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Spatiotemporal evolution of melt ponds on Arctic
sea ice: MOSAiC observations and model results

Melinda A. Webster1,*, Marika Holland2, Nicholas C. Wright3, Stefan Hendricks4,
Nils Hutter4, Polona Itkin5, Bonnie Light6, Felix Linhardt7, Donald K. Perovich8,
Ian A. Raphael8, Madison M. Smith6, Luisa von Albedyll4, and Jinlun Zhang6

Melt ponds on sea ice play an important role in the Arctic climate system. Their presence alters the
partitioning of solar radiation: decreasing reflection, increasing absorption and transmission to the ice and
ocean, and enhancing melt.The spatiotemporal properties of melt ponds thus modify ice albedo feedbacks and
the mass balance of Arctic sea ice.The Multidisciplinary drifting Observatory for the Study of Arctic Climate
(MOSAiC) expedition presented a valuable opportunity to investigate the seasonal evolution of melt ponds
through a rich array of atmosphere-ice-ocean measurements across spatial and temporal scales. In this study,
we characterize the seasonal behavior and variability in the snow, surface scattering layer, and melt ponds
from spring melt to autumn freeze-up using in situ surveys and auxiliary observations. We compare the results
to satellite retrievals and output from two models: the Community Earth System Model (CESM2) and the
Marginal Ice Zone Modeling and Assimilation System (MIZMAS). During the melt season, the maximum pond
coverage and depth were 21% and 22 ± 13 cm, respectively, with distribution and depth corresponding to
surface roughness and ice thickness. Compared to observations, both models overestimate melt pond
coverage in summer, with maximum values of approximately 41% (MIZMAS) and 51% (CESM2). This
overestimation has important implications for accurately simulating albedo feedbacks. During the observed
freeze-up, weather events, including rain on snow, caused high-frequency variability in snow depth, while
pond coverage and depth remained relatively constant until continuous freezing ensued. Both models
accurately simulate the abrupt cessation of melt ponds during freeze-up, but the dates of freeze-up
differ. MIZMAS accurately simulates the observed date of freeze-up, while CESM2 simulates freeze-up one-
to-two weeks earlier. This work demonstrates areas that warrant future observation-model synthesis for
improving the representation of sea-ice processes and properties, which can aid accurate simulations of
albedo feedbacks in a warming climate.
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1. Introduction
One of the most distinguishing characteristics of melting
Arctic sea ice is the presence of melt ponds. Melt ponds

have drastic effects on the partitioning of sunlight reach-
ing the sea-ice surface. Relative to bare sea ice, melt ponds
decrease the amount of reflected solar radiation and
increase the amount of absorbed and transmitted solar
radiation (Perovich et al., 2002a; Perovich and Polashenski,
2012). These effects enhance the warming of the upper
ocean, sea-ice melt, and the amount of photosynthetically
active radiation available for primary productivity within
and beneath the ice cover (Light et al., 2008; Light et al.,
2015; Nicolaus et al., 2012; Katlein et al., 2019). Melt
ponds initially form through the pooling of freshwater
from melting snow into surface depressions (Petrich et
al., 2012). The amount of available meltwater from snow
and ice, surface roughness, and ice permeability control
the timing, location, and extent of melt pond formation
(Eicken et al., 2002; Eicken et al., 2004; Polashenski et al.,
2012; Webster et al., 2015). Although melt ponds play
a critical role in the albedo and mass balance of Arctic sea
ice (Flocco et al., 2012; Holland et al., 2012; Hunke et al.,
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2013; Schröder et al., 2014), several knowledge gaps
remain about melt pond evolution across the Arctic. These
knowledge gaps include the:

1. seasonal evolution of melt pond coverage over
different sea-ice conditions, and

2. spatio-temporal changes in pond depth and
coverage.

For (1), large differences in the timing and extent of
pond coverage have been observed between first-year and
multiyear ice types at local scales using in situ and high-
resolution satellite imagery (Fetterer and Untersteiner,
1998; Eicken et al., 2004; Webster et al., 2015; 2022).
However, these differences become ambiguous at regional
scales (Rösel et al., 2012; Buckley et al., 2020; Wright et al.,
2020). This ambiguity may be related to biases and uncer-
tainties in coarse-resolution satellite retrievals (Wright and
Polashenski, 2020) and/or to the effects of heterogeneous
sea-ice properties on pond coverage at larger spatial
scales, including ice permeability and surface roughness.
Model simulations of long-term changes in melt pond
coverage show even larger discrepancies (Hunke et al.,
2013; Zhang et al., 2018), which likely stem from limited
observations and difficulties in parameterizing melt pond
processes related to (1) and (2) above.

To date, several model parameterizations either implic-
itly or explicitly represent the production and retention of
surface meltwater, pond area and depth evolution across
the ice thickness distribution, and/or vertical and lateral
pond drainage. Even so, the sophistication of melt pond
parameterizations varies greatly by model (Lüthje et al.,
2006; Flocco and Feltham, 2007; Scott and Feltham, 2010;
Hunke et al., 2013; Skyllingstad et al., 2015; Popovic and
Abbot, 2017; Zhang et al., 2018). Some parameterizations
distribute melt ponds sequentially by increasing ice thick-
ness within the sub-grid scale ice thickness distribution
(Flocco et al., 2010), while others distribute melt ponds on
the level ice portion of the sub-grid scale ice thickness
distribution (Hunke et al., 2013). The effects of different
pond parameterizations on simulated sea ice also varies.
In some model simulations, sea ice is highly sensitive to
melt pond drainage parameters (Turner and Hunke, 2015),
while in others, sea ice is strongly affected by the sequence
in which ponds form across ice thickness categories
(Flocco et al., 2010). Melt pond processes are just one
example of incomplete model physics that may contribute
to the discrepancies in the rate of Arctic sea-ice loss
between climate models (Massonnet et al., 2012; Stroeve
et al., 2012), which underscores the need for process-
oriented observations to advance knowledge of (1) and (2).

This study provides new information on melt pond
processes, which may aid the enhancement of model para-
meterizations involving melt pond evolution and give
insight into the mechanisms that influence pond coverage
across multiple spatial scales.With the MOSAiC expedition
(Shupe et al., 2020), a valuable opportunity arose to doc-
ument melt pond evolution in situ from spring melt to
autumn freeze-up. Melt ponds were measured at nested
spatial scales for both assessing the realism of sea ice and

climate models and validating airborne and satellite retrie-
vals of melt pond properties in large-scale monitoring. In
this work, we present findings on the summer evolution of
surface conditions on the MOSAiC expedition from
surface-based surveys in May 2020 through September
2020.We characterize the spring–summer transition, from
a snow-covered ice surface to an icescape covered in melt
ponds and bare ice with a surface scattering layer (SSL),
and the summer–autumn transition from open ponds to
a frozen state with a newly-formed snow cover.

The MOSAiC observations are compared with those
derived from sub-meter resolution airborne and satellite
imagery from previous field campaigns to pinpoint geo-
physical sources of similarities and discrepancies. The
results are used further with models to assess the key
properties relevant for accurately simulating the seasonal
evolution of surface conditions of Arctic sea ice. The objec-
tives of this paper are three-fold: (1) to give a detailed
record of a legacy dataset designed for aiding future devel-
opment of model parameterizations and remote sensing
retrievals of sea-ice properties, (2) to demonstrate the use
and limitations of comparing in situ observations of melt
ponds with model output, and (3) to identify areas of
future observation-model synthesis for accurately simulat-
ing albedo feedbacks in the Arctic climate system.

2. Data and methods
2.1. What is a melt pond?

Here, we define the nomenclature of snow/SSL, subnivean
ponds, and melt ponds used in this analysis so that the
results may be more easily compared to other studies and
more readily interpreted. The SSL is an optical property of
melting sea ice and can be described as deteriorated, gran-
ular melting ice, somewhat similar in appearance to large-
grained melting snow (Light et al., 2008; 2015). The snow/
SSL category combines measurements of both snow and
the SSL since different parts of the survey route transi-
tioned to an SSL at different times, with some snow per-
sisting throughout the melt season. Furthermore, the
magnaprobe, the instrument used to measure snow
depth, penetrates snow and the SSL equally in melting
conditions, which makes separating the measurements
unfeasible. We use “snow” and “SSL” interchangeably
except where noted.

A subnivean pond is defined here as a snow-covered
surface with pooled pond water at the base of the snow-
pack (Figure 1a). This condition was often observed in
surface depressions which typically formed into ponds as
surface melt progressed. Given that a subnivean pond
often appears as snow or bare sea ice to satellite sensors
in the visible range and its albedo is treated as melting
snow in some climate models (e.g., Hunke et al., 2015), we
combine this surface type with the snow/SSL when com-
puting areal fractions.

Melt ponds are defined as open pools of meltwater
under which the sea ice is intact; surveyed ponds may
contain ice-free parts (e.g., thaw holes, cracks) and/or
drainage channels connecting to leads, but all point-
measurements of ponds presented here had ice directly
underneath. Ponded areas that melted entirely through

Art. 10(1) page 2 of 22 Webster et al: Evolution of melt ponds: MOSAiC observations and model results
D

ow
nloaded from

 http://online.ucpress.edu/elem
enta/article-pdf/10/1/000072/665461/elem

enta.2021.000072.pdf by guest on 06 June 2022



the ice or had ice bottoms that broke free and floated to
the surface were not documented as melt ponds. August–
September measurements of ponds include those with ice
lids. In cases where the ice lids were sufficiently thick to
withstand the weight of surveyors, ponds were classified
as refrozen until snow fully masked the surface. Although
the magnaprobe measurements showed zero depth for
these snow-free pond lids, the zero depth values were
excluded in calculations of pond areal fraction and pond
depth. Liquid water remained present underneath the
majority of pond lids during August–September, which
was the duration of the field component at MOSAiC’s
Central Observatory 3 (CO3).

Pond areal fractions were computed as the pond area
divided by the sea ice (non-ponded plus ponded) area. This
definition was used for results derived from high-
resolution airborne and satellite imagery. The bulk volume
of pond water was computed using a fixed area of the floe
(931,960 m2) retrieved from satellite imagery (Figure 2),
and the mean pond depth and areal pond fraction from
the transect data:

volumepond ¼ areafloe � fractionpond � depthpond ð1Þ

2.2. MOSAiC observations

The 2019–2020 MOSAiC expedition was a year-long drift
experiment in the central Arctic with the objective of
comprehensively documenting the interdependencies of
the ecosystem, atmosphere, sea ice, and ocean systems
(Nicolaus et al., 2022). The expedition was divided into

five legs, during which in situ transect surveys were carried
out over different regions and seasons, and, in the case for
Legs 1–3, 4, and 5, over different floes, referred to here-
after as central observatories (Figure 3; Nicolaus et al.,
2022). In this paper, we present transect measurements
that were collected during summer melt in June–July
2020 on Central Observatory 2 (CO2) and autumn
freeze-up in August–September 2020 on CO3. Snow
depth, SSL thickness, and melt pond depth were measured
using a magnaprobe, an automated snow depth probe
equipped with a GPS logger (Sturm and Holmgren,
2018). Measurements were collected every 1–2 steps,
which equated to 1–3-m sampling along repeat transect
routes. To accommodate measurements of snow and melt
ponds when both were present, the snow basket of the
magnaprobe was outfitted with foam on its upper portion
to provide buoyancy in melt ponds. The bias associated
with this addition was approximately 0.25 cm, which is
less than the instrumental uncertainty of 1 cm over sea ice
in freezing conditions.

Alongside magnaprobe measurements, a Geophex elec-
tromagnetic induction sounding device (GEM-2) was used
to derive total (snow þ ice) thickness on the transect
routes (Hunkeler et al., 2016). The GEM-2 retrieval takes
advantage of the large conductivity difference between
the ice and ocean. Subtracting the magnaprobe snow
depth from the GEM-2 retrieval yields sea-ice thickness.
Quicklook data from the GEM-2 are used in Section 3.3.2
for segregating measurements into ice thickness cate-
gories. Assuming hydrostatic equilibrium (Table S1),

Figure 1. Observed surface features along the transect route. (a) A subnivean pond, a term for the pooled
meltwater underneath a snowpack that later becomes a melt pond. (b) Active lateral drainage from a melt pond
on first-year ice into a lead on July 5, 2020. The drainage channel in the foreground was about 0.5 m wide. (c) An ice
lid approximately 3-mm thick on a pond connected to a lateral drainage channel on June 30, 2020. The lateral
drainage channel was about 0.15 m wide. (d) Small portions of the survey route on July 25, 2020 were no longer
passable due to ponded ice melting completely, becoming open water. Such open water occurred mostly on level first-
year ice. (e) Advanced stages of ponding on hummocky second-year ice on July 26, 2020. DOI: https://doi.org/
10.1525/elementa.2021.000072.f1
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snapshots of the early spring and mid-summer snow, SSL,
and sea-ice thickness conditions were produced from the
magnaprobe and Quicklook GEM-2 data. We note that
further processing of the GEM-2 data is ongoing to
achieve high-quality retrievals of sea-ice thickness with
low uncertainty. The thickness data set used here is based
on empirical evaluation GEM-2 data. In this Quicklook
product, the relation of the real part of the 18-kHz fre-
quency with ice thickness is calibrated by drill-hole mea-
surements on the same day. This technique may lead to
errors for thicknesses far outside the calibration range
(> 10 m). Even so, the retrievals are consistent with other
data sources and do not contain outliers, which would bias
the results.

In Section 3.3.1, we evaluate melt pond coverage and
its relation to pre-melt surface elevations. The surface ele-
vation data were acquired using an airborne laser scanner
(ALS), processed to output drift-corrected elevation data
above the WGS84 ellipsoid (Hutter et al., 2021), and
gridded with a resolution of 0.5 m by 0.5 m. We used
airborne measurements from April 8, 2020, weeks before
melt onset, to examine the surface roughness character-
istics of areas that later became ponded compared to
those that remained pond-free.We used the standard devi-
ation in surface elevations as a proxy for surface roughness
(Shepard et al., 2001). To spatially align the April 8 air-
borne elevation measurements to optical satellite images,

10 tie points of matched features were identified manu-
ally to reproject the April 8 gridded elevations onto the
July optical satellite images. Three masks were created
using the July 7 satellite image and surface type retrievals
to isolate the ponded areas during near-maximum pond
coverage and the bare ice (unponded) areas on CO2 (Fig-
ure 4). When evaluating surface roughness, we randomly
selected the same number of grid points (approximately
435,000) within each surface type to calculate surface
roughness. The elevation data set is a pre-release of the
final data product that is currently undergoing processing
for public release.

2.2.1. CO2: Spring-to-summer melt

Upon arrival to CO2 on June 17, initial surveys were con-
ducted on CO2 and on nearby floes for scientific and
operational purposes. The principal transect route was
established in segments beginning on June 17 and fully
marked on June 29. The CO2 transect route covered
approximately 3 km in distance and was surveyed in
a counterclockwise pattern along the floe perimeter
(Figure 2). A 200–300-m portion of the CO2 transect
route overlapped with the Northern Transect Loop from
CO1 (Figure 2), allowing for a comparison of winter and
summer conditions. Following sea-ice nomenclature
(World Meteorological Organization, 1970), CO2 was pre-
dominantly second-year ice (SY), while the last third of the

Figure 2. The transect route on Central Observatory 2 (June–July). The yellow letters mark points of relevance: (A)
starting point, (B) waypoint called Picnic Ridge, (C) albedo lines (dark blue) called Root Beer Barrel (RBB) and Lemon
Drop (LD), and (D) ending point. Transect overlap (dashed red line) refers to the Northern Transect Loop of CO1. The
route from A to B covered second-year (SY) ice, while C to D covered mostly first-year (FY) ice. Background image: July
22, 2020, multispectral image from Planet Labs, Inc. A corresponding satellite scene is not available for Central
Observatory 3 due to its high latitude location. DOI: https://doi.org/10.1525/elementa.2021.000072.f2
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survey line was mostly first-year sea ice (FY) and a mixture
of deformed and level ice (Nicolaus et al., 2022). For a com-
parison of FY and SY ice, measurements collected from “A”

to “B” in Figure 2 were identified as SY ice, while mea-
surements along the Lemon Drop albedo line at “C” to the
end of the survey route at “D” were considered primarily

Figure 3. Geographic locations of transect measurements during the summer melt and autumn freeze-up
seasons. Melt season measurements were made on Central Observatory 2 during MOSAiC Leg 4 (June–July 2020);
freeze-up season measurements, on CO3 during Leg 5 (August–September 2020). The light grey shading is sea-ice
extent derived from passive microwave satellite data for June 16, 2020. The red dots indicate locations where transect
measurements were made. Ice station measurements were carried out in transit into (June 13, 2020) and out of
(September 2020) the ice pack. DOI: https://doi.org/10.1525/elementa.2021.000072.f3

Figure 4. Relating spring surface roughness conditions to summer melt ponding. (a) Surface elevations from the
airborne laser scanner on April 8, 2020. (b) Planet Lab, Inc. satellite image from July 1, 2020, during near-maximum
pond coverage. (c) Surface classification results of ponded ice and bare sea ice following Wright et al. (2020). (d) The
resulting masked surface elevations for the (d) ponded and (e) bare ice surfaces. DOI: https://doi.org/10.1525/
elementa.2021.000072.f4
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FY ice. These delineations of ice types are based on the
initial state of the floe when CO1 was first established in
October 2019, by the presence of sediment, and the win-
tertime salinity profiles (Nicolaus et al., 2022; M Oggier,
personal communication, December 1, 2021). Approxi-
mately 1 km of distance was measured for each ice type,
equating to approximately 750 point measurements.

From June 29 onward, transect data were nominally
collected four times per week. The number of point mea-
surements was approximately 1,500 on average and ran-
ged from 782 to 2,656. The last date of a complete survey
was July 26, yielding 18 complete surveys capturing the
evolution of a snow-covered surface to a mostly snow-free,
ponded icescape. Poor visibility and polar bear activity
prevented complete surveys on July 16, 23, 24 and 27.
The floe edge progressively eroded away over time due
to melt and dynamics, forcing detours on July 25 and
26. On July 13–14 and July 19, subnivean ponds were not
documented (Section 2.4).

To supplement transect data, ruler (Smith et al., 2021)
and magnaprobe measurements parallel to the 200-m
albedo lines were incorporated into the analysis. When
data from both albedo lines were present and observa-
tions of subnivean ponds were consistent with the defini-
tion in Section 2.4, the data were incorporated into the
time series. As an example of the data differences, Figure
S1 shows the snow/SSL depth comparison between the
transect route, Lemon Drop albedo line, and Root Beer
Barrel albedo line. The albedo line measurements were
collected manually and with a magnaprobe. Compared
to the transect data, the Lemon Drop line had thin
snow/SSL depths and deep melt pond depths, while the
Root Beer Barrel line showed deep snow/SSL depths and
shallow pond depths. Their collective mean is within the
seasonal mean and standard deviation of the transect
measurements; the snow/SSL fraction and depth from the
albedo lines were 73 ± 9% and 7 ± 3 cm, respectively,
while the transect results yielded 81 ± 8% and 8 ± 4 cm.

2.2.2. CO3: Summer-to-autumn freeze

CO3 was established at 104.5�E, 88.0�N (Figure 3) and
was composed primarily of level FY ice (Nicolaus et al.,
2022). A new transect route was established for monitor-
ing the changes in snow depth, sea-ice thickness, and
melt pond depth during the onset of freezing. Ice dynam-
ics created cracks, leads, and shearing from the onset of
the camp installation. The initial transect route separated
and drifted away, and a new grid was established on
August 24. To balance the needs for a transect time
series, large-scale sampling, and the limited working area
of CO3, a comparatively smaller grid area (approximately
100 m by 200 m) was measured weekly, averaging 335
point measurements, while approximately 1.5-km-long
surveys were conducted outside of CO3 for larger-scale
characterization of surface conditions, yielding an aver-
age of 1,173 point measurements. These latter surveys
were each unique, with different routes. Data from the
small grid and off-floe surveys were incorporated into the
analysis. Surveys began when melt ponds were still pres-
ent on August 24 and ended on September 19, shortly

after the onset of continuous freeze. Multi-kilometer sur-
veys were conducted at three ice stations on September
24, 26, and 30 while transiting out of the ice pack (Fig-
ure 3).

2.3. Other sources of melt pond observations

The data sets used in larger-scale melt pond comparisons
include retrievals of melt pond fractions from National
Technical Means (NTM; USGS Global Fiducials Library)
and commercial (DigitalGlobe NextView; Planet Labs,
Inc.) satellite imagery, and pond fractions and depths
from the Surface Heat Budget of the Arctic Ocean
(SHEBA) expedition, which was a year-long drift experi-
ment on multiyear (MY) sea ice in the Beaufort and Chuk-
chi seas in 1997–1998 (Uttal et al., 2002). The NTM
imagery was collected at the 2011 joint NASA Operation
IceBridge and U.S. Naval Research Laboratory ‘‘Determin-
ing the Impact of Sea Ice Thickness on the Arctic’s Nat-
urally Changing Environment’’ field campaign, located
near the APLIS/Naval Ice Experiment (ICEX) ice camp
(Gardner et al., 2012). The NTM imagery was processed
for melt pond fractions following Webster et al. (2015),
while the Planet imagery was processed following Wright
and Polashenski (2018) using the Open Source Sea-ice
Processing (OSSP) algorithm. Both approaches yield an
average accuracy of 98% and, in previous unpublished
work (not shown), the results between algorithms
showed strong agreement.

The Planet SkySat scenes are composites of 60 over-
lapping frames covering an area of approximately 7 km
by 15 km with 1-m resolution or better. SkySat imagery is
4-band multispectral, observing the blue, green, red, and
near-infrared wavelengths. The NTM image scenes are
panchromatic and cover approximately 15 km by 15 km
with a 1-m resolution. Most satellite scenes analyzed in
this work were composited, yielding a total coverage of
100–200 km2. The SHEBA pond observations come in two
forms: (1) areal fractions derived from airborne and satel-
lite imagery in mosaics roughly 10 km by 10 km with sub-
meter resolution (Perovich et al., 2002b), and (2) areal
fractions and depths averaged over a 200-m albedo survey
line (Perovich et al., 2003).

2.4. Model output

The seasonal evolution in pond coverage was compared
between observations and model output from Version 2
of the Community Earth System Model (CESM2) (Danaba-
soglu et al., 2020) and the Marginal Ice Zone Modeling
and Assimilation System (MIZMAS) (Zhang et al., 2018).
Two CESM2 grid cells were chosen for the comparison,
each representing CO2 and CO3 locations. Due to the
comparatively higher spatial resolution of MIZMAS, grid
cells that overlapped with the drift tracks in space and
time were selected for the comparison.

CESM2 experiments were run using the CAM6 atmo-
spheric component at 1� horizontal resolution. The ocean
and sea-ice model components also have a nominal 1�

resolution. The standard CESM2 model is described in
Danabasoglu et al. (2020), and the CESM2 large ensemble
is described in Rodgers et al. (2021) and at the following

Art. 10(1) page 6 of 22 Webster et al: Evolution of melt ponds: MOSAiC observations and model results
D

ow
nloaded from

 http://online.ucpress.edu/elem
enta/article-pdf/10/1/000072/665461/elem

enta.2021.000072.pdf by guest on 06 June 2022



website: www.cesm.ucar.edu/projects/community-
projects/LENS2/. The sea-ice component of CESM2 uses
the Los Alamo Sea Ice Model (CICE5; Hunke et al., 2015),
which is a dynamic-thermodynamic model that uses
elastic-viscous-plastic dynamics (Hunke and Dukowicz,
2002) and a sub-grid scale ice thickness distribution.
CICE5 uses mushy layer physics to simulate sea ice and
incorporates prognostic salinity (Turner et al., 2013;
Hunke et al., 2015; Bailey et al., 2020). Melt ponds are
parameterized assuming a depth-area ratio for pond vol-
ume and are carried as tracers on the level portion of each
sea-ice thickness category (Hunke et al., 2013). Rain and
meltwater from snow and sea ice are a source for melt
ponds, while drainage through permeable ice and off floe
edges into the ocean are sinks. Pooling meltwater can
infiltrate the snowpack, simulating the emergence of melt
ponds during spring melt. Simulated freeze-up of melt
ponds includes ice lid formation on which snow can accu-
mulate and subsequently shield the ice lid, melt pond, and
underlying ice from solar radiation. For comparison to
field data, we assessed simulated pond conditions using
the “effective pond fraction” variable, which is the pond
fraction used in the radiative transfer calculation and not
included as a standard-requested variable in Sea-Ice Model
Intercomparison Project (SIMIP) (Notz et al., 2016). We
conducted this analysis for a grid cell in the vicinity of the
MOSAiC and SHEBA sites for simulation year 2015. We
used 30 ensemble members from the CESM2 large ensem-
ble (Rodgers et al., 2021) to account for the influence of
internal climate variability on the simulated melt pond
evolution.

MIZMAS is an ice/ocean modeling and assimilation
system based on the Pan-arctic Ice/Ocean Modeling and
Assimilation System (PIOMAS; Zhang and Rothrock,
2003). The MIZMAS grid uses a generalized orthogonal
curvilinear coordinate system with the North Pole of the
model grid displaced in Alaska. This grid yields an aver-
age of approximately 20-km resolution between the dif-
ferent locations of CO2 and CO3. The ocean component
is based on the Parallel Ocean Program (POP; Smith et al.,
1992). The sea-ice component is a thickness and enthalpy
distribution sea-ice model (Hibler, 1980; Zhang and
Rothrock, 2003) with eight sub-grid scale categories of
ice thickness, ice enthalpy, and snow distribution for
each grid cell. Similar to the treatment of the sub-grid
scale property distributions, MIZMAS incorporates an
eight-category melt pond distribution conservation
equation (Zhang et al., 2018). Unlike the prescribed
treatment of melt ponds in PIOMAS, the equation in
MIZMAS accounts for changes in melt pond distributions
due to ice motion, ice growth, ice and snow melt, ice
ridging, rainfall, and pond drainage; more details can be
found in Zhang et al. (2018). As MIZMAS is forced by
reanalysis (National Centers for Environmental Predic-
tion (NCEP) Climate Forecast System: Saha et al., 2014)
and uses data assimilation, it is expected to match the
observed sea-ice state more closely than the free-running
CESM2, where the sea-ice evolution differs from the real
world in a given year.

3. Results and discussion
The results and discussion are organized in the following
order: Sections 3.1 and 3.2 present the chronological evo-
lution of snow/SSL and melt ponds, from summer melt to
autumn freeze-up; Section 3.3.1 places the MOSAiC obser-
vations into context through comparisons with airborne
and satellite observations; and Section 3.3.2 reveals the
differences between the MOSAiC observations and output
from widely used sea-ice and global climate models.

3.1. Spring-to-summer melt season (CO2)

Prior to melt in early May, the average and standard devi-
ation snow depth was 32 ± 18 cm (n ¼ 899) on the CO1
Northern Loop. The small overlap between the CO1 North-
ern Loop and CO2 transect is shown in Figure 2, with
a snapshot of snow and sea-ice thickness conditions from
May 7 and July 20 shown in Figure 5. Shortly after May
25, a multi-day period of above-freezing temperatures and
rainfall occurred, which reduced the snowpack and pre-
conditioned the surface for melt pond formation. Wide-
spread ponded surfaces were visible in satellite imagery
on May 28 (Figure S2). Although snowfall and freezing
conditions followed shortly after, masking the surface
with fresh snow, melt ponds later formed in these same
locations once continuous melt ensued. The remainder of
the melt season was characterized by above-freezing tem-
peratures, fog, rain, and mostly cloudy conditions (Rinke
et al., 2021; Shupe et al., 2022).

The first surveys on June 17 showed that the average
snow depth had reduced to 18 ± 17 cm from pre-melt
values. Thereafter, the melting snow cover steadily
decreased in depth and areal coverage as it ablated and
revealed the developing SSL underneath (Figures 6a and
7). A scant snowfall event occurred on June 27, but it had
a negligible effect on the snow-depth time series. The
snow/SSL decreased to a minimum depth of 4 ± 2 cm
by July 26. Throughout the melt season, the snow/SSL
remained thicker and more variable on SY ice than FY ice
(Figure 8).

Snow depth distributions became less heterogeneous
over time as shown by the 2-cm standard deviation in
thickness in late July. Even so, a few snow drifts by ridges
persisted throughout the melt season. To estimate the
fractional coverage of drifts and snow they contained,
we considered drifts to be at least one standard deviation
deeper than the mean snow depth on a given day (Figure
6a). On average, drifts covered about 16% of the transect
route and contained 33% of the surveyed snow by mid-
July, owing to the loss of snow on level ice surfaces and
persistence of drifts in deformed ice areas. Although some
snow drifts persisted during summer, their structural com-
position was not typical of a highly reflective snow cover
(Perovich et al., 2002a); these drifts were composed of
extremely coarse grains 1–2 cm in diameter.With or with-
out snow drifts, the mean thickness of the snow/SSL by
late July was 5 ± 3 cm, which is consistent with previous
observations of a 1–10-cm thick SSL during the SHEBA
expedition (Light et al., 2008). By July 26, the areal frac-
tion of snow/SSL had reduced to a minimum of 78%
(Figure 7).
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Subnivean ponds underwent a more variable transition
in depth and coverage relative to the snow/SSL. This tran-
sition was intimately linked to the formation and evolu-
tion of melt ponds and, to a lesser degree, meteorological
conditions. Although observed earlier, subnivean ponds
were first recorded on June 19 and preceded the wide-
spread formation of melt ponds (Figure 7). The areal

fraction peaked at 15% coverage and remained higher
than that of melt ponds for the earlier part of the melt
season. The depth of subnivean ponds was also larger than
that of melt ponds during the early melt season. However,
as melt ponds formed and deepened and the snowpack
melted away, the depth of subnivean ponds steadily
declined (Figure 6b and c).
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Figure 5. Snow depth, sea-ice thickness, and melt pond depth before and after melt. Snow depth, sea-ice
thickness, and melt ponds from an overlapping section between the Northern Loop of Central Observatory 1 and
the transect of CO2 on May 7, before melt onset, and on July 20, during an advanced state of melt. By July 20, most
snow had melted away entirely to reveal a bare ice surface with a well-developed surface scattering layer. DOI: https://
doi.org/10.1525/elementa.2021.000072.f5
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Figure 6. The June–July changes in snow/SSL, subnivean pond, and melt pond depths along the transect route.
Time series of the mean and standard deviation (error bars) of the (a) snow and surface scattering layer (SSL) depths
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Interestingly, the areal fraction of subnivean ponds was
substantially greater on FY ice than SY ice (13% versus 3%)
during the early melt season (Figure 8). We attribute this
difference to the ability of meltwater to spread more
extensively on smoother surfaces relative to the rough
surface relief typical of SY and MY ice. Indeed, ALS surface
elevations from April 8, 2020, showed that the SY ice was
approximately 43% rougher than FY ice along the transect
route. Rough surface topography can constrain the lateral
transport of surface meltwater and area in which

meltwater can pool (Eicken et al., 2004; Polashenski et
al., 2012; Webster et al., 2015). By late July, the areal
fraction of subnivean ponds was higher on SY than FY ice,
which is likely related to the deeper, more variable snow/
SSL that persisted longer on SY ice (7 ± 4 cm) than the
more uniform snow/SSL observed on FY ice (6 ± 2 cm)
(Figure 8).

On June 30, clear skies and lower air temperatures led
to the refreezing of the surface and a notable decrease
(7%) in the areal fraction of subnivean ponds and a modest
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Figure 7. Time series of areal fractions of different surface types during the melt season. Left: Areal fractions of
the three surface types of snow/surface scattering layer (SSL; red diamonds), subnivean ponds only (aqua circles), and
melt ponds (blue triangles), during the June–July melt season, as determined on Central Observatory 2. The snow/SSL
category includes the area covered by subnivean ponds. Right: A subset of multispectral Planet Lab imagery of the
transect route for (a) July 1, (b), July 7, and (c) July 22. The width of the image scenes is approximately 340 m. In
between these dates, some ponds drained while others formed and grew. DOI: https://doi.org/10.1525/
elementa.2021.000072.f7
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decrease (about 1%) in melt pond coverage. Small ponds
and ponds with lateral drainage channels were noticeably
shallower on this date (Figure 1b and c). In these cases,
the distances between the pond water surface and pond
ice lid were 1–2 cm, which suggests the continuation of
lateral drainage and/or vertical percolation of meltwater
despite freezing surface conditions. Over the next few
days, heavy rainfall (approximately 24 mm) ensued and
a coincident increase in areal fraction and depths was
observed in both subnivean ponds and melt ponds. The
mean thickness of subnivean ponds reached 14 ± 9 cm
during this time, but decreased, albeit variably, for the
remainder of the season to a minimum of 5 ± 3 cm on
July 25 (Figure 6b).

The stages of melt pond evolution described in Eicken
et al. (2002) and Polashenski et al. (2012) occurred at
different times in different melt ponds across the floe
(Figure 7a–c). Similar to the findings in Webster et al.
(2015), some melt ponds were in the beginning stages
of formation while others were undergoing lateral and
vertical drainage, with the differences being attributable
to variations in sea-ice topography and permeability.
Despite variable melt pond behavior, a notable vertical

drainage event occurred during windy, rainy conditions
(12 m s–1 wind speeds, approximately 5 mm water equiv-
alent) on July 11–13. During this event, large melt ponds
exceeding 50–100 m in diameter experienced vertical
drainage (Figure 9a), either through flaw holes or inter-
connected brine channels. The amount of pond water
drained from one of these large ponds was approximately
14,200 m3; its area decreased from approximately
25,700 m2 to 5,300 m2. Although none of these large
ponds were measured directly on the transect route, some
were connected to surveyed ponds via lateral drainage
channels. Thus, there were indirect hydrological effects
on the surveyed melt ponds during the drainage event.
Based on the mean pond depth and areal fraction from
the transect data (Figures 5 and 6), the drainage roughly
equated to a bulk meltwater volume loss of approximately
26,500 m3 (Figure 9b).

After the drainage event, areal pond fractions decreased
from 21% to 15%, which consequently increased the area
covered by a more reflective bare ice/SSL surface (Figure
7). Similar to the findings in Perovich et al. (2003), while
areal pond fractions instantly decreased during the main
drainage event, the mean depth of surveyed ponds changed
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after the vertical drainage event on July 11–13. Depth measurements were collected on July 9 and 13. Bin width is
3 cm. (b) The bulk (total) volume of pond water based on the average areal pond fraction, pond depth, and area of
CO2. (c) Melt pond areal fractions and mean melt pond depths during summer melt from the 200-m survey line at
SHEBA and the MOSAiC transect route. (d) The mean areal fractions as a function of mean depth of different surface
types on the transect route. DOI: https://doi.org/10.1525/elementa.2021.000072.f9
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very little (by approximately 1 cm; Figure 9c). Over the
course of the melt season, pond depths generally increased
over time, and many melted through the ice by late July
(Figures 1d and 6c).

On July 26, melt ponds reached a maximum 21% cov-
erage and a depth of 19 ± 11 cm, despite a thin 3–5 mm
layer of ice on the ponds. On July 31, CO2 disintegrated
due to melt and ocean swell. As a comparison, the maxi-
mum melt pond coverage during SHEBA was 24% on
August 7 (Perovich et al., 2002b). On CO2, the maximum
pond depth was 22 ± 13 cm on July 21, with a breakdown
of pond depths being 29 ± 14 cm and 22 ± 14 cm for SY
and FY ice, respectively (Figures 5 and 7).We note that on
July 25–26, the transect route was partially altered due to
some FY ponds having melted entirely through (Figure
1d).

For most of the melt season, a few unusual surface
types along the transect route remained free of snow, an
SSL, and pond water. These ice surfaces appeared to be
either drained melt ponds, remnant ice broken from the
bottom of melt ponds from the previous year which had
become frozen into the following year’s ice surface, or,
especially in refrozen cracks, candle ice, a kind of rotten,
columnar-grained ice that forms due to impurities facili-
tating melt at grain boundaries (USACE, 2002; Figure S3).
The zero-thickness surfaces made up less than 1% of the
survey route during the melt season and are consistent
with similarly unique features observed during the SHEBA
campaign.

Continuation of measurements was not possible after
the disintegration of CO2, and the Polarstern relocated
northward for the freeze-up season to establish CO3.
CO3 was located at considerably higher latitudes than
CO2 (Figure 3) and, unlike CO2, was comprised mostly
of undeformed FY ice. Consequently, the differences in
geographic location and sea-ice conditions should be con-
sidered when examining the time series presented in this

study. The implications of these differences include earlier
freeze-up and snow accumulation at CO3 than CO2, less
total insolation at CO3 than CO2, and different melt pond
coverage due to differing ice types and surface roughness
conditions.

3.2. Summer-to-autumn freeze-up season (CO3)

The time series of surface conditions during freeze-up was
more complex than during the melt season due to a com-
bination of variable weather conditions and measurement
constraints on CO3. The survey area proved to be too small
to yield a representative areal fraction. Given these cir-
cumstances and the widespread presence of level FY ice
on CO3 and neighboring floes, the transect data were
combined with data collected along the Kinder albedo line
(Nicolaus et al., 2022) and from larger surveys on nearby
floes (Figure 10). While the supplementation improves
the robustness of the time series, some variation from the
limited sample area persists, most notably on August 24,
August 30, and September 2.

The surface on August 21 had a thin, melting snow
cover and well-developed, drained melt ponds with
3–5-mm ice lids (Figure 11a). The evolution of surface
conditions strongly corresponded with the variable
weather (Figure S4). Initial surveys yielded pond fractions
of 35–48%, considerably higher than those observed on
CO2. We attribute the higher pond coverage to sea ice
being less deformed on CO3. Melt pond coverage
decreased to approximately 31% before thick ice lids
formed (Figure 10). Smaller, shallower ponds formed ice
lids first, followed by pond lids forming on larger, deeper
ponds. In addition to an apparent dependency on pond size
and depth, the location and rate of ice lid formation within
a given pond was strongly influenced by wind speed and
direction during freezing conditions (Figure 11b).

Lower temperatures and snowfall occurred on August
23–24, increasing the snow/SSL to 6 ± 1 cm, and
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Figure 10. Time series of depths and areal fractions of different surface types during the freeze-up season.
Left: Time series of mean snow and surface scattering layer (SSL) depths (red symbols) and melt pond depths (blue
symbols) for the August–September freeze-up season, as measured on Central Observatory 3. The standard deviation
is shown by the error bars. The different symbol shapes represent different measurement types: manual (diamond)
and magnaprobe (square). Right: Areal fractions of surface types during the August–September freeze-up season.
Subnivean ponds were not encountered on CO3. DOI: https://doi.org/10.1525/elementa.2021.000072.f10
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decreasing pond fractions by 10% (Figure 10). However,
this snowpack formation was short-lived. Above-freezing
temperatures and intermittent rainfall lead to a steady
reduction in the snow/SSL and a “re-opening” of melt
ponds as their ice lids melted away (Figure 11c). On Sep-
tember 2–4, the daily maximum air temperatures
dropped to between –1.1�C and –0.4�C (Figure S4). As
a result, melt ponds formed ice lids again, and the
snow/SSL depth became zero due to the magnaprobe
being unable to penetrate a frozen SSL. Between Septem-
ber 2 and 8, the snowpack increased incrementally to
a 2-cm thickness and frost flowers formed on melt pond
lids and refrozen leads (Figure 11d). During this time,
platelet ice formed in several ponds next to leads and in
those containing cracks and thaw holes (Figure 11e).

By September 6, all melt ponds had frozen over with at
least 5-cm ice lids, and the snow areal fraction reached
100% (Figure 10). Even so, liquid water was still present
underneath the lids of large ponds for the duration of the
CO3 field component. These ponds were also locations
where drifting snow created a more variable snow depth
distribution, leading to locally deeper snow or snow-free
(wind-scoured) conditions relative to surrounding,
unponded snow-covered ice. This disproportionate redis-
tribution of snow on ponded versus unponded ice was
also observed on the SHEBA expedition (see figure 11d
in Perovich et al., 2003) and a field campaign in 2018
(Anhaus et al., 2021).

In mid-September, a cyclone caused a rain-on-snow
event (Figure S4). The cyclone had wind speeds of approx-
imately 17 m s–1, high (0�C) maximum air temperatures,
and approximately 15 mm (liquid equivalent) of snowfall
and rainfall, all of which thinned the snowpack from
8 ± 5 cm to 4 ± 3 cm (Figure 10). The largest change
in snow occurred over refrozen melt ponds where much of
the snow melted into slush (Figure 11f). For the remain-
der of CO3, a mixture of snowfall and freezing drizzle
increased the snowpack to a mean depth of 10 ± 3 cm,
but the snow cover was still optically thin on September
19 (Figure 10; Brandt et al., 2005; Perovich, 2007). In late
September, ice station work on the voyage out of the ice
revealed comparable, although more variable, snow depth
distributions at more southerly latitudes (Figure 10).

3.3. Broader comparisons and context

Ground observations are invaluable for documenting
local-scale processes and variability, which, in turn, can
inform the development and enhancement of model para-
meterizations and satellite algorithms. However, scaling
up to model grid cells and satellite footprints poses a chal-
lenge in reconciling sub-grid cell properties to broader
aggregate spatial scales (Webster et al., 2022). In this sec-
tion, we compare melt pond coverage from ground obser-
vations with those derived from high-resolution satellite
imagery. These results are then used to guide the inter-
pretation of comparisons between ground observations

Figure 11. Ephemeral weather events that altered the surface conditions during the autumn season. (a) A
melting snow cover and thin pond lids present at the beginning of Central Observatory 3 in mid-August. The pond lid
shown was about 2 cm in thickness. (b) Wind speed and direction affected the formation of ice lids over melt ponds,
(c) most pond lids had melted away by late August, (d) freezing temperatures and calm conditions in early September
allowed frost flowers to form on pond lids and frozen leads, and (e) platelet ice crystals were present in ponds with
thaw holes and cracks. The platelet crystals were about 1–3 cm in length. (f) In mid-September during above-freezing
temperatures and heavy rainfall, the snow cover on refrozen melt ponds became saturated, turned into slush, and, in
many cases, melted away. The tent (approximately 3.5 m � 3.5 m � 2.0 m) in the background provides scale. DOI:
https://doi.org/10.1525/elementa.2021.000072.f11
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and model simulations of melt pond coverage, as well as
the sea-ice conditions related to melt pond distributions.

3.3.1. Representation across spatial scales

Melt pond distributions are heterogeneous in space and
time. Here, we compare the coverage of melt ponds mea-
sured on the transect route with those retrieved from
satellite imagery to assess differences across spatial scales.
Note that the satellite retrievals of “sea ice” are equivalent
to the combination of the observed snow/SSL and subni-
vean ponds because they have similarly high reflectivity
from the nadir view. Despite CO2 being 10% rougher than
the broader region in spring, its pond coverage was higher
than that in the broader region for all of July. This finding
suggests that, although surface roughness is strongly
linked to the distribution of melt ponds on a local scale,
at larger spatial scales, the relationship between surface
roughness and pond coverage weakens. Both CO2 and the
broader region (100–150 km2 in size) exhibited higher
average melt pond coverage than what was measured on
the transect route (14%), yielding 23% and 20%, respec-
tively (Figure 12a).

Across spatial scales, the values observed during
MOSAiC are considerably lower than the 2000–2011
mean (30–33%) for July, as derived from the Moderate
Resolution Imaging Spectroradiometer (Rösel et al.,
2012). The largest difference in pond coverage between
spatial scales occurred on July 1, when melt ponds exceed-
ing approximately 100 m in diameter were present on the
inner portion of CO2. On June 29, lateral drainage chan-
nels were observed along the transect route, which may
point to a possible cause for the difference between the
ground observations and satellite retrievals: melt ponds
near the edge of the floe may drain more readily than
those that are isolated and constrained by higher surface
relief away from the floe edge. This explanation agrees
well with Wright et al. (2020) in that pond-free areas have
been commonly observed near ice floe edges.

As melt progressed on CO2, the difference between
the ground observations and satellite retrievals became
smaller. This increasing similarity across spatial scales
suggests that spatial heterogeneity is particularly large
during the earlier stages of melt pond evolution when
ponds are separate and vary greatly in size. After vertical
drainage, spatial heterogeneity in pond size decreases as
ponds become highly interconnected, as determined by
the smaller standard deviation in pond size distribution
in late July. Perovich et al. (2002b) found similar tempo-
ral differences in the pond distributions at SHEBA, with
the greatest spread in pond area occurring earlier in the
melt season.

The largest and deepest ponds on CO2 occurred in
areas with low, level surface relief surrounded by ridges.
Using airborne surface elevations from April 2020 with
optical satellite imagery from July 2020, we found that
the mean surface elevation for ponded ice areas was
20 cm lower than that of CO2 (Figure 12b). In compari-
son, pond-free ice areas exhibited a mean surface eleva-
tion 5 cm higher than that of CO2. Using the standard
deviation as a proxy for surface roughness, the pond-free
areas were nearly twice as rough as ponded sea-ice areas,
which underscores the relationship between local surface
roughness and pond coverage (Figure 1e). In addition to
surface roughness, several factors influence the distribu-
tion, coverage, and depth of melt ponds, including sea-ice
permeability, macroscopic flaws (i.e., cracks), and ice thick-
ness. For example, macroscopic flaws in thin, level sea ice
can lead to earlier pond drainage and thus smaller pond
coverage, as was observed in a small area of FY ice on CO2.

3.3.2. Model-observation assessment

Figure 13 shows the seasonal evolution of the ponded ice
fraction from a selection of field campaigns and the
CESM2 and MIZMAS simulations. The field campaigns rep-
resent different ice conditions, geographic areas, and
years. In chronological order, the SHEBA campaign was
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Figure 12. Connections between melt pond fractions and surface roughness. (a) A comparison of ponded ice
fractions between the transect data and the Open Source Sea-ice Processing satellite retrievals of the broader MOSAiC
area (Satellite scene) and Central Observatory 2. (b) The difference between surface elevations and mean surface
elevation of CO2 measured by the airborne laser scanner on April 8, 2020, as a function of surface types retrieved
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predominantly MY ice, APLIS/ICEX was mostly level FY ice,
MOSAiC CO2 was predominantly SY ice, and MOSAiC CO3
was mostly level FY ice. The comparison of modeled and
observed conditions is complicated by the different spatial
scales involved, with the models representing conditions
over a large grid cell, and, for the coupled CESM2 climate
model, by the influence of internal climate variability,
which causes challenges when comparing to a single year
of observations. Nevertheless, the initial comparison pro-
vided here gives insight on potential model biases and
emphasizes the need for a more comprehensive compar-
ison to investigate the processes driving simulated pond
formation and evolution.

Although ephemeral ponds were visible in satellite
imagery on May 28 (Figure S2), continuous pond forma-
tion was not observed by satellite or in situ until mid-June.
Continuous pond formation also occurs in mid-June in
CESM2, but with a 5-day standard deviation and 19-day
range. In comparison, continuous pond formation occurs
about 1 week earlier in MIZMAS. Both CESM2 and MIZ-
MAS maximum pond fractions exceed the MOSAiC-CO2
observations, reaching 51% and 40%, respectively, on the
date of the maximum transect value of 21% in July. The
standard deviation in pond coverage across the 30 ensem-
ble members of CESM2 was 8% in late July, while the
range was 22–67%. Over the CO2 pond season, the aver-
age pond fractions from CESM2 and MIZMAS were 31%
and 36%, respectively, compared to observed 14% from
surface-based observations. Even when considering that
the broader area had higher pond coverage than the

transect route (Figure 12a), both models still overesti-
mate pond coverage for June–July.

CESM2 simulates a wide range in pond coverage and
dates of pond freeze-up in autumn 2015. Here, we define
pond freeze-up as the first date at which pond fractions
reach zero and remain at zero for the remainder of the
year. From August 24 to September 6, the simulated mean
pond coverage was 26 ± 22% across the 30 ensemble
members. On average, the date of simulated pond
freeze-up occurred about 2 weeks earlier than the obser-
vations. The larger standard deviation (8 days) and range
(33 days) in pond freeze-up, relative to pond onset, likely
results from greater sensitivity to internal climate variabil-
ity, as was similarly found for sea-ice freeze onset and sea-
ice melt onset in Version 1 of the CESM large ensemble in
Smith and Jahn (2019). The MOSAiC observations show
fluctuations of 20% in pond coverage (note, the near-
maximum value of pond coverage on CO2) during the
freeze-up period due to the high sensitivity of ponds to
ephemeral above- and below-freezing conditions during
episodic weather (Section 3.2). In comparison, MIZMAS
simulates similar pond coverage (37 ± 2%) and pond
freeze-up (September 6) compared to observations (32 ±
9%; September 6).

The model and observational results reveal two note-
worthy phenomena of seasonal melt pond evolution. First,
if average temperatures are above freezing for a sufficient
amount of time, pond onset is a steady process with ther-
mal inertia, making pond onset less sensitive to short-lived
weather events and thus less variable than pond freeze-up.
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Figure 13. Annual cycle of melt pond fractions from model simulations and observations. A comparison of melt
pond fraction values during the melt season between SHEBA (1998, predominantly multiyear ice), ICEX (2011,
predominantly level first-year ice), MOSAiC (2020), and model output from CESM2 and MIZMAS. The April–July
MOSAiC data and CESM2 MOSAiC results correspond to CO2 (predominantly second-year ice), while mid-August to
November results correspond to CO3 (predominantly level first-year ice). The CESM2 SHEBA output corresponds to the
SHEBA location. The shading represents the standard deviation across the 30 ensemble members, while the solid and
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The pooled meltwater underneath the snowpack during
spring melt is insulated by snow and much of it can
remain unfrozen, despite episodic freezing, as was
observed during MOSAiC. Second, pond freeze-up is an
abrupt process that is highly sensitive to the weather due
to the relatively short time that is needed to freeze a thin
layer of ice on ponds. Below-freezing temperatures can
effectively reduce the pond coverage to zero in a matter
of hours. Moreover, for melt ponds that are mostly com-
prised of freshwater, freezing can occur at 0�C rather than
–1.8�C for seawater.

Interestingly, CESM2 produces overly high melt pond
coverage at the SHEBA location. On one hand, the discrep-
ancy with the SHEBA observations could be partly due to
the simulation year of 2015 rather than the year (1998) of
the SHEBA expedition. On the other hand, the overly high
pond coverage may point to a possible deficiency in the
volume of meltwater being produced and/or retained on
the ice, the representation of physics controlling melt
pond drainage, the distribution of meltwater across sea-
ice thickness categories, or a combination of these factors.
We note that the simulated maximum pond coverage at

both the MOSAiC CO2 (51%) and SHEBA (55%) sites were
more comparable to the 51% pond coverage observed at
the APLIS/ICEX site, which was primarily composed of
heavily ponded, undeformed FY sea ice.

To explore this latter topic further, we evaluated the
sea-ice thickness, snow/SSL depth, and the areal fraction
of ponded ice and snow-covered ice as functions of the
five ice thickness categories in the CESM2 ensemble mem-
bers for July 7 (Figure 14). The model assumes the pres-
ence of an SSL on bare ice, with a fixed SSL thickness of
0.05 m for ice thicknesses greater than 0.80 m. Therefore,
0.05 m was added to the simulated mean snow depth for
a more appropriate comparison with the magnaprobe
measurements, which cannot distinguish between snow
and an SSL in melting conditions. In Figure 14c, the
white hatching in the simulated snow/SSL depths repre-
sents a 0.05-m thick SSL.

The model-observation comparison shows notable differ-
ences in the ice thickness distribution. The observed sea-ice
thickness on the transect route was greater than 0.6 m and,
consequently, no observational data apply to the 0–0.59-m
thickness category from the model (Figure 14a and b).
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Figure 14. Simulated and observed snow, pond, and ice properties for five ice thickness categories in CESM2
(July 7). Dark blue bars represent the CESM2 model ensemble mean, while the grey error bars represent the standard
deviation and the cyan asterisks the range of values across the 30 ensemble members. The yellow bars represent the
observed mean value. (a) Mean sea-ice thickness for the five ice thickness categories in CESM2 for the MOSAiC transect
data from Central Observatory 2 and CESM2 for July 7, 2020. (b) Areal ice fraction of each ice category. (c) Mean snow/
surface scatter layer (SSL) depth per ice thickness category. The observational mean includes the subnivean pond and
SSL depths, and the white hatching in the CESM2 results represents a 0.05 m-thick SSL in addition to its (non-
hatching) snow depth value. (d) Fraction of ponded sea ice per ice thickness category. Note that the y-axis range differs
across all panels. DOI: https://doi.org/10.1525/elementa.2021.000072.f14
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We therefore omit a comparative analysis of snow depth and
melt ponds in the 0–0.59-m ice thickness category. The
remaining ice thickness categories show considerable differ-
ences in their fractional coverage (e.g., observed 2% versus
simulated 48 ± 9% areal coverage of sea ice in the 0.6–1.39
m range). In general, CESM2 overestimates the amount of
ice thinner than 1.4 m and underestimates the amount of
ice thicker than 1.4 m. Consistent with the findings in DuVi-
vier et al. (2020) and DeRepentigny et al. (2020), the CESM2
simulations submitted to the Coupled Model Intercompar-
ison Project (CMIP6) have Arctic sea ice that is biased thin
compared to observations. Despite this thin bias, we note
that the thickest ice category (� 3.6 m) in the CESM2 simu-
lations has a mean and standard deviation of 7.4 ± 0.3 m,
which is substantially larger than the observed 4.3-m
thickness.

For snow, CESM2 consistently simulates a 0.05-m thick
snow/SSL depth for ice thinner than 2.4 m, which is in
strong agreement with the observations (Figure 14c). For
the thicker ice categories, however, CESM2 simulates
a deeper, more widespread snow cover. For example, in the
thickest ice category (� 3.6 m), the mean snow/SSL depth
simulated by CESM2 is 0.19 ± 0.10 m and covers 87% of
the thickness category. In comparison, the observed snow
depth is 0.06 m for ice thicker than 3.6 m. Given that the
thickest ice category comprises less than 5% of the grid cell
area, its large bias in snow depth has minimal effect on the
grid cell average. Model-observation comparisons in Web-
ster et al. (2021) show that the CESM2 simulates an overly
thin and overly uniform snow distribution. Consistent with
these findings, the CESM2 snow depth time series (not
shown) exhibits overly thin snow in late spring, which has
implications for surface albedo and spring melt.

The ponded ice fractions per ice thickness category
show a more complex story (Figure 14d). Relative to the
observations, simulated ponds are distributed across ice
thickness categories more heterogeneously, exhibiting 3–
39% range in the mean areal fraction while the observed
range was 11–17%. Although sea ice exists in all thickness
categories across all 30 ensemble members, it is only in
the thinnest (0–0.59 m) ice thickness category for which
all model years consistently produced melt ponds. Consid-
ering the 0.60–1.39 m thickness category (Figure 14d),
the average and standard deviation in pond coverage is 39
± 14%, with a range of 0–86%. In comparison, the
observed pond coverage was 17%, or nearly half the sim-
ulated mean coverage in the 0.60–1.39-m thickness cate-
gory. This difference indicates a high bias in melt pond
coverage for thinner ice categories in CESM2, which may
result from there being: (1) too much thin ice in CESM2, as
discussed in DuVivier et al. (2020); (2) too many melt
ponds on the level ice portion, which is predominantly
in the thinner ice categories; (3) too much surface melt;
and/or (4) too much meltwater retained on the surface. In
the thicker ice categories, the observed pond fraction is
within the ensemble spread, suggesting that the simu-
lated pond fractions are comparable to observations. Even
so, the simulated mean pond fraction is half, at most, of
the observed mean pond fraction for sea ice with a thick-
ness of 1.4 m and larger.

The implications of model-observation comparison
suggest that overly thin ice and excessive pond coverage
in CESM2 may lead to an overly low surface albedo,
whereas thicker ice may produce an overly high albedo
due to limited pond coverage and an overabundance of
snow. These factors may have compensating effects when
simulating surface albedo (Light et al., n.d.). Potential
sources of these biases include the: representation of melt
ponds on the level portion of sea ice, snow and ice surface
melt rates in relation to the representation of albedo,
amount of meltwater retained on the surface, and para-
meters controlling lateral and vertical melt pond drainage.
Model experiments that simulate a more realistic sea-ice
cover can greatly aid investigations involving the identifi-
cation of deficiencies and enhancement of sea-ice para-
meterizations. Recent work by Kay et al. (2022)
demonstrated improvements in the CESM2 sea-ice clima-
tology and 20th–21st century transient evolution, with lit-
tle influence outside of the Arctic, through the tuning of
parameters that affect snow grain size. Evaluation of these
data, together with the CESM2 large ensemble, is a consid-
eration for future work.

4. Conclusions
This paper provides a detailed analysis of the summer and
autumn evolution of surface conditions on the MOSAiC
Central Observatories. We investigated the changes in the
snow/SSL and melt ponds from spring melt (CO2) to
autumn freeze-up (CO3) using in situ transect data, relat-
ing the changes to environmental conditions including
surface roughness, sea-ice thickness, and weather. To sum-
marize the observed pond evolution, we describe the fol-
lowing key stages:

1. Short-lived melt in late May formed subnivean
ponds, where meltwater pooled in surface
depressions beneath the snow cover, and open
ponds, both of which pre-conditioned the surface
for later melt pond evolution.

2. Freezing conditions and late spring snowfall
allowed pond lids to form and accumulate snow,
masking the uppermost surface with a fresh
snow layer.

3. Continuous melt from mid-June formed new
open ponds, expanded existing melt ponds, and
transitioned the snow-covered surface to a melt-
ing ice surface with an SSL, which likely began
developing underneath the snow during earlier
melt.

4. Lateral drainage channels allowed ponds near
the floe edge to drain, while isolated ponds
lacking drainage channels continued to expand
in area, creating a large distribution in melt pond
size.

5. A vertical drainage event in mid-July reduced the
mean areal pond coverage and depth modestly
and temporarily, and decreased the heterogene-
ity in pond coverage and size distribution across
spatial scales.
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6. The continuation of melt into summer deepened
melt ponds, causing some to melt completely
through the underlying ice to form pockets of
open water within the floe matrix.

7. Freeze onset in August caused the SSL to refreeze
into the upper sea-ice structure and ponds to
abruptly form ice lids and accumulate snow, with
drifting snow depositing on most of the lower-
lying surface relief of pond lids.

8. During continuous freezing in September, snow
depths became deeper over pond lids than pond-
free sea ice. Liquid water remained present
underneath pond lids and snow, revealing that,
although refrozen at the surface, melt ponds
required considerable time to cool sufficiently to
freeze internally.

We assessed the representativeness of in situ melt
pond observations from the summer melt season (CO2)
through comparisons with satellite retrievals, showing
that, compared to the broader area, average summer
pond coverage along the transect was lower (20% versus
14%). Does this finding mean that satellite retrievals
tend to overestimate pond coverage because of the der-
ivation over a broader area, or that in situ observations
tend to underestimate pond coverage because of local
characteristics along survey lines? To shed light on these
questions, an expansion of efforts to monitor the evolu-
tion of melt ponds through satellite and in situ observa-
tions and analyses is needed. In particular, using high
resolution (< 3 m) optical imagery to track drifting field
programs and autonomous systems (e.g., buoy arrays) can
help to reveal the common mechanisms (i.e., variable
weather) and properties (i.e., snow depth, roughness)
that control melt pond evolution. Equally valuable is
targeting a wide range of sea-ice conditions across the
Arctic to help place melt pond observations into context
with regard to spatial scaling, regional differences, and
relatability to model parameterizations.

In this study, we demonstrated the value of using
MOSAiC observations to evaluate the realism of models
in simulating the summer evolution of snow and melt
ponds. Accurate model parameterizations of melt pond
processes are a challenge due to limited understanding of
melt pond processes and propagating uncertainties, such as
those from snowfall and snow/ice melt. Through model-
observation comparisons, we revealed possible weaknesses
in specific model parameterizations that may have impor-
tant consequences for accurately simulating albedo feed-
backs. These include the distribution of meltwater across
sea-ice thickness categories and the spatio-temporal
changes in pond depth and areal coverage (Figures 8c,
8d, and 12). Our results point the way for further study
of mechanisms driving pond formation and evolution and
how those mechanisms may be better represented in mod-
els. Future efforts will build on the results presented here
to enhance the treatment of melt pond processes in mod-
els, with the ultimate goal of improving simulated feed-
backs and the predictive capability of climate models.
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� MOSAiC magnaprobe and GEM-2 data are
archived in the MOSAiC Central Storage (MCS)
and will be available at the time of final publi-
cation in the data repository PANGAEA under:
Itkin, P., Webster, M., Hendricks, S., Oggier, M.,
Jaggi, M., Ricker, R., Arndt, S., Divine, D.V., von
Albedyll, L., Raphael, I., Rohde, J., and G.E. Liston
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measurements from the 2019-2020 MOSAiC
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Additional references to data sets that are already
published are given in the bullets below.

� The gridded ALS data are archived on Zenodo
under: Hutter, Nils, Hendricks, Stefan, Jutila,
Arttu, Ricker, Robert, von Albedyll, Luisa, Birn-
baum, Gerit, & Haas, Christian. (2021). Gridded
airborne laser scanner (ALS) elevation data (L4)
for three flights during MOSAiC (prerelease)
(Version 1.0.0-alpha) [Data set]. Zenodo. http://
doi.org/10.5281/zenodo.5121824.

� Ruler measurements of snow, subnivean pond,
and melt pond depths from the albedo lines
(Smith et al., 2021) are available at: https://
arcticdata.io/catalog/view/doi%3A10.18739
%2FA2ZG6G81T.

� Meteorological data were collected from MOSAiC
from the Atmospheric Radiation Measurement
(ARM) User Facility, a US Department of Energy
Office of Science User Facility managed by the
Biological and Environmental Research Program,
under expedition number MOSAiC20192020 and
project identifier AWI_PS122_00: Meteorological
Measurements associated with the Surface Mete-
orological Instrumentation (PWD) and Aerosol
Observing System (AOSMET). 2020-04-01 to
2020-09-30, ARM Mobile Facility (MOS) MOSAIC
(Drifting Obs - Study of Arctic Climate); AMF2
(M1). Compiled by J. Kyrouac, S. Springston, and
D. Holdridge. ARM Data Center. Data set accessed
May 27, 2021, at http://dx.doi.org/10.5439/
1025153.

� Drift track data are available at: Rex, Markus
(2021): The master track of POLARSTERN cruise
PS122/4 and PS122/5 in 1 sec resolution was
used for drift correction. Alfred Wegener Institute,
Helmholtz Centre for Polar and Marine Research,
Bremerhaven, PANGAEA, https://doi.org/10.
1594/PANGAEA.926830 and https://doi.org/10.
1594/PANGAEA.926911.

� Melt pond data from the SHEBA field campaign
are available in Perovich et al. (2002b; 2003).

� Melt pond data from the 2011 APLIS/ICEX drift in
Webster et al. (2015) are available at: http://psc.
apl.uw.edu/melt-pond-data.

� MIZMAS data (Zhang et al., 2018) are available at:
https://pscfiles.apl.uw.edu/zhang/MIZMAS/.

Webster et al: Evolution of melt ponds: MOSAiC observations and model results Art. 10(1) page 17 of 22
D

ow
nloaded from

 http://online.ucpress.edu/elem
enta/article-pdf/10/1/000072/665461/elem

enta.2021.000072.pdf by guest on 06 June 2022

https://doi.pangaea.de/10.1594/PANGAEA.937781
https://doi.pangaea.de/10.1594/PANGAEA.937781
http://doi.org/10.5281/zenodo.5121824
http://doi.org/10.5281/zenodo.5121824
https://arcticdata.io/catalog/view/doi%3A10.18739%2FA2ZG6G81T
https://arcticdata.io/catalog/view/doi%3A10.18739%2FA2ZG6G81T
https://arcticdata.io/catalog/view/doi%3A10.18739%2FA2ZG6G81T
https://arcticdata.io/catalog/view/doi%3A10.18739%2FA2ZG6G81T
http://dx.doi.org/10.5439/1025153
http://dx.doi.org/10.5439/1025153
https://doi.org/10.1594/PANGAEA.926830
https://doi.org/10.1594/PANGAEA.926830
https://doi.org/10.1594/PANGAEA.926911
https://doi.org/10.1594/PANGAEA.926911
http://psc.apl.uw.edu/melt-pond-data
http://psc.apl.uw.edu/melt-pond-data
https://pscfiles.apl.uw.edu/zhang/MIZMAS/


� The CESM2 large ensemble data (https://doi.org/
10.26024/kgmp-c556) are available at: https://
www.earthsystemgrid.org/dataset/ucar.cgd.
cesm2le.output.html.

� The OSSP-derived satellite pond fractions (Wright
et al., 2020) for MOSAiC are available at the Arctic
Data Center under: Wright, N.,Webster, M., and C.
Polashenski. (2021). Melt Pond Maps around the
Multidisciplinary drifting Observatory for the
Study of Arctic Climate (MOSAiC) Drifting Station
derived from High Resolution Optical Imagery,
2020. urn: node: ARCTIC. doi:10.18739/A2696
ZZ9W.

� SkySat Imagery is courtesy of Planet Labs, Inc.
� Raw and preprocessed image data from Digital-

Globe WorldView images can be acquired from
DigitalGlobe or the Polar Geospatial Center at the
University of Minnesota. Geospatial support for
this work was provided by the Polar Geospatial
Center under NSF-OPP awards 1043681 and
1559691, and the imagery was provided through
the DigitalGlobe NextView License (2020).

� Sea-ice concentration data (Spreen et al., 2008) in
Figure 1 are available from the University of
Bremen at: https://seaice.uni-bremen.de/sea-ice-
concentration/amsre-amsr2/.
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K, Dütsch, M, Ebell, K, Ehrlich, A, Ellis, J, Engel-
mann, R, Fong, AA, Frey, MM, Gallagher, MR,
Ganzeveld, L, Gradinger, R, Graeser, J, Green-
amyer, V, Griesche, H, Griffiths, S, Hamilton, J,
Heinemann, G, Helmig, D, Herber, A, Heuzé, C,
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Loose, B, Lüpkes, C, Maahn, M, Macke, A,
Maslowski, W, Marsay, C, Maturilli, M, Mech,
M, Morris, S, Moser, M, Nicolaus, M, Ortega, P,
Osborn, J, Pätzold, F, Perovich, DK, Petäjä, T, Pilz,
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