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Arctic sea ice albedo: Spectral composition, spatial
heterogeneity, and temporal evolution observed
during the MOSAiC drift

Bonnie Light1,*, Madison M. Smith1, Donald K. Perovich2, Melinda A. Webster3,
Marika M. Holland4, Felix Linhardt5, Ian A. Raphael2, David Clemens-Sewall2,
Amy R. Macfarlane6, Philipp Anhaus7, and David A. Bailey4

The magnitude, spectral composition, and variability of the Arctic sea ice surface albedo are key to
understanding and numerically simulating Earth’s shortwave energy budget. Spectral and broadband
albedos of Arctic sea ice were spatially and temporally sampled by on-ice observers along individual survey
lines throughout the sunlit season (April–September, 2020) during the Multidisciplinary drifting Observatory
for the Study of Arctic Climate (MOSAiC) expedition. The seasonal evolution of albedo for the MOSAiC year
was constructed from spatially averaged broadband albedo values for each line. Specific locations were
identified as representative of individual ice surface types, including accumulated dry snow, melting snow,
bare and melting ice, melting and refreezing ponded ice, and sediment-laden ice. The area-averaged seasonal
progression of total albedo recorded during MOSAiC showed remarkable similarity to that recorded 22 years
prior on multiyear sea ice during the Surface Heat Budget of the Arctic Ocean (SHEBA) expedition. In accord
with these and other previous field efforts, the spectral albedo of relatively thick, snow-free, melting sea ice
shows invariance across location, decade, and ice type. In particular, the albedo of snow-free, melting seasonal
ice was indistinguishable from that of snow-free, melting second-year ice, suggesting that the highly
scattering surface layer that forms on sea ice during the summer is robust and stabilizing. In contrast, the
albedo of ponded ice was observed to be highly variable at visible wavelengths. Notable temporal changes in
albedo were documented during melt and freeze onset, formation and deepening of melt ponds, and during
melt evolution of sediment-laden ice. While model simulations show considerable agreement with the
observed seasonal albedo progression, disparities suggest the need to improve how the albedo of both
ponded ice and thin, melting ice are simulated.
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1. Introduction
The Arctic sea ice cover plays a prominent role as both
indicator and amplifier of global climate change, in large
part because of its vast area, modest thickness, and high

albedo. These properties result in an ice-albedo feedback
mechanism (Hall, 2004; Thackeray and Hall, 2019; Wun-
derling et al., 2020), whereby changes in ice concentration
or changes in the albedo of the ice cover drive potentially
amplifying changes in the surface heat budget. The albedo
depends strongly on snow depth and properties (Flanner
and Zender, 2006; Aoki et al., 2011), the optical character-
istics of bare, melting sea ice (Perovich et al., 2002), and
the formation, extent, and development of surface melt
ponds (Polashenski et al., 2012; Webster et al., 2015; Pola-
shenski et al., 2017). While these factors are essential for
understanding the state of the ice cover, they also deter-
mine the albedo of the ice cover and the strength of the
ice-albedo feedback.

At the onset of the sunlit season, sea ice is largely
covered by snow and its albedo is relatively high and
spatially homogeneous. In summer, however, changes in
the optical properties of the ice cover result in decreased
magnitude of the albedo along with increased temporal

1 Polar Science Center, Applied Physics Laboratory, University
of Washington, Seattle, WA, USA

2 Thayer School of Engineering, Dartmouth College, Hanover,
NH, USA

3 Geophysical Institute, University of Alaska Fairbanks,
Fairbanks, AK, USA

4 National Center for Atmospheric Research, Boulder, CO, USA
5 Christian-Albrechts-Universität zu Kiel, Institut für

Geographie, Kiel, Germany
6 WSL Institute for Snow and Avalanche Research SLF, Davos,

Switzerland
7 Alfred-Wegener-Institut, Helmholtz-Zentrum für Polar- und

Meeresforschung, Bremerhaven, Germany

* Corresponding author:
Email: bonlight@uw.edu

Light, B, et al. 2022. Arctic sea ice albedo:. Elem Sci Anth, 10: 1.
DOI: https://doi.org/10.1525/elementa.2021.000103

D
ow

nloaded from
 http://online.ucpress.edu/elem

enta/article-pdf/10/1/000103/738940/elem
enta.2021.000103.pdf by guest on 02 D

ecem
ber 2022

https://doi.org/10.1525/elementa.2021.000103


and spatial variability (Perovich et al., 2002). Significant
changes occur on sub-weekly time scales, and melt ponds
introduce sharp contrasts on sub-meter spatial scales. As
a result, albedo measurements with a footprint larger than
about 5 m, such as those measured from drone, helicop-
ter, or satellite, rarely represent individual surface types in
physically meaningful ways. Albedo measurements taken
by surface observers provide a detailed, time-resolved
record of specific surface conditions and ice types (e.g.,
Langleben, 1969; 1971; Grenfell and Maykut, 1977; Gren-
fell and Perovich, 1984; Perovich, 1991; 1994; Hanesiak
et al., 2001; Perovich et al., 2002; Ehn et al., 2006; Nico-
laus et al., 2010; Perovich and Polashenski, 2012; Light
et al., 2015; Xia et al., 2015; Zhu et al., 2021). Albedo
measurements are most informative when coordinated
with detailed physical property observations, including
surface type description, snow and ice thickness, snow
grain size and density, ice freeboard, temperature, and
texture, and melt pond properties.

Both the spectral (aλ) and broadband (atot; “total” or
wavelength-integrated) albedo provide useful insight into
the characteristics of the sea ice cover and its partitioning
of solar radiation. The development of “structural-optical”
models (e.g., Light et al., 2004) that resolve variations in
the physical and optical properties of the ice depend on
extensive knowledge of aλ for a variety of ice types and
conditions. Because ice and liquid water absorb blue light
(λ approximately 300–500 nm) very weakly, aλ at these
wavelengths is determined by light scattering due to
inclusions of brine and gas and can be modified by light
absorption due to even small concentrations of impurities
(e.g., soot, sediment) and biological constituents. Because
the absorption of pure ice increases with wavelength, aλ at
red (λ approximately 650–700 nm) and near-infrared
wavelengths (λ approximately 700–2500 nm) is deter-
mined increasingly by the properties of the uppermost
portions of the ice cover. Analogously, measurements of
the total albedo are needed to assess energy budgets and
inform ice mass budget studies. For these reasons, inde-
pendent, but co-located and simultaneous, observations
of atot and aλ are especially informative.

As large-scale modeling shows that the physical state of
the Arctic sea ice cover has strong sensitivity to ice albedo
(Holland and Landrum, 2015) and the summer albedo
shows strong sensitivity to short time-scale changes in ice
properties (Perovich et al., 2002), the albedo is a common
target for model tuning (Kay et al., 2022). However, as the
area-averaged albedo is an integration across a variety of
surface types, albedo tuning is sometimes done in a man-
ner inconsistent with surface properties. For example, the
same change to area-averaged albedo on ponded ice could
result from increased pond fraction or decreased pond
albedo. Ideally, models predict the surface state and com-
pute the area-averaged albedo based on the area fraction
of each surface type and their optical properties. Many of
the CMIP6-era coupled climate models (Keen et al., 2021),
such as the Community Earth System Model (CESM2), use
a radiative transfer model (Briegleb and Light, 2007; Hol-
land et al., 2012) to calculate the surface albedo for mul-
tiple surface-cover classes within each ice thickness

category. These surface cover categories include snow-
covered sea ice, bare ice, and melt ponds, and the use of
five ice-thickness categories is common. Development and
validation of such models rely on accurate albedo obser-
vations of individual surface types coordinated with
detailed physical property observations.

Knowledge of the albedo of individual surface types is
fundamental to the characterization of a heterogeneous
sea ice surface. The highest albedos result from cold, dry
snow accumulated on the ice. As the snow metamorpho-
ses and eventually begins to melt, the albedo quickly
drops, first in response to grain coarsening within the
snow, then to the presence of liquid water within the
snow and the formation of areas with ponded liquid
water. At the height of summer, the ice cover can typically
be described as a mixture of bare (snow-free), melting ice
(sometimes referred to as “white ice”) and ponded ice. As
freezing conditions return at the end of summer and into
the autumn, pond surfaces freeze and snow once again
accumulates on the ice cover.

Over the decades, observational campaigns have char-
acterized the evolution of sea ice albedo. Some of these
studies have focused on landfast ice (e.g., Langleben,
1969; Grenfell and Perovich, 1984; Perovich, 1994; Hane-
siak et al., 2001; Grenfell and Perovich, 2004; Ehn et al.,
2006; Perovich and Polashenski, 2012; Zhu et al., 2021).
While such studies are logistically tractable, they lack gen-
erality due to differences in landfast ice characteristics and
are frequently affected by terrestrial influences on the
heat budget and the introduction of terrigenous material.
Observations of the temporal changes in albedo on drift-
ing pack ice are less common, but have sampled a variety
of regions intermittently over the past five decades (e.g.,
Langleben, 1971; Grenfell and Maykut, 1977; Perovich,
1991; Perovich et al., 2002; Nicolaus et al., 2010; Divine
et al., 2015; Light et al., 2015; Xia et al., 2015). One of
these studies (Impacts of Climate on the Eco-Systems and
Chemistry of the Arctic Pacific Environment, “ICESCAPE”,
2010, 2011; Arrigo, 2015) provided an extensive sampling
of spectral albedo on first-year ice in the Chukchi and
Beaufort Seas during the melt season (June, July). This
study documented only snapshots of individual floes, as
no one floe was followed. In contrast, year-long drift pro-
grams furnish unique opportunities for understanding
processes in the context of a full annual cycle. The SHEBA
expedition (1997–1998; Uttal et al., 2002) took place in
the Beaufort Sea and provided a benchmark time series of
atot and an extensive library of aλ measurements for dif-
ferent surface types (Perovich et al., 2002). Twenty-two
years later, the MOSAiC expedition (2019–2020) took
place in the Central Arctic (Figure 1) and served as a plat-
form for an unprecedented set of coordinated observa-
tions, including detailed albedo measurements. As
SHEBA occurred in an Arctic dominated by perennial sea
ice, measurements were made almost exclusively on mul-
tiyear ice. In contrast, MOSAiC was carried out in an Arctic
dominated by much younger ice, and measurements were
made exclusively on second- and first-year ice.

This manuscript presents surface-based spectral and
broadband albedo observations for individual ice types,
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along with estimates of aggregate albedo made along sur-
vey lines during the MOSAiC drift. The albedo measure-
ments are supplemented by observations of the physical
state of the snow and ice cover. Our aim is to understand
the characteristic properties of key surface types and to
assess the seasonal evolution of the albedo of a younger,
thinner ice cover. We present representative spectral albe-
dos of individual surface types, their spatial and temporal
variability, and examine details of seasonal transitions.
Comparison with observations from SHEBA and ICES-
CAPE, as well as model simulations, provide opportunities
for model validation and improvement.

2. Methods
The MOSAiC drift experiment, operated from the Research
Vessel Polarstern (AWI, 2017), was established on second-
year ice in the northern Laptev Sea during October 2019
and roughly followed the Transpolar Drift across the east-
ern Arctic (Figure 1; see also Nicolaus et al., 2022). The
experiment was designed to monitor a single “Central
Observatory” (CO), consisting of ice proximal to the vessel,
with the labor and logistics divided into operational “legs”
for continuous manned observation. Nicolaus et al. (2022)
detail the various measurements made by the Ice Team
during each leg, which included intensive characterization
of the sea ice and snow cover mass and radiative budgets,
ice dynamics, and physical and optical properties. The
sunlit season (April–September) spanned three opera-
tional legs: Leg 3 (February–May), Leg 4 (June–July), and
Leg 5 (August–September).

Leg 3 was carried out on the original floe (CO1) which
was composed of second-year ice, some of it containing
areas of patchy sediment likely entrained when the ice
grew on the Siberian shelf (Krumpen et al., 2020). Areas
of open water proximal to CO1 grew new ice during the
winter, providing access to first-year ice. Operations were
suspended on May 12, just after a storm broke up the CO
and the surrounding ice into numerous smaller floes. This
dynamic event defined the end of Leg 3.

When R/V Polarstern returned to begin Leg 4 on 17
June, it returned to the same collection of floes as CO1,
although repositioning the observatory to a more stable
area within the CO1 was necessary due to strong ice
dynamics. This new floe was designated CO2. Leg 4 was
terminated on July 31 by advanced melt and proximity to
the ice edge. In contrast to the drift continuity of CO1 and
CO2, CO3 was established after an August gap on a first-
year floe near the North Pole, beginning a new drift.

The optical measurement program began in April on
CO1 during Leg 3. At this time, the snow cover was dry
and cold. The transition to surface melt occurred during
the May logistics gap. An autonomous station (L2, in the
MOSAiC distributed network; see Nicolaus et al., 2022) left
behind on a floe proximal to CO1 recorded hourly tem-
perature and daily surface photographs. Measured air and
snow surface temperatures first exceeded 0!C on May 26.
The L2 surface image also indicated liquid droplets on the
camera lens on this date, indicative of rain. Surface melt
ponds appeared in the imagery beginning May 28, in
accord with widespread ponding in satellite imagery

Figure 1. Map of sea ice extent, drift tracks, and model grid cell locations. Drift tracks indicated for MOSAiC
(2019–2020) and SHEBA (1997–1998), as well as the sampling region of the ICESCAPE expedition (2010, 2011; teal
shading). Colored drift segments indicate individual months during the sunlit season (April–September); gray
segments indicate October–March drift. MOSAiC Central Observatories (CO1, CO2, CO3) are noted, and open stars
indicate the center point of 1 degree " 1 degree CESM2 grid cells used in the analysis. July sea ice extent for SHEBA
and MOSAiC are also indicated (Cavalieri et al., 1996, updated yearly).
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(Webster et al., 2022). Although snowfall and freezing
conditions followed for a few days, more widespread
ponding at L2 resumed on June 9, and remained approx-
imately continuous for the remainder of the melt season.
Optical measurements were carried out without interrup-
tion during the entire CO2 phase (Leg 4). After the August
gap, optical measurements resumed at CO3 on August 21
to complete the annual cycle by capturing the return to
freezing conditions. Optical measurements were curtailed
on September 19.

The objective of the MOSAiC optics program was to
quantify the partitioning of solar radiation in the sea ice
system. A key component of this objective was a detailed
description of the albedo of the ice cover through the
sunlit season. Table 1 provides an overview of the
surface-based albedo measurements carried out at both
MOSAiC and SHEBA on first-year, second-year, and multi-
year ice types, including details of the individual MOSAiC
survey lines at CO1, CO2, and CO3. Figure S1 shows air-
borne laser altimeter and optical drone imagery maps
illustrating the locations of all albedo survey lines. These
lines varied in length (60–200 m) and were sampled every
5–10 m. Efforts were made to create lines representative
of the larger area by choosing terrain that appeared typical
of each floe. The ROV3 (CO1) and ROV4 (CO2) lines overlay

at least one edge of the under-ice ROV sample grid (see
Nicolaus et al., 2022). Maintenance of uninterrupted sur-
vey lines for the entire annual cycle was not feasible due
to the necessary CO repositioning in June and again in
August. Albedo observations at additional locations tar-
geting specific experiments will be addressed in future
publications.

Measurements of aλ were carried out using an Analyt-
ical Spectral Devices spectroradiometer equipped with
a custom gooseneck cosine collector (Grenfell and Pero-
vich, 2008) mounted on a 1.5-m hand-held carbon fiber
boom. The observation of aλ requires only measurement
of the ratio of upwelling to downwelling irradiance, so
radiometrically calibrated instrumentation is not neces-
sary. Incident and reflected values were recorded serially,
but as close together in time as possible, with ten scans
taken for each. The albedo was calculated from the ratio of
the average of the ten reflected scans to the average of the
ten incident scans.

The spectral range of the aλ measurements was 350–
2500 nm with values sampled every 1.4–2 nm and inter-
polated to 1 nm. Quality control for aλ included six steps
(Smith et al., 2021a): i) a parabolic correction was applied
to account for a temperature-related offset between sen-
sors (applied between 750 and 1000 nm; see Hueni and

Table 1. Summary of on-ice albedo surveys carried out during the MOSAiC (2020) campaign

Survey Information

MOSAiC (2020)

SHEBA (1998)bLeg 3 on CO1 Leg 4 on CO2 Leg 5 on CO3

Active dates Apr 7–May 12 Jun 20–Jul 29 Aug 21–Sep 15 Apr 1–Sep 29

Ice type, total survey
length (m)

First-year, 150;
second-year, 200

First-year, 350; second-
year, 200

First-year, 340 Multiyear, 200

Survey line name, ice
type, total length
(m), interval (m)

ROV3, First-year,
150, 10; SYI Line,
second-year, 200,
10

Lemon Drop (LD), first-
year, 200, 5; Root Beer
Barrel (RBB), second-
year, 200, 5; ROV4,
first-year, 150, 5

Kinder, first-year, 200
(sheared to 140 on
Aug 22), 5; ROV grid
(Bounty), first-year,
60, 5; Toblerone, first-
year, 140 (40 m spur
on ridged ice), 5

Main albedo line,
multiyear, 200, 2.5
(atot), 5 (aλ)

Albedo measurements atot atot, aλ atot, aλ atot, aλ

Dates measureda ROV3: Apr 7, 11, 17,
18, 22, 25, 29,
May 2, 12; SYI:
Apr 29, May 2, 12
(revisited Leg 4
Jun 29a, Jul 15)

LD: Jun 19a, 20, 21,
22, 24, 26, 30, Jul 6,
7, 13, 17, 21, 24, 29;
RBB: Jun 19, 20, 21,
26, 30, Jul 6, 7, 13,
17, 21, 23, 27;
ROV4: Jun 27, 28,
Jul 4, 7, 10, 11, 14,
21, 28

Kinder: Aug 21a, 23,
24, 25, 27, 29, Sep
1, 2, 3, 4, 5, 6, 7, 8, 9,
10, 12, 13, 14, 15,
16, 17, 19; Bounty:
Aug 25, 29, 31, Sep
2, 12, 19; Toblerone:
Sep 6, 8, 11, 12, 15,
17, 19

65 dates

Coordinated physical
property
measurements

Snow depth, ice
thickness

Snow depth, pond
depth, SSL thickness,
total ice thickness

Snow depth, pond
depth, SSL thickness,
total ice thickness

Snow depth, pond depth,
SSL thickness

Melt, freeze onset
dates

May 26 (initial), Jun
9 (continuous)

(not applicable) Aug 26 (initial), Sep 16
(continuous)

May 29

a Dates in bold indicate both broadband and spectral albedo measurements.
b From Perovich et al. (2002).
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Bialek, 2017); ii) a flag quantifying the variability in inci-
dent solar radiation was used to exclude scans where the
incoming radiation at 600 nm changed by more than 20%
between subsequent scans; iii) albedos with physically
unrealistic slopes (e.g., negative slope between 400 nm
and 450 nm) were removed; iv) noisy parts of the spec-
trum were filtered and removed, specifically wavelength
bands where the rolling standard deviation (20 nm wide
window) was greater than 0.02; v) values at near-infrared
wavelengths were smoothed with rolling means (1200–
1800 nm were smoothed with a 15-nm wide window and
values at wavelength longer than 1800 nm were
smoothed with a 30-nm window); and vi) all albedos with
value greater than unity or less than zero were removed.
Albedos were reported with precision of three significant
figures; however, the expected accuracy is unlikely to
exceed two significant figures in the best circumstances.

Measurements of atot were carried out using a Kipp and
Zonen albedometer, also mounted on a hand-held boom,
with effective spectral range of 300–3000 nm. Analogous
to the spectral values, atot was calculated from the ratio of
reflected to incident irradiance. The broadband albedo
dataset includes two quality metrics: i) error associated
with low-light conditions and resolution of the instrument
(defined as the difference between the maximum and
minimum albedo associated with a deviation of 0.01 in
both values); and ii) degree of variability associated with
rapidly changing light conditions, where the change in
incoming radiation from observations before and/or after
is calculated as a percent of the measured incoming radi-
ation. These metrics were not used to remove any of the
atot data presented here, but are included in the archived
dataset, where full description of the procedures and code
used to process both aλ and atot can be found (Smith et al.,
2021a; 2021b).

During Leg 3, instrumentation to measure aλ was not
available at the station, so albedo surveys were restricted
to atot. During Legs 4 and 5, simultaneous measurement
of aλ and atot were collected along all optical survey lines.
Both aλ and atot were measured approximately 1 m above
the surface, yielding an instrument footprint of approxi-
mately 2-m radius (with 90% of total upwelling light
measured originating from within 2-m radius of the sen-
sor position). During the summer melt season, the surface
within a single field of view frequently contained mixed
surface types, but areas with approximately homogeneous
surface conditions within the radiometer field of view
were selected to represent individual surface types. Mea-
surements were made along survey lines every 5 m (Legs 4
and 5) or 10 m (Leg 3), and always on the same side of the
line to avoid disturbing the targeted surface. Albedo mea-
surements were generally carried out as close to solar
noon as practical. Time of day (solar zenith angle) and
cloud and meteorological conditions were noted.

Surface characterization methods included manual
measurements of snow depth, approximate surface scat-
tering layer thickness, and melt pond depth (Smith et al.,
2021a; 2021b). Digital photos were taken at nearly all
albedo measurement locations on each sampling date
(Smith et al., 2021c). Routine total (snow and ice)

thickness measurements were made parallel to Lemon
Drop (LD), Root Beer Barrel (RBB), and Kinder lines offset
by approximately 1–2 m using a non-destructive electro-
magnetic induction sounding detector (GEM-2; Hunkeler,
2016; Hunkeler et al., 2016), coincident with snow and
pond depth surveys using a Magnaprobe depth detector
(Sturm and Holmgren, 2018; Itkin et al., 2021; Webster
et al., 2022). While these transects were not precisely co-
located with the albedo measurements (to avoid disturb-
ing the surface of the albedo sensor footprint), they are
useful for developing an understanding of the surface
state and ice thickness distribution and evolution. Addi-
tionally, manual sampling for snow depth, pond depth,
pond ice lid thickness, and sea ice thickness was done
directly on certain albedo survey lines at the completion
of Leg 4 (RBB) and Leg 5 (Kinder and Bounty). Furthermore,
snow structure was quantified using a SnowMicroPen
(Schneebeli and Johnson, 1998) and ice samples were
collected at each survey line for imaging by onboard
micro-computed x-ray tomography (see Nicolaus et al.,
2022).

To provide context for these measurements, we compare
them with albedo measurements made on drifting pack ice
during two previous expeditions. During the year-long
SHEBA drift (Figure 1; October 1997–October 1998)
albedo data were collected on a single survey line from
April through September 1998. Similar to MOSAiC, the line
was surveyed using the same Kipp and Zonen system for
estimation of atot (every 2.5 m) and previous generation
spectroradiometers (separate Spectron Engineering instru-
ments for visible (SE-500) and near-infrared (SE-1400)
wavelength ranges) for estimation of aλ (every 5.0 m). The
ICESCAPEmission (Figure 1; June–July 2010 and June–July
2011) was carried out on first-year ice in the Chukchi and
Beaufort seas. There was no drift component to the ICES-
CAPE mission, so no specific measurement sites were re-
visited and no survey lines were installed. Measurements of
aλ for this expedition represent independent samples at
sites on selected floes (Light et al., 2015). No atot measure-
ments were made during ICESCAPE.

Comparison with output from a global climate model
was also carried out to provide insight into the use of
these observations to improve predictive capability of
future climate. CESM2 is a comprehensive Earth System
Model that has a nominal 1o resolution for the atmo-
sphere, ocean, and sea ice components (Danabasoglu
et al., 2020). As shown by DuVivier et al. (2020), the Arctic
sea ice in standard CESM2 simulations is somewhat thin
relative to observations. As a consequence, modest tuning
of the snow optical properties was performed to improve
the Arctic sea ice state with little consequence for other
aspects of the CESM2 simulated climate (Kay et al., 2022).

3. Results and discussion
3.1. Representative albedos of individual surface
types
Figure 2 shows representative values of aλ plotted as
a function of wavelength, along with corresponding
photographs of individual surface types characterized in
this study. These representative spectra were chosen from
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the complement of survey line positions that had approx-
imately uniform appearance within the instrument foot-
print. Not all surface types are present simultaneously, as
their distribution evolves over the course of the sunlit
season. The following sections present albedos represen-
tative of: 1) snow on sea ice; 2) bare, melting sea ice; 3)
ponded sea ice; 4) thinning bare, melting sea ice; and 5)
sediment-laden sea ice.

3.1.1. Snow on sea ice

As the sun rose at the MOSAiC CO1, the snowpack was
cold and dry, with an average thickness (± standard devi-
ation) of 0.32 m ± 0.18 m (n ¼ 1486; Itkin et al., 2021)
and well-characterized history (Nicolaus et al., 2022). Opti-
cal surveys of atot were conducted at CO1 along a 200-m
long line (“ROV3”) and on the “SYI” line (Figure S1). These
measurements took place in freezing conditions, prior to
any ephemeral or continuous surface melt.

The light green curve in Figure 2 shows representative
aλ for a case of melting snow measured early on Leg 4

(June 20, LD 165 m). This aλ is significantly smaller than
that for cold, dry spring snow (Grenfell and Maykut, 1977),
as the grains were large and liquid water between grains
reduced total scattering. These effects are noted primarily
at wavelengths shorter than 1000 nm. Albedos remained
relatively high in the wavelength range of 1500–1850 nm,
as backscatter from the surface-most snow grains
remained significant. The range of atot is 0.6–0.8.

In August and September, values for aλ and atot were
surveyed for freshly accumulating snow on CO3. The snow
at CO3 was thinner and warmer than the spring snow pack
observed on CO1. The yellow curve in Figure 2 shows
a representative aλ for accumulating snow (depth of 0.1
m) measured at the 20-m position on Kinder Line on
September 17. The range of atot values observed for this
autumnal snow (CO3) was 0.8–0.9 (inset legend, Figure
2). This range includes the snow that fell during freeze up
which was frequently subject to temperature fluctuations
around freezing, variable underlying surface conditions,
and mixed phase precipitation. Low light levels during

Figure 2. Representative spectral albedos for individual ice surface types. Measurements include aλ curves and
range of atot values (inset legend) for eight individual surface types. Thin ice and lidded pond values represent
example values; full range of values not specified. Photographs show measurement sites corresponding to each curve.
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August and September caused upwelling irradiance mea-
surements to have low signal-to-noise ratio, thus measure-
ments at wavelengths longer than 1250 nm during this
time generally did not pass quality control.

3.1.2. Bare, melting sea ice

Once the snow ablates, the melting sea ice surface is
exposed.When this melting, bare sea ice develops a rough,
coarse-grained surface, it has a representative aλ as shown
in Figure 2 (dark green curve; observed range for atot of
0.6–0.7). Representative aλ values were high at visible
wavelengths, but decreased rapidly at near-infrared wave-
lengths relative to snow.

Figure 3 shows the average observed aλ as a function
of wavelength for bare, melting sea ice observed during
MOSAiC (first- and second-year ice), SHEBA (multiyear ice),
and ICESCAPE (first-year ice). Standard deviations for each
curve in the figure are relatively small, suggesting that for
any specific summer, aλ for melting bare ice is relatively
constant. This small variability of aλ observed at SHEBA
was noted by Perovich et al. (2002). The average indepen-
dently observed atot for the thick, bare, melting ice mea-
sured at MOSAiC was 0.64 ± 0.04 (Figure 3).

Besides the small standard deviations for each curve,
the three curves are almost identical, suggesting that
the albedo of bare, melting sea ice appears to be rela-
tively invariant geographically (Central Arctic Ocean,
Beaufort Sea, Chukchi Sea) over a 22-year span (1998–
2020). This result indicates that bare, melting sea ice
develops and maintains inherent optical properties that
are fundamental to this surface type and are not sensi-
tive to the histories of ice evolution or atmospheric
forcing, at least as long as some minimum ice thickness
is maintained.

Perhaps most notable is that aλ for bare, melting ice
also appears invariant with respect to ice age (first-year,
second-year, multiyear). We suggest that the principal rea-
son for this invariance is the ubiquitous presence of sur-
face scattering layers (SSLs) on bare, melting sea ice (see
Untersteiner, 1961; Grenfell and Maykut, 1977; Zubov,
1979; Eicken et al., 1995; Tucker et al., 1999; Perovich
et al., 2001; Perovich et al., 2002; Nicolaus et al., 2012;
Light et al., 2015; Katlein et al., 2019). This layer is defined
as the coarse-grained, crumbly, well-drained uppermost
portion (approximately 0.02–0.05 m) of the ice. Large,
numerous grains cause this layer to have light scattering
properties similar to coarse-grained snow. While there is
no discrete lower boundary to this scattering layer, the
magnitude of scattering gradually decreases until the free-
board level. This SSL is generally understood to be formed
and maintained by absorbed solar radiation and subse-
quent drainage of meltwater. When manually removed
by shoveling or scraping, it was observed to re-form within
a day (see Perovich et al., 2001). It appears to form on the
sea ice surface beneath melting snow and persist through
summer.

Qualitative observations made during SHEBA suggest
that the SSL physical thickness typically increases on
sunny days and decreases on cloudy days (Perovich
et al., 2002), but these observations did not suggest that
the physical depth nor the characteristic grain size of the
SSL evolve systematically over the course of the melt sea-
son. Light et al. (2008) estimated scattering coefficients
within the SSL to be typically two orders of magnitude
larger than interior ice (below freeboard), but there is no
physical reason to expect them to be uniform across a floe
or a region. Details of the structural and optical properties
of SSLs are difficult to measure. This is partly a sampling

Figure 3. Average spectral albedo for thick, bare, melting sea ice. Average for first-year ice (dark blue, n ¼ 30) and
second-year ice (light blue, n ¼ 25) observed during MOSAiC (2020), multiyear ice (red, n ¼ 26) observed at SHEBA
(1998), and first-year ice (gold, n ¼ 14) observed during ICESCAPE (2010, 2011). Color-corresponding shading indicates
one standard deviation in measured albedo. Average total albedo for all MOSAiC measurements is 0.64 ± 0.04.
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problem, as the SSL is fragile, rarely survives coring, and, if
it does get sampled, is difficult to handle and document
using traditional techniques for characterizing ice and
snow. During MOSAiC, efforts were made to estimate the
thickness and characteristic grain size of the SSL (A Mac-
farlane, personal communication, December 2020; Nico-
laus et al., 2022).

While the spectral albedo of thick, snow-free melting
sea ice appears remarkably steady, there appear slight
spectral differences between the different ice types at dif-
ferent field stations (Figure 3). We suspect these are arti-
facts related to differences in spectroradiometer
instrumentation or post-processing methods, rather than
physical differences of the ice. In particular, we note that
the wavelength interval 1,300–1,400 nm is noisy due to
atmospheric absorption features, and that these data were
removed during quality control for the MOSAiC dataset,
but smoothed in the ICESCAPE dataset. The measure-
ments made during ICESCAPE were carried out under
conditions with likely larger incident irradiance, owing
to the lower latitude and closer timing to summer solstice.
Additionally, the peak observed in aλ from SHEBA
between 1800 nm and 2000 nm was not observed in the
MOSAiC observations as a result of more stringent quality
control in the MOSAiC data processing, which resulted in
no data in this band due to high noise. The cause for this
peak in the SHEBA observations is not clear.

3.1.3. Ponded ice

Ponded sea ice is physically and optically distinct from
bare ice. Ponded ice has consistently smaller albedo than
bare ice because the highly scattering SSL of bare ice is
replaced by puddled liquid water which absorbs light but
has negligible scattering (pink and purple curves in Figure
2). We classify ponds as “light” (pink curve) or “dark”

(purple curve) even though the distinction between
these two optical classes of melt pond is somewhat arbi-
trary, and is neither exclusive nor exhaustive. As presented
here, dark ponds have atot < 0.25 and light ponds have
atot > 0.25.

Figure 4 shows aλ measurements for ponded ice made
during MOSAiC, SHEBA, and ICESCAPE. Identifying repre-
sentative ponds for a region is challenging given the
significant spatial and temporal heterogeneity. Dark
ponds often occur late in summer, during advanced melt,
and are typical of undeformed first-year ice. Light ponds
tend to form on thicker sea ice, especially where the
pond floor may contain retextured snow, which retains
significant scattering. Also, a mixture of ponded ice
shades can occur within the same pond and within the
same floe, where one area is significantly lighter blue than
other areas.

The aλ values for ponded ice shown in Figure 4 have
high variability at visible wavelengths (400–700 nm) at all
three field experiments. Because visible light is weakly
absorbed by the standing water, the albedo at these wave-
lengths is ultimately determined by the optical properties
of the pond floor. Floors with large thickness, rafted ice, or
high bubble density often produce enough scattering to
give the pond a “light” appearance and higher albedo.
Where the pond floor was once snow, as is typical on the
flanks of ridges, bubbles are often retained and these
ponds typically have bright, light blue color.

Ponds become “dark” when the underlying ice has low
scattering. The floors of such “dark” ponds are typically
composed of the ice beneath freeboard, “interior ice”,
which is known to have a scattering coefficient of at least
one, often two, orders of magnitude smaller than the SSL
(Light et al., 2008). Additionally, layers of rotten ice some-
times form within pond floors during advanced melt, but,

Figure 4. Spectral albedo measurements for ponded ice. Spectral albedos for ponded ice measured at MOSAiC
(teal), SHEBA (orange), and ICESCAPE (gold). Dark teal points indicate magnitude of independently measured total
albedo (MOSAiC only) associated with each spectral measurement and are plotted at the intersecting wavelength.
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because this ice is submerged, its interfaces are typically
flooded and scattering is limited.

Despite large variability at visible wavelengths, ponded
ice has small variability at near infrared wavelengths (λ >
700 nm). Here, aλ is dominated by absorption in the pond
water. Values of aλ for ponds at near-infrared wavelengths
were observed to be consistently below 0.3. The albedo is
augmented by Fresnel reflection at the pond surface, and
this factor determines a steady albedo value $ 0.1 at
wavelengths longer than 1,200 nm. On sunny days, a spec-
ular reflection can be seen on pond surfaces which can
significantly enhance the albedo (for example, along RBB
line on July 27, not shown).

Ponds observed during MOSAiC (both Legs 4 and 5;
teal curves in Figure 4) show a larger range of aλ than
was observed at either SHEBA or ICESCAPE. The ponds
observed at ICESCAPE (gold curves in Figure 4) were
measured exclusively on first-year ice and appear to be
generally darker, likely because the measurements were
made mostly on thinner, undeformed first-year ice where
the thickness of the pond floor was typically less than 1 m
and had relatively little scattering. Only two “light” ponds
were recorded during ICESCAPE. Ponds observed at SHEBA
(orange curves in Figure 4) occurred exclusively on mul-
tiyear ice and appeared to have aλ values generally higher
than the ponds observed on first-year ice during ICES-
CAPE, possibly representative of the thicker multiyear ice
that was prevalent. Values of aλ for ponds measured dur-
ing MOSAiC and SHEBA spanned similar ranges, though
the averages were different, likely due to a distribution of
pond floor optical properties and floor thickness.

Also indicated on each aλ curve for MOSAiC is the
magnitude of the corresponding atot measurement (dark
teal points in Figure 4). In each case, atot is plotted at the
wavelength where its magnitude intersects the associated
aλ curve. These values are useful for reconciling estimates
of computed and measured total albedo in the absence of
spectral downwelling incident irradiance measurements.

3.1.4. Thinning bare ice

Model simulations (Grenfell, 1979; Briegleb and Light,
2007) suggest that when the thickness of bare, melting
sea ice is less than about 1 m, the ice becomes thin
enough for the albedo to develop optical sensitivity to the
low backscatter of the underlying ocean. Observations of
thin ice (Perovich and Grenfell, 1981; Brandt et al., 2005;
Taskjelle et al., 2016) concur, but these studies were car-
ried out on young, growing ice and do not account for
a fully developed SSL on the ice surface, as would be
expected for summer ice.

Due in part to the dynamic activity at CO2 during the
end of the melt season, there was limited opportunity to
monitor albedo as the ice thinned into this regime. One
albedo measurement was made along the ROV4 survey
line where the ice thickness was estimated to be approx-
imately 0.40 m (atot ¼ 0.55; teal curve in Figure 2). The
observed aλ had reduced values at visible wavelengths,
resulting from reduced total scattering of the ice at this
location. At wavelengths longer than about 900 nm, aλ
was approximately the same as for thicker ice, likely due

to the remaining SSL. This measurement does not define
a unique surface type, so it should not be taken as a rep-
resentative albedo for thin ice, but rather provides an
illustration of the decreased aλ resulting from ice with
decreased physical and optical thickness.

3.1.5. Sediment-laden ice

Absorbing constituents entrained within sea ice can
strongly affect the partitioning of incident sunlight. Such
absorbers include pigments associated with biota (Mundy
et al., 2007), deposited black carbon and other aerosols
(Goldenson et al., 2012), and sediments entrained during
ice growth (Reimnitz, 1994; Light et al., 1998). Areas of
CO1 and CO2 contained significant sediment inclusions
(Krumpen et al., 2020), and some of the optical effects of
this material were captured in the albedo surveys at CO2.
Bare, melting sediment-laden sea ice is characterized by an
aλ (light blue curve in Figure 2) that is smaller than that
for bare, melting clean ice (dark green curve in Figure 2).
The most prevalent signatures of entrained sediment
within sea ice are: i) the wavelength of maximum albedo,
which typically occurs at wavelengths greater than about
500 nm when significant amounts of sediment are pres-
ent within the upper layers of the ice; and ii) the sharp
decrease in aλ at blue wavelengths due to enhanced
absorption by mineral material.

Figure 5 shows a progression of selected aλ values for
sediment-laden ice observed along the RBB line (45 m)
during Leg 4. Early in the progression (dark and medium
blue curves, representing June 21 and 30, respectively),
some melting snow was still present on the ice surface
resulting in albedos on these two dates being consistently
higher than the albedo of bare, melting ice. Sediment
within the ice was first noted at this time, as the influence
of the enhanced absorption at all wavelengths can be seen
in the June 30 measurement. As the snow melted and the
ice surface ablated, entrained sediment gradually became
exposed at the surface (light green and orange curves,
representing July 13 and 21, respectively, in Figure 5).
Corresponding aλ values show decreasing values at all
wavelengths and increased wavelength of peak albedo.
Absorption by dark sediment at the surface caused
enhanced ice ablation; the surface became patchy, and
an uneven, hummocky surface developed (surface photos
from July 13 and 23 in Figure 5). In some areas, small
amounts of liquid water (approximate millimeter scale
depth) accumulated as well. Further surface ablation
resulted in concentration of sediment material in low
points, with significantly reduced albedo (dark red curve,
representing July 23, and corresponding photo in
Figure 5).

3.2. Spatial and temporal variability
3.2.1. Variability on individual survey lines

As the ice cover progressed through spring, melt onset,
summer, and freeze onset, the albedo responded with
changes in both magnitude and spatial variability.
Figure 6 shows atot as a function of along-line position
for each measurement day from all lines on each leg, with
corresponding aerial photographs over the survey lines at
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Figure 5. Melt season albedo progression for sediment laden sea ice. Spectral albedo observations recorded at
45 m on the RBB survey line for five dates during Leg 4. Corresponding surface photos for three dates indicate
shoaling and accumulation of sediment material.

Figure 6. Spatially and temporally resolved total albedo measured on all MOSAiC albedo survey lines. Each
curve represents the total albedo measured along a single survey line on selected dates, with line position on x-axes
(m), measured total albedo on y-axes during (a) Leg 3 (CO1), (b) Leg 4 (CO2), and (c) Leg 5 (CO3). Also shown are aerial
images for Lemon Drop Line (July 22) and Kinder Line (Sept 11) annotated with the locations of the respective survey
lines (N Neckel, personal communication).
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CO2 (July 22) and CO3 (Sept 11) showing snapshots of the
best characterized lines (LD and Kinder) from each leg.
While the albedo was only sampled at discrete locations
on these lines (5-m interval), there is clear correlation
between the bright, bare ice areas on the images and the
high atot areas on the surveys, and between the darker,
ponded areas and lower atot. The image for CO2 illustrates
the presence of both light (0–25 m; 175–200 m) and dark
ponds (80–90 m) on the LD survey line. The progressive
darkening of ponded ice throughout the melt season can
be seen as decreasing atot values (Figure 6b), while the
impact of freeze up and accumulated snowfall can be seen
as increasing atot (Figure 6c). The measurement errors
also increased during autumn due to low light levels and
low solar elevation, suggesting that the albedo very close
to zero measured at the 10-m position had large
uncertainty.

The seasonal progression of atot, averaged over each of
the seven survey lines, is shown in Figure 7, along with
standard deviation and estimated measurement errors.
The three different time intervals over which these data
were collected distinctly show three of the temporal evo-
lution phases described by Perovich et al. (2002). Leg 3
(CO1) measurements document the variability of dry, cold
snow albedo, which had line-averaged atot values between
0.76 and 0.88 (CO1 only). The melt onset phase occurred
during the May–June logistics gap. Leg 4 (CO2) measure-
ments describe the albedo during the interval from the
melt of remnant snow through the pond development
phase, including pond drainage. Here atot values
decreased with time as the ice surface transitioned from
melting snow to both bare and ponded surface types. The
second logistics gap occurred towards the end of the pond
evolution phase close in time to the end of the melt

season. Leg 5 (CO3) measurements describe the albedo
during fall freeze up, and are characterized by variable
weather conditions, which caused ponds to freeze surface
lids, snow to accumulate, transient melt events, and a rain-
on-snow event. In general, differences between the indi-
vidual survey lines measured during a given leg (solid
lines) are small relative to the spatial variability repre-
sented by individual time series (shaded bars in Figure 7).
These small differences suggest that the survey lines cap-
tured the significant spatial variability in albedo that
existed across each floe.

3.2.2. Temporal variability of bare, melting and ponded

surface types

At the beginning of the melt season, liquid water collected
at the ice surface, beneath the snow, forming areas with
“subnivean” ponds (Webster et al., 2022). Areas where no
ponds form developed a nascent SSL. Because these two
precursor surfaces appear to underpin the trajectories of
what ultimately determines the surface radiative balance
of the summer ice cover, we assessed the optical factors
that shape these two paths in Figure 8. Panel (a) shows
spectral albedos for two positions on the LD line (Figure
8; 165 m solid curves; 175 m dashed curves). Initially, both
positions were characterized as melting snow and had
approximately identical albedo on June 20 (dark blue
curves in Figure 8). Surface observations noted no indi-
cation that these specific positions had been ponded pre-
viously, in late May–early June, as the surface imagery
taken at L2 and by satellite had suggested for some areas
(shown in Section 2). Areas on first-year ice that had been
ponded previously presented as shallow puddles of liquid
water with thin ice lids, all beneath the fresh snowfall. By
the end of June, however, the sites at 165 m and 175 m

Figure 7. Temporal evolution of total albedo averaged over all positions on each survey line. Average albedo for
each survey line (symbols) as function of time for the MOSAiC total albedo dataset, with one standard deviation
(shaded bars) and estimated measurement errors (dashed lines) due to instrument sensitivity. Note increasing
measurement error in September in response to decreasing light levels. The two gaps in the time series are shown
for mid-May to mid-June and the end of July to mid-August.
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Figure 8. Spectral albedos documenting formation of bare, melting ice and ponded ice. Albedos at adjacent
positions on the Lemon Drop line show evolution for bare (165 m; solid curve) and ponded ice at (175 m; dashed).
Panel (a) shows the magnitude of the spectral albedos; (b) shows the time evolution of these albedos at wavelengths
relevant for satellite altimetry: 532 nm (ICESat-2) and 1,064 nm (ICESat).
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were clearly distinguishable as bare, melting ice and
ponded ice. By mid-July the pond was a “dark” pond. At
what point in this evolution did it become clear that one of
these sites would become a pond, and the other bare ice?

By June 26, the albedos of both positions decreased as
a result of the accumulation of liquid water. At 175 m, the
liquid water pooled on the ice surface. At 165 m, the
pooled water was beneath snow, resulting in slightly
higher albedo. Not clear is whether small differences in
elevation drove the accumulation of melt water and sub-
sequent albedo difference, or the slightly lower albedo at
175 m forced additional heating, accelerating melt, and
a localized albedo feedback response. At 175 m, a combi-
nation of these processes may have acted to accumulate
liquid water and further reduce the albedo. Regardless,
melt water continued to accumulate at the 175-m posi-
tion, and by June 30, this position was clearly ponded and
the surface at 165 m clearly bare. The 165-m position
formed an SSL and had an albedo consistent with aλ for
bare, melting sea ice (July 24, light red curve in Figure 8).
In contrast, the ice at 175 m continued to accumulate
liquid water and had aλ characteristic of a dark pond.
Albedos of established ponds generally decrease with
time, only increasing when the surface begins to freeze.
Ponds can be expected to experience some drainage,
which can significantly reduce pond size, but drainage
rarely eliminates ponds completely. An instance of such
drainage is seen at the 80-m position of LD (Figure 6b)
where the pond retreated after the July drainage event.

Here the area that was once ponded became bare and
developed an SSL.

The evolution of these two surface types also has impli-
cations for the interpretation of remotely sensed surface
imagery and lidar returns. Figure 8b shows a time series
of the albedos of these two positions (165 m and 175 m
on LD) at 1,064 nm and 532 nm, the wavelengths used by
laser altimeters aboard ICESat and ICESat-2, respectively.
The two study locations were indistinct at both wave-
lengths at the beginning of melt (June 20; Figure 8).
Within days, snow melt caused the albedo at both wave-
lengths to drop rapidly. By June 26, the pond was clearly
established, with albedo notably smaller at both wave-
lengths than the bare ice case. The bare ice albedo
rebounded as the snow melted away and an SSL formed
(evident by June 30). After this time, the pond albedo
continued to decrease. The bare ice albedo remained
largely constant, particularly at 532 nm. Albedos at
1,064 nm are more sensitive to the presence of liquid
water, and larger albedo variability is likely a response to
variations in liquid water at the ice surface. The pond
location at 175 m reached the characteristic minimum
1,064 nm albedo value for ponded ice (0.1) by July 13.

3.2.3. Melt and freeze transitions

Aspects of the spatial variability and temporal evolution of
aλ are presented in Figure 9 for a melting progression
along the LD line on CO2 and a freezing progression along
the Kinder line on CO3. Each figure panel represents

Figure 9. Spectral albedo for melting and freezing progression. Color maps depict the magnitude of the measured
albedo as a function of line position (x-axes, m) and wavelength (y-axes, 350–1,200 nm). Left panels (a–c) show
melting along Lemon Drop Line (June 24, July 13, and July 29); right panels (d–f) show freezing along Kinder Line
(Aug 21, Sept 5, Sept 10).
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a single day during summer, showing aλ evolution from
pond formation (June 24; Figure 9a) to pond drainage
(July 13; Figure 9b) and continued pond evolution (July
29; Figure 9c), and from pond evolution (August 21; Fig-
ure 9d) to the beginning of fall freeze up (September 5;
Figure 9e) and advanced freeze up (September 10; Figure
9f). There is a general decrease in albedo at all wave-
lengths as the melt season progresses (comparing June
24 and July 29, Figure 9a and c). In particular, aλ at
visible wavelengths (400–700 nm) decreases as the rem-
nant snow cover melts (i.e., at 130 m) and melt ponds
form (i.e., at approximately 15 and 30 m). Despite the
overall trend in decreasing aλ, an increase in aλ is notable
at visible wavelengths between 90 and 120 m from June
24 to July 13 (Figure 9a and b). This increase occurred as
the result of a pond drainage event between July 11 and
13 (see Webster et al., 2022) that reduced the areal cov-
erage of ponded ice. Subsequent increases in the depth
and extent of ponds along with the decreased thickness of
pond floors between July 13 and 29 resulted in an overall
decrease in spectral albedo, which was most notable at
visible wavelengths. The overall progression during melt
resulted in increased spatial heterogeneity, which is par-
ticularly evident by comparing the spatial frequency of aλ
at visible wavelengths between June 24 and August 21.
Due to the large absorption of near-infrared light by both
water and ice, the albedos at wavelengths longer than
1,000 nm show reduced variability between bare and
ponded ice.

Illustration of the temporal evolution of aλ during freeze
up (Figure 9d–f) shows that the ice surface was still melt-
ing on August 21 and pond coverage was 35–48% (com-
pared with the peak value of 41% observed in July on the

LD line at CO2). By September 5, freeze up had begun and
some ponds had grown lids, increasing albedo at all wave-
lengths, but particularly pronounced at near-infrared wave-
lengths. For example, a500 nm increased from 0.65 on
August 21 to 0.85 September 5 at the 45 m point along
the Kinder line (Figure 9d and e). Over the same time
interval, the increase at 1,000 nm was from 0.32 to 0.73.
On September 10, surface freeze up was complete along
the line except for a pond at 10 m. Where the surface was
frozen, new snow accumulated and aλ values representative
of snow-covered ice became prevalent. While some spatial
variability in aλ remained (as the snow was not yet uni-
formly optically thick), this progression illustrates how the
large spatial variability of the summer ice cover is erased
during fall freeze up.

The overall albedo evolution through melt and freeze
up was dominated by the temporal changes in both bare
and ponded ice types, as illustrated in Figure 10 for select
locations and days during Legs 4 and 5 on the RBB and
Kinder survey lines. For melting, non-ponded ice sampled
on RBB (160 m), melting snow (0.09 m thickness) was
noted at the surface on June 20 and 21, and aλ was cor-
respondingly high (Figure 10a). When the site was next
measured on June 26, aλ was substantially lower at all
wavelengths and the surface had 0.02 m of loose, granular
material and a porous character. Whether these grains
were originally snow or sea ice is unknown, but the lower
aλ for this date is consistent with the thinner layer. The
June 30 aλ showed significant rebound, consistent with
observed increased surface layer thickness of 0.05 m. This
sequence of measurements suggests an evolution from
melting snow to a nascent and then deepening SSL. In
this case, a slow, steady decrease in aλ was not observed.

Figure 10. Spectral albedo for illustrative bare and ponded locations during melt and freeze. Progression of
bare ice during (a) melt (RBB line, 160 m) and (b) freeze up (Kinder line, 20 m), and of ponded ice during (c) melt (RBB
line, 10 m) and (d) freeze up (Kinder line, 60 m). Each curve is color-coded for a different date at the designated
position. Gray shading indicates the one standard deviation range for second-year ice albedo (teal curve in Figure 3).
Photographs show measurement sites corresponding to color-coded frames for select albedos.
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The SSL thickness stabilized at 0.04–0.05 m thickness for
the remainder of CO2, and the observed aλ values sam-
pled beginning July 6 appeared to be consistent with the
average aλ for bare, melting ice (gray shading in
Figure 10a and b).

During freeze up for bare ice sampled on the Kinder
Line (20 m; Figure 10b), the observed aλ transitioned
with the freezing of liquid water in the surface layers
(September 3), the accumulation of light snow (6, 8, 12
Sept), and then a rain-on-snow event (September 13–14,
not shown). The aλ on September 15 shows a notable
increase in the wavelength band of 1,500–1,800 nm, sug-
gesting enhanced scattering at the surface, possibly where
liquid water that fell on the snow during the recent storm
had refrozen, forming highly scattering ice crystals on the
surface. Because of the SSL, the albedo evolution for bare
ice experienced during freeze up is not simply a reverse of
the melt evolution. During melt, the SSL develops. During
freeze up, aλ shows little change until snow accumulates.

Figure 10c shows the evolution of aλ for a single pond
on the RBB line (10 m) as melt progressed. Initially (June
20 and 21), the pond was shallow (0.025 m), but had
refrozen, thus showing relatively high albedo. When mea-
sured on June 30, the pond surface was liquid, its depth
had increased to 0.25 m, and the albedo dropped accord-
ingly. As of the July 13 measurement, the pond depth had
decreased to 0.10 m following the widespread pond drain-
age activity noted across the CO2 (see Webster et al.,
2022). During this event, aλ changed little despite the
significant loss of water, which suggests that the optical
properties of the pond floor remained relatively constant
despite the drainage. As ponded ice maintains no SSL, the
albedo of a pond during melt will only decrease; there is
no mechanism for increasing the albedo of an open pond,
until the pond begins to freeze and an ice lid forms.

Figure 10d shows the evolution of aλ during freeze up
for a pond on the Kinder line (60 m). The pond was ini-
tially liquid, with a depth of 0.34 m and low albedo (sim-
ilar to the end-of-summer pond shown in Figure 10c).
The time series shows the surface of the pond gradually
freezing (September 8), accumulating snow (September
12), and the effects of rain-on-snow (September 15). Even
though the albedo of this pond increased as it froze and
accumulated snow, with albedo even higher than for the
freezing bare ice on September 12, its albedo appears to
be impacted by the rain event more strongly than the bare
ice, suggesting that the albedo was still sensitive to the
history of ponding.

As with bare, melting ice, the melt and freeze evolu-
tions of ponded ice appear to show considerable asymme-
try. This asymmetry is evident in the freeze up of the
ponded ice (Figure 10d), where the formation of ice lids
on ponds as well as rain-on-snow events significantly alter
the albedo in ways not seen in initial pond formation.
These observations suggest that some albedo transitions,
particularly during the freeze up season, are abrupt and
may be event-driven by phenomena such as rapid fluctua-
tions in temperature around the freezing point or a snow
or rain event. Such events contrast with processes that

happen more gradually, such as snow ablation, pond deep-
ening, and steady snow accumulation.

3.2.4. Temporal evolution of areal average albedo

and comparison with SHEBA

Figure 11 presents a time series of atot averaged for all
points along each of three survey lines (CO1, CO2, CO3) at
MOSAiC and SHEBA. The three MOSAiC survey lines
include ROV3 (Leg 3 CO1), LD (Leg 4 CO2), and Kinder
(Leg 5 CO3). These three lines had the most comprehen-
sive temporal and spatial records for each leg. All points
on this figure represent clean ice as they do not include
locations with appreciable sediment content. Both time
series show consistent features: the presence of a seasonal
snow cover until late May; an albedo reduction resulting
from snow melt and melt pond formation during June;
the gradual decline in albedo as ponds formed, grew, and
deepened during July; an albedo increase resulting from
the onset of freezing conditions in mid-August; the freez-
ing of ponds; and the accumulation of snow in September.
This progression is summarized by the five phases out-
lined by Perovich et al. (2002): dry snow, melting snow,
pond formation, pond development, and freeze up.

The standard deviations of these two time series
(dashed lines in Figure 11) are also strikingly similar. The
spatial variability was low during the dry snow period
(April–May), increased rapidly in June when the snow
melted and ponds formed, and continued to increase
throughout the pond evolution phase, reaching its peak
just before the onset of sustained freezing conditions. The
variability in optical properties during the summer con-
tinued to increase with time, likely due to the decreasing
albedo of ponds, while the variability in pond size distri-
bution decreased (Webster et al., 2022).

The apparent repeatability of the magnitude and var-
iability in these two annual surveys from very different
locations (high latitude Atlantic sector compared with
Beaufort Sea; Figure 1) separated by 22 years is likely
a result of elements of fundamental invariance in the
evolution of the optical properties of Arctic sea ice. The
albedos of accumulated snow and thick, bare, melting
ice (Figure 3) are remarkably constant. The persistence
of an SSL appears to buffer the albedo of thick, bare,
melting sea ice such that it has surprisingly little sensi-
tivity to either bottom or surface ablation, ice surface
properties driven by radiative forcing, or synoptic
weather events.

Despite the stability of atot for bare ice, differences in
the areal coverage of melt ponds and the highly variable
atot of ponded ice (Figure 5) could be expected to drive
significant differences in the seasonal progression of the
area average atot. Areal pond fraction along the LD line at
MOSAiC increased during the pond evolution phase to
a peak value of 41% at the end of July (Webster et al.,
2022). Similarly, the near-maximum pond coverage for the
larger MOSAiC area was 22%. In comparison, the pond
fraction along the SHEBA albedo line increased to 38%,
although aerial surveys suggest that a peak value close to
24% was more representative of the larger SHEBA region
(Perovich et al., 2002). While the finding that the regions
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around these two field programs experienced very similar
pond coverage (22% and 24%) may be coincidental, it
nonetheless reinforces the repeatability of the areal aver-
age atot time series.

The impact of melt pond albedos on the variability of
areal averaged albedo is, however, somewhat smaller than
might be expected for at least two reasons. First, the var-
iability in aλ for ponds is strong only at visible wave-
lengths. The variability decreases at wavelengths beyond
the visible spectrum, where the reflected component is
dominated by the significant absorption incurred by the
pond water where negligible scattering exists (Figure 5).
Because roughly 30–50% of the energy in incident solar
radiation reaching the ice surface is from wavelengths
longer than those of visible light (700 nm), ponded areas
generally absorb one third to one half of the incident
sunlight, regardless of whether the area is dominated by
light (high albedo) or dark (low albedo) ponds. Second, the
ponds observed in these field studies occupied only a frac-
tion of the surface, so the variability they introduce is
scaled by this coverage.

Another feature common to the two albedo time series
is a minimum average atot of 0.37. This low point was
recorded on August 12 at SHEBA and on August 29 at
MOSAiC (Leg 5). An even lower atot possibly could have
been recorded between July 29 and August 29 on Leg 4

had the CO2 floe remained intact. Neither time series
shown in Figure 11 included significant contributions
from sediment-laden ice, which would have further
reduced the magnitude of this minimum albedo. Studies
using a one-dimensional sea ice thermodynamic model
(Maykut and Untersteiner, 1971) suggest that an albedo
of 0.45 results in the rapid demise of an ice cover. The
observational results presented here confirm that large-
area average albedo for an intact ice cover can be this low
or lower during July. Clearly, more details about the radi-
ative and mass budgets, dynamic properties, and three-
dimensional characteristics of an ice cover are needed to
understand the implications of sustained low albedo on
ice cover longevity.

4. Simulating the albedo of the sea ice cover
in climate models
A range of frameworks exists for numerical simulation of
the shortwave radiation budgets of the sea ice cover.
Empirical frameworks parameterize albedo as a function
of state variables describing the physical condition of the
ice. Physical frameworks compute the albedo of the ice
cover by simulating the spatial coverage of various surface
types paired with information about the optical properties
for each type. The merits and challenges of both
approaches are discussed here.

Figure 11. Seasonal evolution of average total albedo from April 1 to September 30. Average total albedo for
MOSAiC (blue) and SHEBA (red; Perovich et al., 2002) campaigns, where MOSAiC values are averaged over the length
of survey lines ROV3 (April–May), LD (June–July), and Kinder (August–September). The standard deviation (std) of
measured (observed, obs) albedos is shown with dashed lines (for MOSAiC n ¼ 14, 41, 29 for ROV3, LD, and Kinder
survey lines, respectively; for SHEBA, n ¼ 80). Background lines and shading show CESM2 predicted grid cell average
albedo at points representing MOSAiC (blue, where two grid cells were employed: April–July on CO1/CO2 at 82.089
N!, 8.006 E!; August–September on CO3 at 88.197 N!, 103.908 E!) and SHEBA (red, single grid cell centered on
77.352 N!, 193.008 E!) from five ensemble members over five years (2015–2019) with standard deviation shown as
shaded region. Grid cell center coordinates are indicated with stars in Figure 1. Note discontinuity in model ensemble
average and shading at August 1 when model grid cell was moved from representing CO1/CO2 to CO3.
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4.1. Empirical models
An empirical framework was successfully applied by
Perovich et al. (2011; 2020), where the seasonal time
series of aggregate-scale albedo recorded at SHEBA (red
curve in Figure 11) was stretched and compressed,
respectively, to fit melt and freeze onset dates. In this case,
the line-averaged atot was taken to be comparable to mod-
eled grid-cell average atot, which includes a variety of ice
thicknesses and (seasonally dependent) surface types
simultaneously. The similarity of the MOSAiC record of
atot with the SHEBA record (as illustrated in Figure 11)
suggests that this approach may be more broadly applica-
ble for grid cells across the Arctic basin over time than
previously assumed. Factors that could alter the pacing of
this seasonal progression, other than the timing of melt
and freeze onset, include the duration of the snow-melt
phase, accumulated snow depth, amount and timing of
new snow fall, synoptic weather events that alter surface
optical properties, such as rain, and changes in incident
solar radiation caused by changes in cloud cover.

4.2. Physical models
Advanced physical surface albedo models explicitly quan-
tify the areal coverage of individual ice types and assess
radiative partitioning based on this coverage and the opti-
cal properties of the various surface types. For example,
CESM computes partitioning for three distinct “radiatively
active” surface types: snow-covered ice, bare ice, and
ponded ice (Holland et al., 2012). Albedos for individual
ice types are computed from an inherent optical property
database used in conjunction with a radiative transfer
calculation. The fidelity of the aggregate albedo rests on
accurate representation of the spatial coverage of each
surface type in the simulated climate and accurate optical
property characterization. But two “wrongs” can produce
a compensating “right.” For example, if pond coverage is
overestimated and pond albedo is also overestimated,
then arriving at an accurate estimate for the total radiative
partitioning is possible. A flawed solution such as this one
could cascade to other inaccuracies, such as (in this exam-
ple) poorly estimated meltwater budgets. Correspond-
ingly, the “wrongs” may not compensate in a future
climate state, leading to inaccurate predictions.

In addition to observed atot, Figure 11 shows CESM2-
simulated aggregate albedo over the annual cycle for five
ensemble members averaged over 2015–2019 in which
tuning has been applied to improve the Arctic sea ice state
(Kay et al., 2022). The simulated albedo progressions for
the MOSAiC and SHEBA locations show good general
agreement with the observed progressions. However,
some differences could be indicative of specific physical
processes in need of improved treatment in the model,
such as the timing of the onset of both melt and freeze.
Model runs appear to show delayed melt onset and accel-
erated freeze up, suggesting that CESM2 predicts a shorter
melt pond season than observed, consistent with compar-
isons between observed and predicted pond coverage (see
Webster et al., 2022). The transition intervals associated
with melt and freeze onset are accompanied by substan-
tial physical changes occurring within the ice cover, such

as rapid snow melt, initial pond formation, pond lid for-
mation, and snow accumulation. Also, the 0.37 minimum
albedo observed in both field records was more than one
standard deviation below the model mean. This difference
could be tied to differences in freeze onset timing
between observations and the model predictions, sugges-
tive of an Arctic ice cover with ponds that may have larger
volume or higher salinity than simulated, resulting in lon-
ger response time to freezing conditions.

Both the observed and simulated melt at MOSAiC lag
behind SHEBA by about two weeks. While the latitudinal
difference is substantial (SHEBA simulation centered on
77 N!, MOSAiC CO1/CO2 on 82 N!), the initial melt onset
at both locations occurred within a few calendar days.
Beyond the onset timing, other factors that may impact
this comparison include synoptic weather events and the
summer-time northward drift of SHEBA and southward
drift of MOSAiC. Significant variability also exists in the
observed albedo time series, but whether the frequency
and magnitude of this variability is needed for accurate
simulation of the defining elements of the seasonal
albedo progression or whether the average is sufficient
is unclear.

Ultimately, physical models are only as good as the
optical property simulations of individual surface types
upon which they rely. To parse the differences between
observations and the model, we next considered an eval-
uation of optical properties for each surface type.

4.2.1. Optical properties of individual surface types

Because physical models rely on knowledge of the optical
properties of the individual surface types, we examined
the sub-grid scale distribution of albedo for each of the
three surface types: bare, snow-covered, and ponded ice.
To enable this evaluation of radiative partitioning, a subset
of years from a CESM2 ensemble member was re-run with
additional sub-grid surface output. Simulated albedos for
each of the three surface types and each of the five ice
thickness categories were captured daily over six years
(2015–2020). In this analysis we considered only output
in the MOSAiC CO2 grid cell during the month of July.
Figure 12 shows box and whisker plots for the simulated
albedo for each surface type, as well as the full range of
observed atot values recorded during the MOSAiC summer
(see inset legend in Figure 2). Median and interval range
values for the observations are not depicted to avoid mak-
ing unrealistic comparisons, as the model values represent
the full area in a grid cell, but the observations pertain
only to a single survey line. Additionally, the albedo range
for snow-covered ice was taken from observations for
melting snow (atot ¼ 0.6–0.8) made during June. No mea-
surement made in July had a field of view that was
uniquely melting snow; all fields of view were mixed,
either with bare or ponded ice. In each case, modeled daily
results from the thinnest ice thickness category were omit-
ted, consistent with the inherent observational sampling
bias against thin ice. The model appears to capture the
range of observed albedo for summer snow-covered ice
and bare ice types. The simulated albedos for ponded ice,
however, appear to be drastic overestimates, as almost
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75% of simulated pond albedos in CESM2 during July
have atot value higher than the full range of values
observed at MOSAiC during July.

4.2.2. Albedo sensitivity to ice thickness

The area-averaged ice cover albedo typical of the summer
melt season displays little sensitivity to time or place in
large part because of the prevalence of thick, bare, melting
sea ice with notably constant albedo (Figure 3). This ice
has near-constant albedo because its highly scattering sur-
face layer precludes albedo sensitivity to total ice thick-
nesses greater than 0.5–1 m. While there is large
uncertainty about the physical characteristics of
a reduced-ice Arctic in the coming decades, anticipated
reductions in ice thickness may introduce albedo sensitiv-
ities to ice thickness for bare, melting ice. In particular,
thinner ice with smaller freeboard would be expected to
support SSLs with reduced physical and optical thickness.
The thin ice case (teal curve in Figure 2) had an estimated
total ice thickness of 0.4 m with 0.05-m thick SSL. Surface
layers on thin sea ice with small freeboard would be
expected to experience reduced backscattering due to
flooding or wicking of liquid water. Additionally, while
some thinner ice may maintain a robust SSL, overall thin-
ning is anticipated to promote increased light transmit-
tance to the ocean. Thinner ice is expected to also promote
thinner pond floors, resulting in profound reductions in
aλ for ponded ice at visible wavelengths.

5. Summary and conclusions
Spectral and broadband albedos of the Arctic sea ice cover
were documented by surface observers during the sunlit
portion of the MOSAiC drift. Albedos were sampled man-
ually along survey lines during the spring, throughout
summer melt, and during autumn freeze up. Specific loca-
tions on various lines were identified as representative of
individual ice surface types, including: melting snow cover
in early summer; bare, thick melting ice, ponded ice, sed-
iment laden ice and thinning ice during summer; and
freezing melt ponds and snow-covered sea ice in autumn.

The time series documented at MOSAiC covered the
established albedo progression of snow-covered, melting
snow, pond formation, pond evolution, and freeze up (Per-
ovich et al., 2002), although two logistics gaps precluded
an uninterrupted time series on the same floe with con-
tinuous drift. Through comparison with the time series
collected during SHEBA (1998), we suggest that the tem-
poral progression of total albedo through the entire sunlit
season has elements that remain invariant with respect to
location, decade, and age of the ice cover.

The MOSAiC record was used to investigate specific
elements indicative of the temporal variability of this
record. The aλ and atot (0.64 ± 0.04) of thick, bare, melting
sea ice have small spatial and temporal variability. While
such invariability has been attributed to the persistence of
SSLs on bare, melting sea ice during the summer melt
season (Perovich et al., 2002), we suggest that the optical

Figure 12. Distribution of modeled and range of observed individual surface type albedos. CESM2 modeled
albedos for individual surface types (snow on sea ice, bare ice, ponded ice) during July for the MOSAiC-location grid
cell (CO1/CO2; centered on 82.088!N, 8.006!E). Orange lines indicate median, blue boxes indicate range of values
above the lowest 25% and below the highest 75% of all values; whiskers indicate ± 1.5 % interquartile range. Range of
observed surface-specific albedos in July indicated by adjacent whiskers for approximately homogeneous fields of
view measured at MOSAiC (see inset legend in Figure 2).
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properties of this thin layer are remarkably consistent
across first-year, second-year, and multiyear ice types, such
that the albedo of bare, melting sea ice is independent of
ice age. This highly scattering layer is resilient and renew-
able, and appears to buffer effects of variations in the
thickness and optical properties of the ice beneath, includ-
ing the presence of absorbing constituents such as
sediment.

Strong transitions were observed during the onset inter-
vals of both melt and freeze. These intervals resulted in
rapid changes in surface type and characteristic albedo.
Specifically, the formation and development of melt ponds
from their earliest “subnivean” stage (Webster et al., 2022)
to mature ponding show large variability at visible wave-
lengths, making representative optical signatures for
ponded ice difficult to identify. The shoaling and accumu-
lation of sediment inclusions within melting sea ice also
produce strong time-varying changes in albedo (Figure 4).

Portions of the RBB line (on CO2) contained significant
amounts of sediment laden ice and had correspondingly
reduced albedo during summer (Figures 5 and 6). What
fraction of the larger region was affected by sediment is
not known. Clearly, our estimates of the seasonal albedo
progression should account for any contribution from ice
with lower albedo. If future increases in ice production in
the shelf regions of the Arctic entrain increasing amounts
of sediment, then albedos during the snow-free portion of
the evolution (July–August) may be reduced significantly.
The presence of sediment inclusions likely also affects the
mass budget of the ice cover, but this potential effect
remains an open question.

Furthermore, a future Arctic with widespread reduced
ice thickness could have strong implications for the albedo
of the summer ice cover. Figure 2 indicates a reduced aλ
for bare, melting sea ice with thickness 0.40 m. Presumably,
the reduction in total ice thickness is somewhat mitigated
by the presence of an SSL. These SSLs, however, have
a nuanced dependence on ice thickness. As bare, melting
ice thins, and freeboard decreases, SSLs are expected to
become prone to flooding and reduced optical thickness,
diminishing their ability to maintain a high albedo on such
ice. This thin ice scenario is distinct from the case of ice
formed in winter or spring that is thin because it is young
and has not yet been exposed to enough sunlight to have
formed a fully developed SSL. Additionally, a thinner ice
cover is expected to have pond floors with reduced optical
thickness, decreasing aλ values for ponded ice even further.
Physical models are clearly needed to predict albedo under
conditions with diminishing ice thickness, especially
around the periphery of the Arctic earlier in the melt sea-
son, where thin ice is already a prevalent surface type.

Improvements in physical modeling are needed to
accurately simulate a variety of conditions now prevalent
on the Arctic sea ice cover. Specifically, improved repre-
sentations of melt pond optical properties are needed. The
exaggerated melt pond coverage identified in CESM2 by
Webster et al. (2022), for example, may be compensated
by the unrealistically high melt pond albedo seen in
Figure 12, providing a possible case of two “wrongs”
compensating to achieve an apparent “right.” To

accurately simulate the response of the ice cover to both
synoptic time-scale weather events and long-term climatic
change, more detailed characterizations are also needed to
describe the optical effects of entrained sediment, rain,
and decreasing ice thickness. These data are informing
ongoing efforts to develop, validate, and improve the
numerical simulation of the surface radiative and mass
budgets of the Arctic ice cover. The wealth of aλ data from
MOSAiC will be central to these improvements.
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