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The reflection, absorption, and transmittance of shortwave solar radiation by sea ice play crucial roles in
physical and biological processes in the ice-covered Arctic Ocean and atmosphere. These sea-ice optical
properties, particularly during the melt season, significantly impact energy fluxes within and the total
energy budget of the coupled atmosphere-ice-ocean system. We analyzed data from autonomous drifting
stations to investigate the seasonal evolution of the spectral albedo, transmittance, and absorptivity for
different sea-ice, snow, and surface conditions measured during the MOSAIC expedition in 2019-2020. The
spatial variability of these properties was small during spring and increased strongly after melt onset on May
26, 2020, when liquid water content on the surface increased, largely accounting for the enhanced variability.
The temporal evolution of surface albedo and sea-ice transmittance was mostly event-driven, thus containing
episodic elements. Melt ponds reduced the local surface albedo by 31%-45%. Over the melting season, single
ponding events increased the energy deposition of the sea ice by 35% compared to adjacent bare ice. Thus,
single melt ponds may impact the summer energy budget as much as seasonal evolution over 1 month.
Absorptivity and transmittance showed strong temporal and spatial variabilities independently of surface
conditions, possibly due to the different internal sea-ice properties and under-ice biological processes. The
differences in seasonal evolution shown for different sea-ice conditions strongly impacted the partitioning
of shortwave solar radiation. This study shows that the formation and development of melt ponds, in reducing
albedo by a third of bare ice sites, can notably increase the total summer heat deposition. The vastly different
seasonal evolutions, different sea-ice conditions, and timing and duration of ponding events need to be
considered when comparing local in-situ observations with large-scale satellite remote sensing datasets,
which we suggest can help to improve numerical models.
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1. Introduction by seasonal first-year ice (FYI; e.g., Maslanik et al., 2011;

The surface energy budget of the summer Arctic sea-ice
cover is affected significantly by the observed decline of
sea ice (e.g., Comiso, 2012; Nicolaus et al., 2012). The
Arctic sea ice shows an earlier melt onset and later
freeze-up, and thus a longer melt season. Sea-ice extent
is shrinking (Stroeve et al., 2014; Serreze and Stroeve,
2015), thickness is decreasing (e.g., Haas et al., 2008;
Kwok, 2018), and multi-year ice (MYI) is largely replaced
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Stroeve and Notz, 2018). Concurrently, the near-surface air
temperature in the Arctic has increased 2—3 times more
than the corresponding global mean surface temperature
(e.g., Wendisch et al., 2023). The increasing air tempera-
ture provides more heat to melt the snow cover, resulting
in decreasing albedo (Nicolaus et al., 2010a; Perovich and
Polashenski, 2012). In particular, the transition from dry to
wet snow results in a significant albedo decrease (Nicolaus
et al., 2010a; Perovich and Polashenski, 2012). The lower
sea-ice albedo during this period results in more solar
radiative energy being absorbed by the sea ice and the
ocean underneath (e.g., Comiso, 2012; Serreze and
Stroeve, 2015; Stroeve and Notz, 2018). The spatial and
temporal variability of surface properties such as albedo,
transmittance, and absorptivity increase after melt onset
and subsequent melt pond formation (e.g., Perovich and
Elder, 2002).
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The melting snow increases the transmittance of the
snow-covered sea ice and, as a result, increases the pene-
tration of downward solar irradiance through the sea ice,
which impacts physical and biological processes under-
neath the sea-ice cover (e.g., Perovich et al., 2008; Perovich
and Richter-Menge, 2015; Katlein et al., 2019; Ardyna
et al.,, 2020). On the aggregate scale, approximately 8%
of the incident solar irradiance is transmitted into the
ocean below in 1 year (Perovich, 2005). The overwhelming
amount (approximately 96%) of the annually transmitted
solar radiative energy penetrates through the sea-ice layer
during the 4-month period from May to August when
a sufficient amount of irradiance can be deposited on the
surface with low albedo (Perovich, 2005; Arndt and Nico-
laus, 2014).

A detailed investigation of the temporal evolution and
spatial variability of the surface and optical properties is
needed to accurately represent the large-scale energy bal-
ance of the Arctic sea ice. Here, we present a dataset of
spectral albedo and transmittance from 10 autonomous
radiation measurement stations deployed during the Mul-
tidisciplinary Drifting Observatory for the Study of Arctic
Climate (MOSAIC) expedition in 2019-2020 (Nicolaus
et al.,, 2022). In-situ observations provide detailed insight
into the radiative partitioning in and through sea ice,
which is otherwise inaccessible via satellite observation.
We focus on the period from April 1 to July 18, 2020,
when the Arctic sea ice transitioned from spring to sum-
mer. Our analysis identifies the seasonality and key events
during this transition, examines the radiative partitioning
during the transition period, and highlights their impact
on the larger-scale energy balance.

2. Methods

2.1. The MOSAIC drift

The dataset presented in this study was obtained during
the MOSAIC expedition (2019-2020) with the German
research icebreaker Polarstern (Knust, 2017), following the
Transpolar Drift (Nicolaus et al., 2022). The drift of Polar-
stern consisted of three phases:

(1) Drift 1 started in the central Arctic at 85°N on
October 4, 2019, and lasted until May 16, 2020,
when Polarstern left the floe and paused the
manned observation, while autonomous measure-
ments continued.

(2) Drift 2 started on the same floe as Drift 1 on June
19, 2020, and lasted until July 31, 2020, when the
floe disintegrated in Fram Strait (78.9°N).
Subsequently,

(3) Drift 3 started on a new floe near the North Pole
(87.7°N) on August 21, 2020, and followed the
Transpolar Drift stream until September 20, 2020.

Altogether 10 autonomous stations were deployed dur-
ing the MOSAIC expedition to measure spectral solar radi-
ation fluxes above and below the sea ice (Table 1).
Figure 1 shows the drift track of the 10 radiation stations,
which followed the concept described by Nicolaus et al.
(2010b). The majority (7) of the radiation stations were
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installed during Drift 1 from October 5, 2019, to August
8, 2020, when the autonomous stations were recovered.
The data collected during this period provide important
observations covering the key spring—summer transition
from May 16 to June 19, 2020, when no manned observa-
tions were possible due to the absence of Polarstern
(between Drifts 1 and 2). Furthermore, autonomous buoys
2020M29 and 2019594 provide the evolution of air and
surface temperature during the melt season.

2.2. Radiation station measurements and data
processing
Each radiation station consisted of three RAMSES-ACC-VIS
hyperspectral radiometers (TriOS GmbH, Rastede, Ger-
many; Nicolaus et al., 2010b), measuring spectral irradi-
ance from 320 nm to 950 nm with a spectral resolution of
3.3 nm. Measurement interval was 10 minutes. Figure 2
shows photos of both the above-ice and under-ice sensors.
Above the ice, the upward-looking sensor measured inci-
dent (downwelling) irradiance, E;(%, t), and the
downward-looking sensor measured reflected (upwelling)
irradiance, E,(X, t). The sensor installed under the ice
measured the transmitted (downwelling) irradiance,
E4(A, t). The under-ice sensor was placed approximately
0.5 m below the ice bottom at the deployment date, mea-
suring the transmitted irradiance through the sea ice,
which can be covered with snow, the surface scattering
layer (bare ice), or liquid water (melt pond). During the
observation time, the distance from the under-ice sensor
to the ice bottom varied due to sea ice growth/melt.
The spectral irradiance above (downwelling, E;(A, t),
and upwelling, E,(A, t)) and below (downwelling,
E;(X, t)) the sea ice layer was recorded in counts per
channel and then calibrated to absolute spectral irra-
diances (in W m~% nm ') based on individual calibration
files for each sensor (Nicolaus et al., 2010b). The spectra
were interpolated onto a 1 nm grid to calculate the ratios
of spectral albedo, (X, t):

a(h, t) = Ey(A, ©)/E(N, t) (1)
and transmittance, 7(A, t), as a ratio of Eq4 to E;:
(A, t) = Eq(\, t)/E(N, ©) (2)

as a function of wavelength (A) and time (¢).

Nicolaus et al. (2010b) found insufficient data quality
between 748 nm and 773 nm with oxygen absorption
around 760 nm, as the irradiance was sampled at slightly
different wavelength due to the different wavelength grids
of the two above-ice sensors. Hence, the albedo was inter-
polated linearly within this wavelength range.

The wavelength-integrated broadband albedo, (),
and transmittance, tr(z), were calculated within the wave-
length range of 350 nm to 920 nm via the following
equations:

_ f “(7‘7 t)EiOL, f)d)\,
or(2) fE,-(?», z‘)dk (3)
SO o
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Table 1. Operational times and metadata of the autonomous radiation stations operated during the MOSAiC

expedition
Initial Initial Ice
Station Snow Thickness First Good Last Good Failure/
Name Site Depth (m) (m) Deployment Data Data Recovery Comment
2019R8 L1 0.18 0.78 October 05, October 6,  June 13, August 06, Low sun
2019 2019 2020 2020 elevation
angle,
hardware
malfunction
2019R9 L2 0.10 0.30 October 07, March 13, June 12, June 17, Data
2019 2020 2020 2020 interruption
due to
hardware
malfunction
2020R10 Co1 0.07 1.49 March 08, March 13, July 20, July 21, Destroyed by
2020 2021 2020 2020 ridge activity
2020R11 LM? 0.18 1.59 March 26, March 29, July 18, August 01, Long-term data
2020 2020 2020 2020 during the
spring—
summer
transition
2020R12 L3? 0.08 1.67 April 24, April 24, July 22, August 08, Long-term data
2020 2020 2020 2020 during the
spring—
summer
transition
2020R13 Co1 0.92 4.28 May 06, May 6, May 12, May 15, Destroyed by
2020 2020 2020 2020 ridge activity
2020R14 CO1° 0.12 3.13 April 03, April 03, July 15, July 15, Long-term data
2020 2020 2020 2020 during the
spring—
summer
transition
2020R15 C02 0.01 1.52 July 12,2020  July 13, July 19, July 19, Data interruption
2020 2020 2020 due to
hardware
malfunction
2020R21 COo3 0.35 (pond 0.59 August 27, August 27,  September  November Deployed in
depth) 2020 2020 25,2020 14, 2020 a melt pond
2020R22  CO3 Unknown 1.34 August 21, August 21,  September  September Data interruption
2020 2020 12, 2020 12, 2020 due to

hardware
malfunction

“The three radiation stations discussed in detail in the text are in bold (2020R11 at site LM, 2020R12 at site L3, and 2020R 14 at site
COT1); station 2020R14 at site CO1 is referred to as site CO.

The wavelength-integrated irradiances, E{t), E4(t),
E,(t), were integrated within the wavelength range of
350 nm to 920 nm. The radiative fluxes of sea ice were

calculated:

(i) Net irradiance entering the sea ice,
(Ei.(1—ar(r)); Equation 3),

E,‘[g(l)

= Ei(r) — Eu(?)

Eiff

(5)

(ii) Irradiance absorbed by the sea ice layer, E,, and
absorptivity, absr(¢):

E,(1) =

abst(z) = 1 — ar(z) — tr(7)

Ei(#) — Eu(2) — Ea(2) (6)

(7)

The upward irradiance from the ocean to the sea-ice
bottom was omitted from the calculation as it may be
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Figure 1. Drift tracks, distribution of sites, and sea-ice concentration during the MOSAIC expedition. (A) Drift
tracks of the radiation stations from October 2019 to November 2020. The starting point of Drifts 1, 2, and 3 are
labeled accordingly. The background shows the sea-ice concentration retrieved via Advanced Microwave Scanning
Radiometer 2 (AMSR2) on May 25, 2020. (B) Relative positions of the Distributed Network sites (L1, L2, L3, LM) at the
beginning of Drift 1, centered around Polarstern (PS) and the Central Observatory (CO).

assumed to be extremely small (approximately 1%; Smith
and Baker, 1981).

(iii)

Sea ice melt rate (internal m.y; and bottom mcg)
from the accumulated absorbed irradiance E, (i.e.,
1 — albedo; Equation 3) and transmitted irradi-
ance Ey over time through the surface and the ice:

Mg = Qs (8)
Lmelt'picc
Qg
o =7 9
o E melt-picc ( )

where Q , is the absorbed irradiance E, accumu-
lated over time: Q, = > E,At; and the trans-
mitted irradiance E; accumulated over time:
Qg =>_E,At, both assuming sea ice has
a density p,, = 917 kg m>, and a latent heat
of melt L= 0.3335 ] kg™ ".

(iv) Albedo ratio (¢990/¢s00) between the albedo at

900 nm (c900) and the albedo at 500 nm (e500). This
ratio is sensitive to the liquid water content at the
surface, and thus an indicator of ponding, due to high
absorption of water at 900 nm compared to 500 nm.
The albedo ratio decreases as water accumulates at
the surface.

(v) Transmittance ratio (rgo0/7450) between transmit-

tance at 600 nm (rg09) and transmittance at
450 nm (r450). This ratio is sensitive to the
Chlorophyll-a content of the ice and upper
ocean, and an increase may be used as an indi-
cator for biological activities in or directly under-
neath sea ice (e.g., Perovich et al., 1993; Ehn
et al., 2008).

(vi) We derived the wavelength of maximum transmit-

tance of each spectrum as an indicator for the spec-
tral shape that may be associated with biological
influences, as used in Nicolaus et al. (2010a).
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Figure 2. Photos of a radiation station set-up on and under sea ice. (A) Photograph of station 2020R15 on July 18,
2020, including the sensors for incident and reflected irradiance. (B) Photograph of station 2020R21 on September 01,
2020, showing the sensor for transmitted irradiance hanging under the ice. The photo was taken from a Remotely
Operated Vehicle. Labels give attitude parameters of the vehicle. Both stations were at the Central Observatory (Table 1).

To investigate the long-term seasonality of apparent
optical properties (i.e., albedo and transmittance), we used
the optical measurement with reference to the maximum
daily solar elevation angle. The radiative fluxes into and
absorbed by the sea ice, E. (Equation 5) and E, (Equation
6), were computed from each available measurement ini-
tially. Combined with the transmitted irradiance (Ey), the
daily mean and accumulated radiative fluxes were used to
examine the sea-ice energy budget. Sub-diurnal variations
and synoptic weather events are not resolved in the pre-
sented data.

2.3. Data quality and uncertainties
During the MOSAIC expedition, the 10 autonomous spec-
tral radiation stations were deployed at sites with different
sea-ice and surface conditions. The stations were checked
and maintained irregularly, but operated mostly indepen-
dently. As with other autonomous instruments on drifting
sea ice, some stations showed data interruption due to
hardware failure (e.g., sensor or battery fault) or ice
dynamics (e.g., ridging event), as recorded in Table 1.
The above-ice radiation sensors were leveled and
mounted on a rack, which was secured to the sea ice. A
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tilt due to the change of the surface or differential set-
tling cannot be avoided during long-term measurements
in a dynamic sea-ice regime. Hence, we monitored the
inclination angle of the sensor over time, and excluded
data with inclination angles larger than 10°. Additionally,
we flagged the data as low-quality when the solar eleva-
tion angle was smaller than 5°. We also observed some
noise in spectral albedo at wavelengths smaller than
400 nm, which was due to the downward-looking sensor.
A detailed description of the quality of the sensor and
data interpolation adopted in this study can be found in
Nicolaus et al. (2010b). Table 1 shows the operational
time of each station and the resulting times with high-
quality data.

Another uncertainty in this study comes from the dis-
tance between the under-ice sensor and the sea-ice bot-
tom. The initial set-up of approximately 0.5 m was to
prevent sea-ice growth from intruding on the sensor. Due
to the nature of autonomous stations, the distance chan-
ged over time with ice growth/melt without sensor depth
adjustment. The observed transmitted irradiance included
the absorption from the top water layer, resulting in
a reduction of 20% to 30% of light transmittance (Woz-
niak and Dera, 2007; Nicolaus et al., 2010b).

For quality control, we performed radiative transfer
simulations for comparison with measured spectrally inte-
grated F; for all individual radiation stations during the
measurement period. The modeling considered only
cloudless atmospheric conditions to avoid uncertainties
caused by unknown cloud microphysical and macrophysi-
cal properties, which were not available for these remote
radiation stations. However, a direct comparison for cloud-
less days allows (i) to monitor the occurrence of clouds, (ii)
to identify potential effects of sensor misalignment in
cloudless conditions, and (iii) to validate the radiometric
calibration. Broken cloud conditions can be identified by
short-term variations of E;, while more compact cloud
situations lead to a general decrease of E; compared to
the simulations. Misalignment of the sensors can be
detected by an asymmetric diurnal variation of E;. The data
were not corrected for misalignment, but instead were
excluded from further analysis. In contrast to the cloud
effects, uncertainties in the radiometric calibration would
lead to systematic shifts in the measured E; under cloud-
free conditions compared to the simulations. However,
such shifts were not observed, indicating the stability of
the radiometric calibration of the upward-looking sensor.

The simulations were performed with the library for
radiative transfer routines and programs (libRadtran;
Mayer and Kylling, 2005; Emde et al., 2016). As a solver
for the radiative transfer equation, the Discrete Ordinate
Radiative Transfer solver (DISORT) (Stamnes et al., 2000)
was chosen. The extraterrestrial spectrum was taken from
Gueymard (2004). The meteorological input for the simu-
lations was based on standard profiles of trace gas con-
centrations, air temperature, humidity, and pressure from
Anderson et al. (1986). The standard sub-Arctic atmo-
spheric profile was adapted to observations from radio
soundings (Maturilli et al., 2021), which were launched
about every 6 hours from Polarstern.

Tao et al: Seasonality of spectral radiative fluxes of Arctic sea ice

3. Results

3.1. Overview of surface properties and seasonality
Figures 3 and 4 summarize the surface conditions and
seasonal evolution of optical properties for April to Sep-
tember, 2020, with a particular focus on the spring—sum-
mer transition from May to mid-July 2020. Figure 3
provides the time series of the measurements of the 10
radiation stations based on daily measurements at times
of the highest solar elevation angle (local solar noon).
Figure 4 shows hourly values of meteorological para-
meters and a summary of the surface albedo evolution
until the end of July. Figure S1 shows photos of the sur-
face conditions and radiation stations taken by autono-
mous cameras at sites LM and L3, and of the Central
Observatory (CO) from a panorama camera (Panomax)
onboard Polarstern. Figures 5—7 show the seasonal evo-
lution of spectral albedo and transmittance.

The dataset allows a particularly comprehensive analy-
sis of the radiative fluxes of the Arctic sea ice during the
spring—summer transition, a period that aligns with the
maximum incoming irradiance. This study focuses on
three radiation stations sited on multi-year ice (Table 1),
which are later compared to satellite remote sensing
observations. The three stations are named after their site
of deployment hereinafter: LM, L3, and CO. Radiative
fluxes showed an increasing spatial variability after the
melt onset, mostly attributable to events (e.g., ponding
and drainage; see Figure S1) which did not persist nor
progress over the same time scale. This variability is well
expressed in the different phases and the differences in
timing and sequence of events (similar to those defined by
Perovich and Elder, 2002; Nicolaus et al., 2010a) at the
different stations (Figures 3 and 4). Overall, we distin-
guished three phases of the sea-ice and snow surface evo-
lution when transitioning to the melt season:

(a) Phase 1 (before May 26) was characterized by the
mostly below-freezing point air temperature (0°C)
and dry snow coverage at all three sites. Melt onset
occurred on May 26, when the air temperature
remained above 0°C continuously for several days
and snow started to melt on the surface.

(b) Phase 2 (May 26 to June 27) showed a strong sur-
face spatial variability across the three sites due to
events (e.g., ponding and drainage) at different
times. The radiative fluxes reached their maximum
during this phase.

(c) Phase 3 (after June 28) was characterized by the
formation of a weathered surface layer, known as
a scattering layer from the optical perspective. The
spatial variability of surface properties between the
three sites decreased compared to Phase 2.

3.2. Phase 1: Dry snow surface (before May 26)
Figure 4A shows that the air temperature reached the
melting point (0°C) for two short intervals in April but
regularly and for longer times after May 12. The surfaces of
the three sites were covered by dry snow in April, for
example, Figure STA and B.
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Figure 3. Seasonal progression of optical properties measured by radiation stations during the sunlit season
in 2020. Lines show wavelength-integrated (350-920 nm) values of (A) surface albedo, (B) surface and ocean
absorptivity, (C) transmittance, (D) albedo ratio of 900 to 500 nm (xg00/¢s00), (E) wavelength of the maximum
transmittance of each spectrum, and (F) transmittance ratio at 600 to 450 nm (rgp0/T4s0). The three radiation
stations with continuous records are highlighted in color: 2020R11 at the LM site (blue), 2020R12 at the L3 site
(red), and 2020R 14 at the CO site (orange). The two black vertical lines indicate the melt onset (May 26) and the stage
of advanced melt and formation of surface weathered layer (June 28).

From April 1to May 25, the mean broadband albedo at  higher than 0.80 over the entire wavelength range from
all three sites was as high as 0.89 with a standard devia- 350 nm to 920 nm (e.g., Figure 6 shows the spectral
tion of 0.03. Compared to later phases, the three sites had  albedo on May 1 at sites LM and L3). The mean albedo
the most similar optical properties and most homoge- ratio was 0.87 (£0.03) (Figure 3D).
neous surface conditions, although sea-ice thickness ran- The broadband transmittance was lower than 0.05
ged from 1.59 m to over 3 m. The spectral albedo was for all sites. The shape of spectral transmittance,
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Figure 4. Evolution of surface properties from April to July 2020. (A) Air temperature from ice-mass-balance buoy
2020M29 and sea ice temperature snow buoy 2019594. (B) Incident solar irradiance from radiation station 2020R11.
(C) Mean and standard deviation of total albedo from the three radiation stations at sites LM, L3, and CO: 2020R11,
2020R12, and 2020R 14, respectively. The red-shaded areas mark the three phases.

particularly at wavelengths centered around 490 nm,
suggested no influence of biological activity (Figure
S1E and F; Figure 7).

3.3. Phase 2: Melting snow and melt pond formation
(May 26 to June 27)
Melt onset was detected on May 26 and snow started to
melt on the surface (e.g., Figure S1D), as defined in Per-
ovich and Elder (2002). During Phase 2, the most promi-
nent feature was the high spatial variability in the optical
properties between the different sites. This variability is
well expressed in differences in timing and the sequence
of ponding events. Three melt ponds (MP) were recorded:
MP1 at site LM, MP2 at site L3, and MP3 again at site LM.
Overall, the three sites showed a decrease in albedo at
different scales, with the maximum decrease at each site
spanning from 27% due to melting snow to 51% due to
ponding events (Figure 3A). Site CO showed a linearly
decreasing broadband albedo and no ponding event. There
were three individual ponds (MP1, MP2, MP3) that formed
within the fields of view of the E, sensors at sites LM and L3
(e.g., Figure STE, H, and N). Events such as pond formation
and later pond drainage increased the spatial variability of

surface conditions during Phase 2. Also, the albedo at wave-
length above 500 nm (the albedo ratio) showed a decrease
due to the increasing liquid water on the surface
(Figure 3D). The transmittance at sites LM and L3 showed
an increase and change in the spectral shape.

MP1: First melt pond 1 at site L3:

At site L3, MP1 formed immediately after the melt onset
(Figure S1E). Over MP1, broadband albedo decreased to 0.58
from 0.84 (—31%). The shape of the spectral albedo changed
drastically from a rather linear- to a dome-shape, and the
spectral albedo at a wavelength larger than 500 nm
decreased below 0.67 (May 29; Figure 6). This decrease
resulted in the albedo ratio decreasing to 0.39. The broad-
band transmittance peaked at 0.08, and the wavelength of
the maximum transmittance increased to 526 nm, compared
to 496 nm during Phase 1 (Figure 3E).

On June 1, a thin new snow layer was observed (Figure
S1F and G), and site L3 showed an increase in broadband
albedo to 0.87 and a decrease in broadband transmittance
to 0.010. The shape of spectral transmittance showed
a strong change (Figure 3E and F). On June 5, the maxi-
mum wavelength of transmittance increased to 576 nm,
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Figure 5. Spectral albedo and transmittance of sea ice from three stations during spring—summer 2020. One
spectrum is shown per day, from the measurement at the time of highest solar elevation. Results for each site are
shown in two panels, one for spectral albedo (x) and one for spectral transmittance (r): panels A and B for site LM,;
C and D for site L3; and E and F for site CO. Note the different scale of transmittance for panel F.
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Figure 6. Albedo spectra at two sites for selected dates in spring—summer 2020. Albedo spectra from radiation
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Figure 7. Transmittance spectra at two sites for selected dates in spring—summer 2020. Transmittance spectra

from radiation stations at (A) site LM and (B) site L3.

and the transmittance ratio peaked at 31.47, which aligns
with the high absorption coefficient of under-ice biomass
at wavelength centered around 440 nm (e.g., Perovich
et al., 1993; Lund-Hansen et al., 2015). Compared to Phase
1 (May 1), the spectral transmittance on June 5 showed

two strong decreases, centered around 440 nm and
670 nm (Figure 7).

MP2: Melt pond at site LM:

From June 5 onward, mean broadband albedo generally
decreased again with an increasing spatial variability
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(Figure 3A). The melt pond event at site LM (MP2; Figure
STH) led to a decrease of its broadband albedo to 0.44
from 0.73 (—39%). A strong decrease in albedo was found
at wavelengths larger than 550 nm, resulting in the min-
imum albedo ratio of 0.22 (Figure 3D). On June 14, a new
snow layer increased the broadband albedo at site LM for
a day, and the albedo ratio increased temporally to 0.59.

The broadband transmittance at site LM increased to
0.079 from less than 0.01 in 2 weeks. The shape of spectral
transmittance showed a stronger variability (Figure 3C, E,
and F) after June 14, when the broadband transmittance
started to decline from its maximum. For instance, on
June 14, the transmittance ratio increased rapidly with the
decreasing broadband transmittance and peaked at 16.0
(Figures 3F and 7A).

On June 17, site L3 showed a similar shape of spectral
transmittance. The change in the shape of spectral trans-
mittance persisted toward June 23, when the maximum
wavelength of transmittance peaked at 710 nm, and the
transmittance ratio peaked at 421 (Figure 3E and F).

MP3: Second melt pond at site L3:

At site L3, a ponding event was again observed (e.g.,
Figure S1N), resulting in a minimum albedo of 0.38 on
June 25, after a rapid decrease from 0.70 on June 23
(45%). The albedo ratio reached the minimum of 0.22
(e.g., Figure 6A).

Broadband transmittance remained lower than 0.012
during the formation of MP3. Compared to MP1 (also at
site L3), even with the minimum albedo and more light to
the ponded surface, the transmittance during MP3 was
significantly lower than 0.080. Site L3 showed an absorp-
tivity as high as 0.61 during MP3, compared to 0.34 dur-
ing MP1. The spectral transmittance showed a similar
spectral shape compared to June 23, with the maximum
wavelength at 707 nm and a transmittance ratio of 77.0
(Figure 3E and F).

3.4. Phase 3: Advanced melt (after June 28)

From June 28 onward, the three sites showed surface
drainage and a weathered ice layer, resulting in a broad-
band albedo with an increasing temporal consistency and
a more linear decline with less spatial variability (Fig-
ure 3C). From June 28 to July 18, the mean broadband
albedo from all three sites was 0.69 (+0.05; Figure 3A).
The spectral albedo showed a similar shape during this
phase (e.g., Figure 6). The mean albedo ratio (Figure 3D)
increased to 0.81 (+£0.02) on June 28, and then decreased
to 0.73 (£0.02) on July 15.

The broadband transmittance showed larger spatial
variability, mainly attributed to the formation of a lead
in the proximity of site L3 (Figures 3C and S1T). At site
L3, the spectral transmittance also showed a stronger
change than at the other two sites (Figure 7); for example,
two distinctive decreases centered around 440 nm and
670 nm were shown on June 28. On June 30 and July 5,
the transmittance ratio at site L3 showed two peaks at
57.8 and 29.5. At site LM, the shape of spectral transmit-
tance did not change as strongly, with a transmittance
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ratio of 0.6 that remained so until July 15 (Figure 3E
and F).

3.5. Summary of progression

Summarizing the results of three individual time series,
we find a general progression from spring to summer
conditions with the broadband albedo ranging from
0.38 to 0.97 and transmittance from less than 0.010 to
0.120 across three sites. After the melt onset, we find an
increasing surface variability from the three sites, particu-
larly at sites LM and L3 (compared to site CO, which
showed only a more linear evolution), driven by ponding
events. Under the same atmospheric conditions, the timing
and effects of events vary by site. Individual events, such as
pond formation and drainage, and lead formation (e.g.,
Figure S1T) have effects, which lead to the short-term
decrease of albedo and an increase in absorptivity and
transmittance. At the same site, the energy partitioning
between transmittance and absorptivity during different
ponding events was different. For instance, the transmit-
tance at site L3 only increased by a small amount with the
formation of MP3 as the under-ice sensor was least affected.
We also examined the temporal evolution of the spectral
albedo and transmittance, and distinguished the radiative
fluxes into and through the snow and sea-ice surface when
the Arctic was transitioning from spring to summer.

3.6. Seasonality of the surface evolution and

surface fluxes

Figure 8 shows the daily averaged broadband irradiances
(incident, penetrating into the sea ice layer, Equation 5;
absorbed by the ice layer, Equation 6; and transmitted
through the ice layer) during the transition from spring
to summer conditions. Figure 9 shows the daily mean of
absorbed and transmitted irradiance of the three phases
and individual events.

Phase 1 was characterized by the high albedo and
increasing solar irradiance (e.g., Figure 4A and B). We
computed the accumulated energy being deposited into
the snow and sea ice surface (surface influx) during a 31-
day period from April 25 to May 25, when all three sites
were recording data. With the mean albedo of 0.89, the
daily mean energy entering the snow and sea ice was
smaller than 2 MJ m~? for all three sites. Throughout the
entire Phase 1, which showed rather homogeneous sur-
face conditions compared to later phases, the accumu-
lated energy budget differed between the sites. For
instance, during the entire Phase 1, site LM showed
35.6% (15 MJ m~?) more energy deposited into the sur-
face than at site L3.

After melt onset, the highest incident irradiance and
surface influxes were observed (Phase 2). The three sites
showed a mean surface influx of 3.7 (£1.1) M] m~* day ™',
almost twice as much as during Phase 1. Site LM showed
the highest daily surface influx (5 MJ m™2), mostly con-
tributed by the 15-day duration of MP2. MP2 increased
the daily surface influx at site LM by 35% compared to the
other two sites during the entire Phase 2. Sites L3 and
CO showed a daily surface influx of 3.2 MJ m~2 and
3.1 MJ m?, respectively.
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Figure 8. Seasonal evolution of the radiative fluxes of sea ice at three sites during spring—summer 2020. Daily
mean of incident irradiance, flux into the surface, absorptance by sea ice plus the uppermost ocean, and transmitted
irradiance into the ocean at (A) site LM, (B) site L3, and (C) site CO. The transmitted irradiance is plotted on the right y-
axis. In panel A, the two black vertical lines indicate the melt onset (May 26) and the stage of advanced melt and

formation of surface weathered layer (June 28).

During the ponding event of MP2 (14 days), site LM
showed a daily surface influx of 7.2 MJ m~? (Figure 9B),
about twice that of site L3 during MP1 and MP3 (3.4 M]
m 2 and 3.7 MJ m 2, respectively). The total surface influx
at site LM during the MP2 event was 100.8 MJ m~?; that is,
99% of the CO during the entire Phase 2 (33 days). Hence,
a temporally limited ponding event can impact the
summer radiative energy budget as much as the seasonal
evolution over a month.

As the surface melting progressed and the albedo
decreased at all three sites, the impact of melt ponds
(e.g., MP3) on increasing the surface influx became less.
For instance, during the formation of MP3, site L3 showed
a surface influx of 3.7 MJ m~2 day ', while the other two
unponded sites both showed a mean surface influx of
32 MJm *day "

Phase 3 is characterized by the weathered surface layer
at the three sites after surface drainage. The mean daily

surface influx was 3.7 (+0.2) MJ m™2 The surface spatial
variability between the three sites decreased during this
phase. Also, a lead formed within 5 m of the L3 station,
which increased the irradiance underneath the ice.

4, Discussion

4.1. Seasonality of energy deposition and melt

rates

After melt onset, the surface influx increased at all sites,
but not linearly or regularly. The strong contrast in the
seasonal evolution shown by the three stations resulted
from the very patchy surface evolution at the individual
sites. During the melt season, absorptivity and transmit-
tance varied between individual events (Sections 3.3 and
3.4). The energy partitioning between in-ice absorptivity
and transmission into the ocean varied significantly,
impacting the primary internal ice melt rate.
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Figure 9. Daily mean of absorbed and transmitted irradiance at three sites. (A) Integrated values during Phase 1
(April 25 to May 26), Phase 2 (May 26 to June 29), and Phase 3 (June 30 to July 15). (B) Integrated over individual
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energy during each phase and event.

In Phase 2 after melt onset, the sea ice received the
largest energy deposition, when the mean absorbed irra-
diance by the ice and the top ocean layer was 3.7 (+1.1)
MJ m~2 day~' (Figure 9). In a span of 33 days, the total
absorbed solar energy was 120 (+30) MJ m 2 The accu-
mulated absorbed irradiance during Phase 2 has the
potential to melt a column of sea ice by as much as
45.5 (+11.7) cm. The mean transmittance during this
phase was 0.015, integrating to a total of 7.4 MJ m 2,
a potential bottom melt of 2.8 cm.

During the entire Phase 2, site L3 showed a total
absorbed energy of 102.0 M] m “ and total transmitted
energy of 5.9 MJ m 2. MP1, showing a duration of 5 days
from May 26 to June 1, resulted in a total absorbed energy
of 12.8 MJ m ? and transmitted energy of 2.8 MJ m 2.
Having a similar duration in late June (23 to 28), MP3
resulted in a total absorbed irradiance at site L3 of
27.7 MJ m~? and total transmitted energy of only
0.2 MJ m™2 Comparing to MP1, MP3 showed a higher
amount of radiative energy deposition due to the chang-
ing incident irradiance. Also, the majority of the radiative
energy was absorbed by the sea-ice layer during MP3
event, rather than being transmitted into the ocean. Com-
puting the entire Phase 2 (34 days), site L3 had the

potential for internal and bottom ice melt of 38.7 cm and
2.0 cm, respectively.

During the entire Phase 2, site LM showed the largest
absorbed energy of 156.0 MJ m~? due to the formation of
MP2, enough to melt 59.0 cm of ice. The transmitted
energy was 15.5 MJ m?, equivalent to 5.9 cm ice melt
from the bottom. The ponding event (MP2) accounted for
a significant portion of the total absorbed and transmitted
energy of 970 MJ m~* and 9.7 MJ m™?, which had the
potential to melt 36.7 cm and 3.7 cm ice internally and
from the bottom, respectively.

During Phase 3, the three sites accumulated a mean
absorbed energy of 60.3 MJ m™2, equivalent to a 22.8 cm
internal ice melt. The transmitted energy showed a higher
variability due to the lead formation near site L3 (e.g,
Figures ST and 9B). Within 16 days, site L3 accumulated
a transmitted energy of 6.6 MJ m~?, enough to melt
2.5 cm ice.

Overall, site LM showed by far the strongest absorbed
irradiance, and thus ice melt. Although sites L3 and CO
showed a similar amount of energy deposition into the
sea-ice surface, the bottom melt rate of site L3 was higher
than site CO due to the higher transmitted irradiance.
Having no ponding event and small transmitted
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irradiance, site CO experienced a bottom melt rate an
order of magnitude smaller, as its transmittance remained
a minimum.

4.2. Effects of melt ponds

In this study, we examined the energy partitioning of
three sites with different snow, ice, and surface conditions
during the spring—summer transition. Commonly, melt
onset was on May 26, initiating a phase of strong spatial
variability with little temporal consistency. As a result, the
energy partitioning showed a strong variability, driven by
melt pond formation and drainage at different sites and
with different timing.

The locations of melt ponds depend on surface
topography. Melt ponds from the previous year have
the potential to pre-condition the location and size of
new melt ponds (Webster et al., 2022; Thielke et al.,
2023). However, at the time of installation of the sta-
tions, when or even if ponds might form in the field of
view of the E, sensor, which has a footprint of only 1
m?, was not foreseeable. As a result, the described opti-
cal properties and melt pond evolution are not neces-
sarily representative of a region larger than the field of
view of the RAMSES sensors. Having internally consis-
tent results for the three long-term stations, we find the
same characteristics during the three phases. This find-
ing is also supported by other stations, for example,
2020R10 (Figure 3A), which also showed a ponding
event and minimum albedo observation in mid-June,
similar to MP2 at site LM.

The three stations in this study were on second-year ice,
and the differences in seasonal evolution were due to the
heterogeneous ponding events. There was an increasing
surface spatial variability on the floe scale, starting in late
May. The melt pond fraction increased to over 20% in late
June (Webster et al., 2022), followed by a temporary
decrease due to drainage. Based on measurements from
the three radiation stations, we defined Phase 3 with
a start date in late June. However, the surface drainage
was not homogeneous for the entire ice floe. In July, the
melt pond fraction increased and reached the maximum
(Webster et al., 2022).

4.3. Representativeness of radiation station
measurements

In this study, we focused on three stations that succeeded
in capturing the spring—summer transition in 2020 as
planned. They were on multi-year (second-year) ice. The
evolution of sites LM and L3 was strongly impacted by
abrupt changes in melt pond conditions, and thus
strongly event-driven. By comparison, site CO showed
a rather linear seasonal progression, but site CO also had
the thickest ice.

These results are representative of multi-year ice with
similar conditions, but not of the entire ice floe. We were
not able to obtain measurements on thin ice, which
melted completely in July. Considering the peak solar irra-
diance, there would be a large amount of energy depos-
ited into the ice and the ocean via the thin ice when
transitioning into the summer. Taking into account the
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expanding and deepening of melt ponds from mid-
June (Webster et al., 2022) and later pond drainage
(e.g., Light et al., 2022) over a larger floe-size scale, the
surface heterogeneity can impact the energy budget of
sea ice during the melt season and can alter the location
of sea-ice melt.

Furthermore, the MOSAIC ice floe showed a thinner ice
thickness compared to the surrounding and historical
records along the same trajectory (Krumpen et al., 2020;
Krumpen et al., 2021). This relative thinness indicated an
earlier melt onset and earlier melt pond formation (Krum-
pen et al., 2021). Figure 10A shows the melt onset date of
the MOSAIC stations along with satellite data. Compared
to the satellite record, the MOSAIC melt onset was earlier
(May 26), comparing to other points with the same lati-
tude (6th percentile).

Also, a lead was formed within 5 m of site L3 in July,
which increased the observed transmitted irradiance as
the light was scattered horizontally. The surface albedo
at site L3 was unaffected. Such an event could not repre-
sent the pure physical evolution of radiative fluxes of sea
ice, but only a single unrepresentative case.

This study provides insights into the spectral albedo
and transmittance of different sea-ice types, which is
important to understand the solar partitioning over an
aggregate scale. We recommend future work to expand
this result to a larger area (e.g., aerial images), in order to
improve sea-ice classification, and to extend the obser-
vation period. This expansion will require a wider range
of ice conditions, in particular including thin and melt-
ing ice.

4.4. Comparison to earlier studies

Figure 10 compares the seasonality of melt onset date
and albedo from the MOSAIC observations to the Tara
(Nicolaus et al., 2010a) and SHEBA (Perovich and Elder,
2002) expeditions, as well as to satellite remote sensing
data from 1998 to 2020. Having multiple stations, we are
able to investigate the seasonality and, more importantly,
the scale of spatial variability of radiative partitioning dur-
ing this period.

The best comparable dataset is from the Tara expedi-
tion (Nicolaus et al., 2010a), which is based on a radiation
station with the same set-up and sensors as in this study.
Also, the Tara station showed a similar surface type to the
LM station. The Tara station was deployed on 2 m thick ice
and snow and drifted from 88.2°N on April 29, 2007, to
87.8°N on August 1, 2007. Nicolaus et al. (2010a) derived
a melt onset on June 10, 15 days later than during
MOSAIC. After the melt onset, the Tara albedo first
showed an almost linear decrease until reaching its min-
imum on July 1, with the surface drainage occurring on
July 3. The mean surface influx transitioned from 45.5 W
m % to 54.5 W m~? during this period (Nicolaus et al.,
2010a). During the corresponding phase (Phase 2) of the
MOSAIC observations, the mean surface influx ranged
from 35.4 W m~? (site CO) to 58.1 W m~? (site LM). The
MOSAIC sites, LM and L3 in particular, showed an earlier
and more episodic evolution than the Tara station due to
various melt pond events. The maximum transmittance
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Figure 10. Seasonal evolution of melt onset date and surface albedo during spring—summer 2020. (A) Melt
onset from the MOSAIC, Tara (Nicolaus et al., 2010a) and SHEBA (Perovich and Elder, 2002) expeditions, with melt
onset dates from each dataset shown in bigger black (MOSAIC), red (Tara) and green (SHEBA) dots. The lighter and
smaller dots illustrate the melt onset dates acquired from the Scanning Multichannel Microwave Radiometer (SMMR;
Anderson et al., 2019) of each respective year. (B) Albedo measurements from the MOSAIC, Tara (Nicolaus et al., 2010a)
and SHEBA (Perovich and Elder, 2002) expeditions when transitioning into the melt season. The SHEBA albedo is
extracted as 2 fixed positions (Pos-1 and -2) from the albedo line observation.

showed a linear increase at the Tara station, reaching its
maximum (0.66) on July 1. Compared to the Tara station,
sites LM and L3 showed a higher maximum transmittance
at an earlier date, due to melt pond events in late May and
mid-June. Overall, sites LM and L3 showed a similar sea-
sonality to the Tara station, while site CO showed lower
solar fluxes as it was on thicker ice. Integrating over a com-
mon period from May 26 to June 28, same as the Phase 2
of the MOSAIC stations, the Tara station showed an accu-
mulated absorbed irradiance of 98 MJ m~2, lower than the
MOSAIC stations (which showed a mean of 120 M] m ).
The absorbed irradiance at the Tara station has the poten-
tial to melt 37.4 cm of sea ice. The lower radiative energy
at the Tara station was due to the later melt onset date.
The SHEBA experiment drifted in the Beaufort and
Chukchi seas, from 76°N in April 1998 to 78°N at the
end of July 1998 (Perovich et al., 1998). It represents sea-
ice conditions at lower latitudes 20 years earlier. The
SHEBA melt onset was 3 days later, on May 29 (Perovich

and Elder, 2002). We extracted 2 points from its albedo
line to show the evolution of a bare ice surface and melt
pond. After the melt onset, the albedo showed a steady
decrease until June 13, when the albedo started to
decrease more strongly at different scales between the
three sites. With the melt pond darkening, a minimum
albedo of 0.18 was reached by the end of July. Beyond
that, during the entire extent of the SHEBA observations,
the minimum albedo of 0.1 was reached in mid-August
(Perovich and Elder, 2002). On the other hand, the
MOSAIC dataset (e.g., at site L3) showed a stronger evo-
lution directly after the melt onset date, with the forma-
tion of MP1 and albedo reaching 0.58, about 15 days
earlier than the SHEBA dataset.

The MOSAIC data set stands out for having multiple
stations that monitor radiative fluxes above and under sea
ice of different ice conditions, but with the same atmo-
spheric forcing. As a result, our measurements describe
a broader range of radiative fluxes of sea ice than a single
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time series, highlighting variability. This variability is par-
ticularly important when the ice is transitioning into the
melt season, with peak solar irradiance, and more energy
deposition into the sea ice with a higher spatial variability.

5. Conclusions

In this study, we have presented the seasonal evolution of
radiation fluxes during the spring—summer transition at
multiple sites during the MOSAIC expedition in 2019—
2020. Observations at these sites provided spectral radia-
tive fluxes on and through different sea-ice, snow, and
surface conditions during most of the sunlit period. We
focused on the seasonal progression during the spring—
summer transition by investigating the three radiation
stations with continuous records from April 1 to July 18,
2020.

From these results, we identified three phases:

(i) Phase 1: Dry snow surface before melt onset on
May 26. The three sites were characterized by high
albedo and small radiative net influx with a small
spatial variability.

(i) Phase 2: Melting snow and melt pond formation.
After melt onset, the air temperature was positive
for several days and melting snow increased the
liquid water content at the surface. Phase 2
showed the strongest spatial variability due to
ponding events (MP1, MP2, and MP3), which dif-
fered from the previously defined seasonality (e.g.,
Perovich and Elder, 2002; Nicolaus et al., 2010a)
that separated “melting snow” and “melt pond
formation”. Phase 2 showed a mixture of surface
evolution of reoccurring ponding events (e.g., site
L3) and melting snow over sea ice (e.g., site CO).
The evolution of net surface influx during Phase 2
was mostly event-driven and neither linear nor
continuous. Ponding events might directly
increase absorptivity but not light transmittance.

(iii) Phase 3: After melt pond drainage on June 29.The
three sites showed a steadily decreasing albedo
and less variability in the absorptance of the radi-
ative fluxes. However, the transmitted irradiance at
site L3 peaked due to the lead that formed in its
proximity, which enhanced the bottom melt rate
by an order of magnitude compared to Phase 2.

Having multiple observation stations, we were able to
investigate the solar partitioning of different ice surface
conditions. We found that the impact of ponding events
on radiative energy deposition into the sea ice and ocean
is equally important to the seasonality of surface evolu-
tion. Melt pond formation can reduce the local surface
albedo by 31% to 45%, leading to more radiative energy
being deposited. For instance, a single ponding event (e.g.,
MP2) accounted for a surface influx as high as the
unponded site CO during the entire Phase 2. Throughout
the entire Phase 2, site LM showed 35% higher energy
deposition than adjacent bare ice, due to a single ponding
event. The strong spatial variability between different ice

Tao et al: Seasonality of spectral radiative fluxes of Arctic sea ice

types and surface conditions can impact the large-scale
energy budget.

The time series shows strong spatial and temporal var-
iations. On the spatial scales of kilometers, as used for
general circulation models (GCM) or satellites, melt onset
is usually defined as one specific date for the area. Our
radiation stations show that the earliest detected melt is
not a good predictor for the large-scale melt onset and
that locations with the longest melting season (in our case
L3) are not necessarily experiencing the strongest accu-
mulated net surface flux and ice melt over the season
(which in our case was site LM). Therefore, the high spatial
and temporal variability we found needs to be taken into
account when interpreting larger scale Arctic-wide
datasets.
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