice bottom can still occur
due to solar heating of meltwater layers. This effect was
evident at the FYI coring site during MOSAiC, where the
sea ice pack was thinning even as the false bottom was
growing. The biggest impact on the mass balance is a pos-
itive contribution from the false bottom itself, which has
been observed to remain into fall freeze-up in prior stud-
ies (e.g., Eicken et al., 2002).

Other important impacts of the meltwater layer and
false bottoms include their effects on under-ice species.
Observations indicated that the meltwater negatively
impacted the occurrence of under-ice diatoms (Melosira
arctica), which were no longer present within a week of
the accumulation of meltwater under the ice (Figure
S1). Such effects will be addressed in depth in future
studies.

4. Conclusions
Under-ice meltwater layers and false bottoms were
observed to occur in approximately 20% of measurements
during MOSAiC surveys targeting these features, but their
distribution varied significantly both spatially and tempo-
rally. Their occurrence appears to be a result of the con-
vergence of a few key factors, and the analysis suggests the
following conclusions:

� Spatially, these features are most prevalent on
relatively thin, level ice with proximal ridges on at
least two sides. Proximity of ridges is a necessary
but not sufficient condition, as it does not fully
explain spatial variability. Future measurements
of under-ice topography in areas where under-ice
meltwater layers and false bottom observations

are made will help illuminate controls on spatial
variability.

� Temporally, these features occur during periods
of substantial meltwater input (early to mid-
summer) and when ice-ocean friction velocity
is low.

� Isotope analysis suggests that the sampled false
bottom largely formed from freezing of the
under-ice meltwater layer, while the sampled
meltwater layer sampled consisted of a mix of ice
melt (58%), seawater (31%), and snow melt
(11%). The compositions of these features might
have evolved over the period of melt.

� The processes driving false bottom growth are
sufficiently well understood such that it can
generally be captured in a 1D model (Notz et al.,
2003), but the high sensitivity to forcing is lim-
iting. Comparisons indicate that the ice-ocean
friction velocity, which is particularly difficult to
capture and constrain, was likely exceptionally
low as a result of a combination of low relative
velocities in sheltered under-ice meltwater layers
and low ice-ocean drag coefficient. This finding
motivates more work to understand the range of
values during the summer and the impact of
slippery meltwater layers.

� The frequency of false bottoms observed during
MOSAiC was similar to or somewhat higher than
prior observations. These comparisons do not
necessarily indicate temporal trends of preva-
lence, but could suggest increased frequency on
first-year ice and that both features are likely
common across the Arctic basin.

� While a small reduction in cumulative melt of
pack ice appears to take place in the presence of
false bottoms, the largest impact on the mass
balance is from the formation of the false bottom
itself by contributing a relative increase in the sea
ice volume. As the formation of both false bot-
toms and under-ice meltwater layers are likely to
reduce the transfer of momentum, heat, and
gases, further study of these features can inform
our understanding of the coupled ocean-ice-
atmosphere system.
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� MOSAiC drill line surveys and near-surface ocean
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National Science Foundation’s Arctic Data Center
(Smith et al., 2021a; Smith et al., 2021b): https://
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Research, Bremerhaven, PANGAEA, https://doi.
org/10.1594/PANGAEA.935224.

� MOSAiC drift data: Archived at Rex (2021).
� SkySat Imagery of Planet Labs, Inc. was analyzed

and made available through: Wright et al. (2021).
Melt Pond Maps around the Multidisciplinary
drifting Observatory for the Study of Arctic Cli-
mate (MOSAiC) Drifting Station derived from
High Resolution Optical Imagery, 2020. urn:
node: ARCTIC. doi:10.18739/A2696ZZ9W.

� Autonomous SIMBA measurements at FYI
(2019T66) are available at https://doi.pangaea.
de/10.1594/PANGAEA.938134 (Lei et al., 2021).

� Airborne laser scanner (ALS) survey data used
here are archived at Hutter et al. (2021).

� Salinity and d18O analysis from dedicated cores and
snow and sea ice samples used as reference here are
being archived at Pangaea (Lange et al., 2022).

Supplemental files
The supplemental files for this article can be found as
follows:

Video S1. GoPro video through the ice on Survey
Line 4, July 25 14:24 UTC.

Video S2. GoPro video through the ice on Survey
Line 3, July 25 16:24 UTC.

Video S3. GoPro video through the ice on Survey
Line 3, July 25 17: 20 UTC.

Video S4. GoPro video through the ice on Survey
Line 5, July 27 18:26 UTC.

Figure S1. Still images from GoPro videos taken near
the FYI coring site.

Figure S2. Topography from drill line survey along
Line 0 on July 14.

Figure S3. Topography from drill line survey along
Line 0 on July 16.

Figure S4. Topography from drill line survey along
Line 1 on July 16.

Figure S5. Topography from drill line survey along
Line 2 on July 19.

Figure S6. Topography from drill line survey along
Line 3 on July 25.

Figure S7. Topography from drill line survey along
Line 4 on July 25.

Figure S8. Topography from drill line survey along
Line 5 on July 27.

Figure S9. Topography from drill line survey along
Line 5 on July 29.

Figure S10. Profiles of d18O (left) and salinity (right).
Table S1. Summary of observations of false bottoms at

the FYI coring site.
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Schmithüsen, H. 2021. Continuousmeteorological surface
measurement during POLARSTERN cruise PS122/4:
Alfred Wegener Institute, Helmholtz Centre for Polar
and Marine Research, Bremerhaven. PANGAEA. DOI:
http://dx.doi.org/10.1594/PANGAEA.935224.

Shupe, M, Rex, M, Dethloff, K, Damm, E, Fong, A, Gra-
dinger, R, Heuze, C, Loose, B, Makarov, A,
Maslowski, W, Nicolaus, M, Perovich, D, Rabe,
B, Rinke, A, Sokolov, V, Sommerfeld, A. 2020. The
MOSAiC expedition: A year drifting with the Arctic
Sea ice. Arctic Report Card. DOI: http://dx.doi.org/
10.25923/9g3v-xh92.

Skyllingstad, ED, Paulson, CA, Pegau, WS, McPhee,
MG, Stanton, T. 2003. Effects of keels on ice bottom
turbulence exchange. Journal of Geophysical
Research: Oceans 108(C12): 3372.

Smith, M, Bozzato, D, Chamberlain, E, Dietrich, U,
Droste, E, Fong, A, Light, B, Linhardt, F, Matero,
I, Perovich, D, Raphael, I, Regnery, J, Salganik, E,
Tavri, A, von Albedyll, L,Webster, M. 2021a. Near-
surface ocean temperature & salinity measurements
(using YSI and Castaway) during the summer com-
ponent of the Multidisciplinary drifting Observatory
for the Study of Arctic Climate (MOSAiC) campaign
in the Central Arctic Ocean, July – September 2020.
Arctic Data Center. DOI: http://dx.doi.org/10.
18739/A2TT4FV1G.

Smith, M, Raphael, I, von Albedyll, L, Lange, B, Salga-
nik, E. 2021b. Sea ice thickness and false bottom
measurements along drill lines during the Multidis-
ciplinary drifting Observatory for the Study of Arctic
Climate (MOSAiC) expedition, Leg 4. Arctic Data Cen-
ter. DOI: https://doi.org/10.18739/A2707WP92.

Smith, N. 2019. Mathematical modelling of under-ice
melt ponds and their impact on the thermohaline
interaction between sea ice and the oceanic mixed
layer [Ph.D. thesis]. Reading, UK: University of
Reading.

Spindler, M. 1990. A comparison of Arctic and Antarctic
sea ice and the effects of different properties on sea
ice biota, in Bleil, U, Thiede, J eds., Geological history
of the polar oceans: Arctic versus Antarctic. Dor-
drecht, The Netherlands: Kluwer Academic Publish-
ers (NATO ASI series; vol. 308): 173–186.

Taylor, P, Feltham, D. 2004. A model of melt pond evo-
lution on sea ice. Journal of Geophysical Research:
Oceans 109(C12): C12007.

Tian, L, Gao, Y, Ackley, S, Stammerjohn, S, Maksym, T,
Weissling, B. 2018. Stable isotope clues to the

Art. 10(1) page 18 of 19 Smith et al: False bottoms and under-ice meltwater layers beneath Arctic summer sea ice
D

ow
nloaded from

 http://online.ucpress.edu/elem
enta/article-pdf/10/1/000116/727790/elem

enta.2021.000116.pdf by guest on 23 January 2023

https://doi.org/10.1525/elementa.2021.000046
https://doi.org/10.1525/elementa.2021.000046
http://dx.doi.org/10.5281/zenodo.5179739
http://dx.doi.org/10.5281/zenodo.5179739
http://dx.doi.org/10.18739/A2NK36626
http://dx.doi.org/10.18739/A2NK36626
http://dx.doi.org/10.1594/PANGAEA.926829
http://dx.doi.org/10.1594/PANGAEA.926829
http://dx.doi.org/10.1594/PANGAEA.935224
http://dx.doi.org/10.18739/A2TT4FV1G
http://dx.doi.org/10.18739/A2TT4FV1G
https://doi.org/10.18739/A2707WP92


formation and evolution of refrozen melt ponds on
Arctic sea ice. Journal of Geophysical Research:
Oceans 123(12): 8887–8901.

Untersteiner, N, Badgley, FI. 1958. Preliminary results of
thermal budget studies on Arctic pack ice during
summer and autumn. Arctic Sea Ice 598: 85–92.

Von Albedyll, L, Hendricks, S, Grodofzig, R, Krumpen,
T, Arndt, S, Belter, HJ, Birnbaum, G, Cheng, B,
Hoppmann, M, Hutchings, J, Itkin, P, Lei, R, Nico-
laus, M, Ricker, R, Rohde, J, Suhrhoff, M, Timo-
feeva, A,Watkins, D,Webster, M, Haas, C. 2022.
Thermodynamic and dynamic contributions to sea-
sonal Arctic sea ice thickness distributions from air-
borne observations. Elementa: Science of the
Anthropocene 10(1): 00074.

Wadhams, P. 1981. Sea-ice topography of the Arctic Ocean
in the region 70 W to 25 E. Philosophical Transactions
of the Royal Society of London Series A, Mathematical
and Physical Sciences 302(1464): 45–85

Wadhams, P. 2000. Ice in the ocean. Amsterdam, The
Netherlands: Gordon and Breach Publishers.

Wadhams, P, Wilkinson, JP, McPhail, S. 2006. A new
view of the underside of Arctic sea ice. Geophysical
Research Letters 33(4): L04501.

Wang, C, Shi, L, Gerland, S, Granskog, MA, Renner, AH,
Li, Z, Hansen, E, Martma, T. 2013. Spring sea-ice
evolution in Rijpfjorden (80 N), Svalbard, from in
situ measurements and ice mass-balance buoy (IMB)
data. Annals of Glaciology 54(62): 253–260.

Webster, MA, Holland, M, Wright, NC, Hendricks, S,
Hutter, N, Itkin, P, Light, B, Linhardt, F, Perovich,
DK, Raphael, IA, Smith, MM, Von Albedyll, L,
Zhang, J. 2022. Spatiotemporal evolution of melt
ponds on Arctic sea ice: MOSAiC observations and
model results. Elementa: Science of the Anthropocene
10(1): 000072.

Wright, N,Webster, M, Polashenski, C. 2021. Melt pond
maps around the multidisciplinary drifting observa-
tory for the study of Arctic Climate (MOSAiC) drift-
ing station derived from high resolution optical
imagery. Arctic Data Center. DOI: https://dx.doi
.org/10.18739/A2696ZZ9W.

How to cite this article: Smith, MM, von Albedyll, L, Raphael, IA, Lange, BA, Matero, I, Salganik, E, Webster, MA, Granskog, MA,
Fong, A, Lei, R, Light, B. 2022. Quantifying false bottoms and under-ice meltwater layers beneath Arctic summer sea ice with
fine-scale observations. Elementa: Science of the Anthropocene 10(1). DOI: https://doi.org/10.1525/elementa.2021.000116

Domain Editor-in-Chief: Jody W. Deming, University of Washington, Seattle, WA, USA

Associate Editor: Stephen F. Ackley, Department of Geological Sciences, University of Texas at San Antonio, TX, USA

Knowledge Domain: Ocean Science

Part of an Elementa Special Feature: The Multidisciplinary Drifting Observatory for the Study of Arctic Climate (MOSAiC)

Published: July 11, 2022 Accepted: June 2, 2022 Submitted: December 7, 2021

Copyright: © 2022 The Author(s). This is an open-access article distributed under the terms of the Creative Commons
Attribution 4.0 International License (CC-BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original author and source are credited. See http://creativecommons.org/licenses/by/4.0/.

Elem Sci Anth is a peer-reviewed open access
journal published by University of California Press.

Smith et al: False bottoms and under-ice meltwater layers beneath Arctic summer sea ice Art. 10(1) page 19 of 19
D

ow
nloaded from

 http://online.ucpress.edu/elem
enta/article-pdf/10/1/000116/727790/elem

enta.2021.000116.pdf by guest on 23 January 2023

https://dx.doi.org/10.18739/A2696ZZ9W
https://dx.doi.org/10.18739/A2696ZZ9W


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


