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Theoretical estimates of light transmittance
at the MOSAiC Central Observatory

Don Perovich1,* , Bonnie Light2, Madison M. Smith3, Melinda Webster2,
Marika M. Holland4, David Clemens-Sewall4,5, Ian A. Raphael1, Chris Polashenski1,6,
Andrew P. Barrett7, Christopher J. Cox5, Polona Itkin8, Felix Linhardt9,
Amy R. Macfarlane10,11,12, Marcel Nicolaus13, Natascha Oppelt9,
Matthew D. Shupe14, Julienne Stroeve7,15, and Ran Tao13

Light transmission through a sea ice cover has strong implications for the heat content of the upper ocean, the
magnitude of bottom and lateral ice melt, and primary productivity in the ocean. Light transmittance in the
vicinity of the Multidisciplinary Drifting Observatory for the Study of Arctic Climate (MOSAiC) Central
Observatory was estimated by driving a two-stream radiative transfer model with physical property
observations. Data include point and transect observations of snow depth, surface scattering layer thickness,
ice thickness, and pond depth. The temporal evolution of light transmittance at specific sites and the spatial
variability along transect lines were computed. Ponds transmitted 4–6 times asmuch solar energy per unit area as
bare ice. On July 25, ponds covered about 18% of the area and contributed roughly 50% of the sunlight
transmitted through the ice cover. Approximating the transmittance along a transect line using average values
for the physical properties will always result in lower light transmittance than finding the average light
transmittance using the full distribution of points. Transmitted solar energy calculated using the standard
five ice thickness categories and three surface types used in the Los Alamos sea ice model CICE, the sea ice
component of many weather and climate models, was only about 1 W m�2 less than using all the points along
the transect.This minor difference suggests that the important processes and resulting feedbacks relating to
solar transmittance can be represented inmodels that use five ormore categories of ice thickness distributions.
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Introduction
Understanding the interaction of sunlight with the Arctic sea
ice cover is of prime importance for several reasons. The ice
albedo feedback has climate significance beyond the Arctic,
in part due to its strong role in amplifying the observed
temperature change in the Arctic relative to the rest of the
globe (Rantanen et al., 2022). In spring and summer, solar
radiation is a major term in the surface heat budget of the

ice and therefore plays a central role in annual sea ice melt.
Light transmitted through the sea ice cover influences solar
heating of the ocean and primary productivity within the ice
and upper ocean (Stroeve et al., 2024).

Because of these important considerations, optical
measurements have long been a part of field experiments
and remote sensing efforts. The spatial variability and tem-
poral evolution of albedo have been measured extensively
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from the surface (Light et al., 2022; Perovich et al., 2002),
from aircraft, and from satellites (Pohl et al., 2020; Riihelä
et al., 2021). Measurements of light transmission through
the ice are more difficult to make and are fewer in number
than albedo measurements. Less is known about the tem-
poral evolution and spatial variability of transmission.
Light transmission measurements have been made at indi-
vidual sites (Light et al., 2008; 2015), along remotely oper-
ated vehicle (ROV) survey lines (Nicolaus et al., 2012;
Nicolaus and Katlein, 2013; Katlein et al., 2015; 2019), and
using autonomous instruments (Wang et al., 2014; Tao
et al., 2024). Stroeve et al. (2024) combined satellite-
derived ice properties with a radiative transfer model to
calculate large scale estimates of the under-ice light field.

Various light transmission measurements were made
during the Multidisciplinary Drifting Observatory for the
Study of Arctic Climate (MOSAiC) field campaign, a drift
experiment conducted in the central Arctic Ocean from
September 2019 to October 2020 (Nicolaus et al., 2022). A
series of spectral transmission surveys was made from an
ROV (Nicolaus et al., 2022), and a time series of spectral
transmission was made at several autonomous stations
(Rabe et al., 2024; Tao et al., 2024). There were also exten-
sive measurements of the physical properties of the ice
cover (e.g., Itkin et al., 2023), including snow depth, ice
thickness, and melt pond depth. Albedo measurements
were made from the surface (Light et al., 2022), from
drones (Calmer et al., 2023), and from aircraft (Patzold
et al., 2023; Jäkel et al., 2024).

In this paper, we explore the spatial variability and
temporal evolution of light transmission under second
year ice by combining physical property measurements
with a two-stream radiative transfer model. Spatial vari-
ability and seasonal differences in transmittance are dis-
cussed. Estimates of photosynthetically available radiation
and of solar heating of the upper ocean are presented.

Approach
The spatial variability and temporal evolution of spectral
transmittance were investigated by combining a radiative
transfer model with a time series of snow depth and ice
thickness measured at a single point and with extensive
surveys of ice thickness and surface properties. There are
several different sea ice radiative transfer models using dif-
ferent approaches and levels of complexity (Grenfell, 1991;
Light et al., 2003; Briegleb and Light, 2007; Stamnes et al.,
2018). In this study, a two-stream, spectral, radiative transfer
model was used (Perovich, 1990; 2005). The model is simple
computationally and can treat multiple layers with different
inherent optical properties. The model calculates the spec-
tral transmittance (T(l)) every 10 nm of wavelength (l) from
400 nm to 1000 nm. The spectral transmittance is the frac-
tion of the incident irradiance at the surface (E(l )) that is
transmitted through the ice (t(l)):

TðlÞ ¼ tðlÞ=EðlÞ:

Little, if any, sunlight is transmitted through sea ice at
wavelengths beyond 1000 nm because of the large
absorption coefficients associated with pure ice and water
at these wavelengths.

The model includes spectral incident irradiance (E(l)) for
four different sky conditions, ranging from clear skies to
completely overcast, as measured in the Beaufort Sea in July
2011. Figure 1 plots the normalized spectral incident
irradiance for four distinct sky conditions: brilliantly clear
(BC), partly cloudy with solar disk visible (PC-SDV), partly
cloudy with solar disk barely visible (PC-SDBV), and com-
pletely overcast with solar disk not visible (CO-SDNV). The
spectral composition of the incident irradiance changes as
the cloud cover changes. Clouds absorb more light at longer
wavelengths relative to shorter wavelengths, thus increasing
the fraction of the incident irradiance contributed by shorter
wavelengths. For example, the E(500 nm)/E(1600 nm) ratio
is 7.6 for clear skies and 14.2 for completely overcast. When
calculating the broadband transmittance, appropriately
weighting the spectral transmittance with the spectral inci-
dent irradiance is important. The fraction of the entire solar
incident irradiance spectrum contained in the 400–700 nm
and 400–1000 nm wavelength regions are summarized in
the insert to Figure 1. The fraction in the 400–1000 nm
region ranges from 0.72 for BC conditions to 0.78 for
CO-SDNV conditions. Observations made by the MOSAiC
atmosphere program (Shupe et al., 2022) were used to
determine which of the four sky conditions to use on a par-
ticular day. A single sky condition was used for each day.

The radiative transfer model uses spectral absorption
coefficients and scattering coefficients to calculate trans-
mittance. Absorption coefficients for pure, bubble-free ice
are from laboratory (Grenfell and Perovich, 1984) and field
studies (Warren and Brandt, 2008; Warren, 2019). Values
for clear water are from Smith and Baker (1981). Scatter-
ing coefficients for different snow and ice types were
derived from field observations of albedo and transmit-
tance (Grenfell and Maykut, 1977; Light et al., 2008;
2015). Scattering is assumed to be isotropic in the model.
Absorption coefficients for ice and water show a strong
spectral dependence, increasing rapidly with wavelength.
In contrast, scattering coefficients vary greatly between
snow and ice types but are constant with wavelength
because the scatterers—snow grains, air bubbles, brine
pockets—are much larger than the wavelengths of solar
radiation (Grenfell and Maykut, 1977). Scattering coeffi-
cients vary greatly between snow and ice types and evolve
over the annual cycle (Grenfell and Maykut, 1977; Light
et al., 2008; 2015).

Calculated spectral transmittances were combined with
the incident spectral irradiance to compute the
wavelength-integrated transmittance (TB; Equation 1).

TB ¼

X1000

i¼400
Ei lð ÞTi lð ÞX1000

ii¼400
Ei lð Þ

: ð1Þ

Throughout this paper, we refer to the wavelength-
integrated (400–1000 nm) transmittance as the broad-
band transmittance and use the subscript B to denote
broadband. Note that TB does not refer to the entire
spectrum, only the portion from 400 nm to 1000 nm,
but little solar radiation penetrates the ice cover outside
this range.
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Physical properties of the ice cover are key input
parameters to the model. During the MOSAiC field
experiment (Nicolaus et al., 2022), there were repeated
extensive transects characterizing the state of the ice
cover (Itkin et al., 2023). These surveys were several
kilometer-long loops with dimensions that changed
occasionally due to ice deformation and repositioning
the Central Observatory during the spring to summer
transition. Each survey consisted of measurements at
more than one thousand points along the transect with
1–5 m spatial sampling (Itkin et al., 2023). During win-
ter and spring, snow depth (Hs) and ice thickness (Hi)
were measured at each point. During summer, ice thick-
ness was measured, along with the thickness of the sur-
face scattering layer (Hss; Smith et al., 2022) for bare ice,
and the pond depth (Hp) for ponded ice (Webster et al.,
2022).

Four cases were used to describe the surface state from
these transects: cold snow, melting snow, bare ice, and
ponded ice. Two or three layers were used in the model
to define scattering coefficients for each condition. Fig-
ure 2 summarizes the scattering coefficients for each
layer in these four cases. Data from each point along the
transect were used to define three layers with distinct
scattering coefficients. The thickness of Layer 1 was mea-
sured directly during the transect as the snow depth, sur-
face scattering layer thickness, or the pond depth. If snow
or surface scattering layer surfaces were present (Hs), then

the thickness of the second layer is the freeboard of the ice
(Ff) calculated as

H2 ¼ Ff ¼
rw � ri

rw

� �
Hi � rsHs;

where rw is the density of ocean water (1.02 g cm�3), ri is
the density of ice (0.90 g cm�3), and rs is the density of
the surface layer (snow or surface scattering ¼ 0.33 g
cm�3). Applying the densities gives

H2 ¼ Ff ¼ 0:1Hi � 0:33Hs: ð2Þ

The thickness of the third layer is simply H3 ¼ Hi � H2.
Ponded ice had two layers, a surface layer equal to the
pond depth (H1 ¼ Hp) and a second layer with thickness
equal to the ice thickness (H2 ¼ Hi).

Results
Transmittance time series at one point

The evolution of calculated transmittance at one specific
location where continuous mass balance measurements
were made provides an overview of the dominant features
of the temporal change. Autonomous ice mass balance
buoys were deployed during the MOSAiC field campaign
(Nicolaus et al., 2022; Perovich et al., 2023). These buoys
measured a time series of snow depth and ice thickness.
Figure 3a shows snow depth and ice thickness from April
through July for a buoy deployed in second year ice at
MOSAiC station L2. This buoy was initially placed (October

Figure 1. Observed incident solar irradiance under four sky states. Incident irradiance spectra under clear skies
(BC), partly cloudy with solar disk visible (PC-SDV), partly cloudy with solar disk barely visible (PC-SDBV), and
completely overcast with solar disk not visible (CO) based on observations made in the Beaufort Sea in 2011. The
plotted irradiance is normalized so that the integral is equal to one. The inset bar chart shows the fraction of the total
broadband irradiance contributed from 400 to 700 nm and from 400 to 1000 nm.
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2019) 15 km southeast of the MOSAiC Central Observa-
tory in the Distributed Network (Rabe et al., 2024). The
maximum snow depth was 0.25 m in April 2020, and
the maximum ice thickness was 1.90 m in May 2020. As
the snow melted in June, the underlying bare ice was
exposed on June 29, 2020. The final confirmed ice thick-
ness was 1.29 m on July 11, 2020. After this time, a melt
pond formed around the buoy and the buoy was no longer
fixed in the ice. The reference frame was lost and the
interpreting of the buoy data was ambiguous. The evolu-
tion of the ice showed four distinct phases: (1) cold dry
snow, (2) melting snow, (3) transition from snow-covered
ice to bare ice, and (4) thinning bare ice.

The snow depth and ice thickness data were used to
define layers in the radiative transfer model as described
in the Approach section. Once the snow cover completely
melted, a surface scattering layer 0.03 m thick was used as
the top layer. This value was selected based on transect
observations (Webster et al., 2022; Itkin et al., 2023)
and microstructure measurements (MacFarlane et al.,
2023). Figure 3b shows the time series of spectral and
broadband transmittance. During Phase 1, with cold snow-
covered ice, transmittances were small. Broadband trans-
mittances (TB) were less than 0.001. The peak spectral
transmittance was at 470 nm but was only about 0.002.
Beyond 800 nm transmittances were negligible. Once the
snow began to melt (Phase 2), there was a large increase in
TB to 0.008. Transmittance at 470 nm increased an order
of magnitude to 0.02. At wavelengths greater than 800
nm, the relative increase was even larger, but the trans-
mittance was still less than 10�5. The remainder of Phase 2
had a small steady increase as the snow melted and
thinned. There was another sharp jump in transmittance
in Phase 3 as the surface became snow-free and TB

increased by about a factor of six to values around 0.07.
Finally, in Phase 4, there was a steady increase in
transmittance as melt thinned the ice. At the end of ice
observation on July 21, 2020, TB was 0.12, T(470) was 0.17,
and T(700) was 0.11.

The computed results from transmittance time series
are comparable to the observed evolutionary phases
reported by Tao et al. (2024). They made autonomous
measurements of spectral albedos and transmittances at
three fixed locations. Having the time series from three
stations with different sea ice and surface conditions
resulted in their time series showing three phases: (1) dry
snow, (2) melting snow and pond formation, and (3)
advanced melt, as a melt ponding event was observed
directly after the melt onset. Overall, the difference
between studies is that we divided the Tao et al. (2024)
phase 2 into two separate phases: snow melt and snow-
free bare ice. In particular, their site LM, consisting of
snow depth 0.18 m and ice thickness 1.59 m at the end
of March, showed a more similar seasonal evolution to the
four phases reported in this paper.

Transmittance along survey lines

Spectral and broadband transmittances, as well as trans-
mitted photosynthetically active radiation (PAR), were esti-
mated using ice transect data from May, June, and July.
Results from May 7, 2020, representative of Phase 1, are
presented in Figure 4. The top panel shows the surface
type and the snow and ice thicknesses along the transect.
Large variability in snow depth and ice thickness is evi-
dent. This physical variability is manifested in the com-
puted broadband transmittance shown in the bottom
panel, with broadband transmittance ranging from 10�5

to 0.014. Transmittances through this snow-covered ice

Figure 2. Layer type and scattering coefficients for the four ice states. Observation-based scattering coefficients
(units of m�1) are shown in parentheses. SSL denotes the surface scattering layer.
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were small. The mean was 0.00082 and the median was
0.00037. The median is smaller than the mean because of
the large contributions to the mean from points with thin
snow and thin ice.

Figure 5 shows results from July 25, 2020, as the melt
phase was nearing its seasonal peak. By this time, the snow
cover was gone and the gray-shaded area in Figure 5a
represents the surface scattering layer. The red areas are melt
ponds. At first glance there are similarities between May 7
(Figure 4) and July 25 (Figure 5). Both express large

variations in ice thickness and in transmittance. A closer
look at Figure 5b shows a major difference. The y-axis is
two orders of magnitude greater than in Figure 4b. The
mean and median of the computed transmittance on July
25 were 0.096 and 0.053, respectively, ranging from 0.0055
to 0.76 over the transect. The smallest values on July 25
were similar to the largest values on May 7. The increase
in transmittance is due to the removal of the snow cover,
thinner ice, and the presence of melt ponds. The largest
transmittances were through ponded ice.

Figure 3. Mass balance and spectral transmittance at MOSAiC site L2 in 2020. (a) Time series of sea ice mass
balance and (b) calculated estimates of spectral and broadband transmittance at site L2. The four numbers in each
panel refer to the evolutionary cycle of (1) cold dry snow, (2) melting snow, (3) transition from snow-covered to bare
ice, and (4) thinning of bare ice.
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Figure 4. Ice profile and transmittance results from May 7, 2020 (late cold snow Phase 1). (a) The top panel
shows snow depth (gray) and ice thickness (cyan) along the transect line. (b) The bottom panel shows the calculated
transmittance along the transect line. The mean transmittance (black dashed line) was 0.00082, the median was
0.00037, and the range was from 3.4 � 10�7 to 0.014.

Figure 5. Ice profile and transmittance results from July 25, 2020 (thinning of ice Phase 4). (a) The top panel
shows the surface scattering layer (gray), pond depth (red), and ice thickness (cyan) along the transect line. (b) The
bottom panel shows the calculated transmittance along the transect line. The mean transmittance was 0.096, the
median was 0.053, and the range was from 0.0055 to 0.76. Note that the y-axis scale is two orders of magnitude larger
than in Figure 4b.
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Results from May 7 and July 25 illustrate the extreme
changes in transmittance between pre-melt and full melt
conditions. In a closer look at the evolution of transmit-
tance as the melt season progressed, using seven selected
dates, changes in ice surface conditions are evident
(photographs from May 7, June 29, July 5, July 10, July
13, July 20, and July 25 presented in Figure 6). On May 7
the ice was snow-covered. By June 29 most of the snow
was gone and melt ponds had formed. As summer contin-
ued, the ice thinned, the ponds grew darker, the snow
melted, and the melting ice formed a surface scattering
layer. From June 29 to July 25 transect line results showed
a general decrease in the mean surface scattering layer

thickness (0.08 m to 0.05 m) and of the ice thickness
(2.35 m to 2.07 m). These two factors resulted in a general
increase in transmittance. The pond fraction was deter-
mined from the transect data. It increased from June
29 (0.09) to July 10 (0.20), reduced due to some pond
drainage on July 20 (0.16), and then increased to July 25
(0.18; Webster et al., 2022).

Transmittances were calculated along transect lines
on these 7 days and are presented on the right-hand
side of Figure 6. In addition to box-and-whisker plots,
showing the mean and median for each day, the trans-
mittance at each point along a transect is plotted, with
a log-normal probability density function of the

Figure 6. Time series of photographs and transmittance as the 2020 melt season progressed. Left side:
Photographs of the ice cover, taken by a panorama camera (Panomax) positioned in the crow’s nest of Polarstern,
on 7 days in spring and summer when transmittance was calculated. The frame of view in all photos is toward the
bow, with the Central Observatory, over which transect estimates were made, to the starboard (right side) of the
image. Right side: Summary of transmittance results for transects on the same 7 days. These box-and-whisker plots
show the mean (red square), the median (black vertical line in the cyan box), and the transmittance at each point
along the transect (small symbols). The black curve along the individual transmittances is the log-normal probability
density function distribution. The July 25, 2020, transmittance data extend (off panel) to a maximum value of 0.75.
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individual transmittances. On each day, the individual
transmittances show a cluster of points for transmit-
tances less than 0.05, with a long tail of increasing trans-
mittance. Variability in transmittance depends primarily
on three factors: surface scattering layer depth, ice thick-
ness, and, most importantly, whether the surface is bare
or ponded. Melt ponds are the source of the long tail of
transmittances. By July 25, 2020, there were more bare
ice transmittances in the 0.05 to 0.10 range and pond
transmittances as large as 0.75 due to the overall thin-
ning of the ice. The mean transmittance was always
greater than the median due to the large transmittance
from the ponds. The median was determined by the
large number of bare ice cases, while the mean was
heavily influenced by the large transmittance from the
relatively few melt ponds.

Light transmission through melt ponds has long been
observed to be larger than through bare ice (Grenfell and
Maykut, 1977; Light et al., 2008; Frey et al., 2011; Light
et al., 2015). Figure 7 shows the average broadband trans-
mittance through bare ice and through ponded ice for 6
summer days analyzed in this paper. The average pond
transmittances are 4–6 times larger than the average bare
ice transmittances. Ponds transmitted more light than
bare ice but typically had a smaller area fraction (A). The
total area-averaged broadband transmittance from bare
ice and ponded ice is

TbTotal ¼ AiTbi þ ApTbp; ð3Þ

where the bars represent average broadband values for ice
(bi) and ponds (bp). For much of July ponds contributed
roughly half of the total transmittance even though they
covered only 16–20% of the total ice area (Figure 8).

Discussion
Upper ocean heating through ice and leads

The Results section provides calculated estimates of trans-
mittance, based on observed properties of the ice/snow
column at the MOSAiC Central Observatory examined for
variability over space and time. These transmittances can
be combined with observed incident irradiances to com-
pute the amount of solar energy that passed through the
ice into the upper ocean. First, we used the mass balance
data from the L2 buoy to determine a time series of trans-
mitted solar energy at a single point.

During MOSAiC, the atmosphere team made extensive
measurements of the broadband incident irradiance (Ib)
using pyranometers, as well as observations of cloud con-
ditions (Shupe et al., 2022; Cox et al., 2023). The incident
irradiance measurements covered the entire solar spec-
trum, while the computed transmittances only included
400–1000 nm. Because of absorption in the ice cover,
negligible sunlight beyond 1000 nm was transmitted
through the ice into the upper ocean. The amount of solar
energy deposited through the ice to the upper ocean (Qo)
over a time interval (Dt) is

Qo ¼ EbE�TbDt; ð4Þ

where E* is the fraction of the total incident irradiance
contained in the 400–1000 nm band. The insert in
Figure 1 summarizes the values of E* used for the four
sky conditions.

Figure 7. Time series of average transmittance
through bare ice and ponded ice during the 2020
melt season. Total average transmittance is shown, as
well as averages for bare and ponded ice, for transects
on 6 summer days during the melt season.

Figure 8. Transmittance contribution from melt
ponds versus fraction of melt ponds in 2020.
Contribution of melt ponds to total transmittance
versus coverage by melt ponds for transects on
6 summer days. Black line represents linear regression
analysis.
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The daily incident shortwave irradiance for April–July is
plotted in Figure 9a. The seasonal cycle of incident
irradiance is evident in the plot, with the largest monthly
average incident irradiance of 267 W m�2 in June and the
smallest (125 W m�2) in April. There are day-to-day fluc-
tuations up to a factor of 2.5 resulting from variations in
cloud cover. Daily values of transmitted solar energy cal-
culated at the L2 station are plotted in Figure 9b. The
large jump in transmitted solar heat at the end of May was
due to the shift to a melting, thinning snow cover. This
onset of melt was observed from the radiometric suite of
measurements to have occurred on May 26. The L2 station
was bare ice until mid-July. The shape of the transmitted
solar energy curve in Figure 9 is similar to the calculated
transmittance curve in Figure 3 showing the same four
phases. There are more fluctuations in the solar energy

curve due to the daily variability in the solar incident
irradiance on sunny days and cloudy days. The total heat
input through the ice to the upper ocean for this time
period was 20 MJ m�2, roughly equivalent to 0.07 m of ice
melt per meter squared. The observed bottom melt at the
L2 buoy was 0.30 m, indicating that there were likely
additional sources of ocean heat. These sources include
light transmitted through leads and melt ponds, as well
as encountering warmer waters in Fram Strait. Different
locations might produce different total amounts of trans-
mitted solar heat, as was found by Ran et al. (2024), but
the trends would remain the same.

Transmittances from transect data were used to exam-
ine the spatial variability of transmitted solar energy at
a specific time. This variability included variations in snow
depth, pond depth, and ice thickness and contributions

Figure 9. Observed daily incident irradiance and calculated transmitted solar heat for April–July, 2020.
(a) Daily broadband incident shortwave irradiance from 300 to 3600 nm measured at MOSAiC station L2.
(b) Daily solar energy transmitted through the ice at the L2 ice mass balance buoy (bars), with the average
transmitted solar energy along the transect line on the days plotted (black circles). Note log-scale vertical axis.
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from ponded and bare ice. The black circles in Figure 9b
represent the spatial average across the transect for that
day, giving a broader perspective than the single point
bare ice results from the L2 station (bars in Figure 9b).
Differences in transect-average and L2 transmitted solar
energy values range from �13% to 16%. The greatest
difference of 16% was on July 10 when the transect pond
fraction was large (0.2) and the transect transmission was
greater.

Light transmission through leads also contributes to
solar heating of the upper ocean. This contribution can
be large due to the small albedo of leads and the fact that
any light not reflected is directly deposited into the ocean.
The total amount of shortwave radiation reaching the
upper ocean (QT) is a combination of transmission
through the ice and through leads, each weighted
appropriately by the ice concentration (C). Formally this
amount is

QT ¼ Eb E
�Tb DtC þ 1� alð ÞDt 1� Cð ÞEb E

�;

where al is the lead albedo (al ¼ 0.07; Pegau and Paulson,
2001).

Ice concentrations were obtained from the NOAA/
NSIDC Sea Ice Concentration Climate Data Record (Meier
et al., 2017). The time series of ice concentration on the
grid cell following the MOSAiC drift is plotted in
Figure 10a. Ice concentration was high throughout the
entire period. The ice concentration was equal to 1.00
during 73% of the time, and the minimum value was
0.93, suggesting a maximum open water lead fraction of
only 0.07. This small fraction limited the contribution of
leads to the solar energy input to the ocean. Accumulated
transmitted solar energy through the ice, into the leads,
and the combined total are plotted in Figure 10b, where
ice results are from the L2 buoy calculations presented in
Figure 9. Until the beginning of June, solar energy input
at MOSAiC was dominated by the contributions from
leads. Very little light penetrated through the ice due to
the presence of snow. On May 7, the average transmittance
through bare ice was only 0.00082 compared to 0.93 for
leads. Lead transmittance was three orders of magnitude
greater. Even if the lead fraction was only 0.01, the con-
tribution from leads was still an order of magnitude
greater than that from snow-covered ice.

Starting in early June, the snow cover melted, ponds
began to form, and transmission through the ice
increased. By July, the contribution from transmission
through the ice exceeded that of leads. In summer, trans-
mission through leads was still important, but the contri-
butions from the ice were generally greater due to the
much greater ice area fraction. On July 25, the average
transmittance through bare ice was 0.06 and through
melt ponds was 0.26. Thus, leads transmitted 15.5 times
as much light as bare ice and 3.6 times as much as ponds
per unit area. On this day, the surface was 3% leads, 75%
bare ice, and 22% melt ponds. Leads contributed 22% of
the transmitted sunlight, ponds 44%, and bare ice 34%,
showing that ponds were the dominant contributor on
this day. Larger lead fractions are common in summer and
would increase the contribution from leads. For example,

if the July 25 lead fraction was 0.06, the total lead
contribution would be the same amount as ponds. The
total accumulated solar energy transmitted to the upper
ocean through July 11 was 34 MJ m�2. How this heat was
partitioned between lateral melting, bottom melting, and
storage in the ocean is not known. However, that amount
of heat could potentially melt 0.11 m of ice per square
meter. Overall, including leads in our analysis increases
the solar heat input to the ocean by about 60%.

Determining ice concentration in summer using pas-
sive microwave is complicated due to the presence of
meltwater. As the July 25 results demonstrate, leads con-
tribute much more solar heat to the ocean than bare ice or
ponded ice. Uncertainty in the ice concentration can have
a significant effect on the amount of solar heat deposited
in the ocean.

Comparison to fewer points

Having such extensive in situ observations of ice, snow,
and pond properties as those obtained during MOSAiC is
rare. This dataset allowed a detailed examination of the
spatial variability of transmittance versus representative

Figure 10. Ice concentration and transmitted solar
energy for April–July, 2020. (a) Daily ice
concentration at the MOSAiC Central Observatory
obtained from the NOAA/NSIDC Sea Ice Concentration
Climate Data Record (Meier et al., 2017). (b) The
cumulative solar energy transmitted to the upper ocean
through the ice, through leads, and the combined total.
The ice contribution was determined using data from the
L2 ice mass balance buoy (Figure 9).
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spatially averaged values, which affords the opportunity to
carry out analyses of the sensitivity of results to data
density and coarseness. In this section we use results from
May 7 and July 25 to compare the average transmittance
determined with the full suite of physical properties (All)
to two additional scenarios that use more limited descrip-
tions of the snow and ice conditions. The first scenario
uses only a single average ice thickness and snow depth
for May 7, a pond fraction and a single average pond depth
for July 25, and average ice thicknesses for ponded and
bare ice (One). The other case uses the five-category ice
thickness distribution (Five) used in the Los Alamos sea ice
model CICE (Hunke et al., 2015). This distribution is also
used in the Community Earth System Model 2 (Danaba-
soglu et al., 2020). The treatment uses average values for
five thickness categories, with thickness ranges of (1)
0.00–0.64 m, (2) 0.64–1.39 m, (3) 1.39–2.47 m, (4)
2.47–4.57 m, and (5) 4.57 and greater. Each category may
include a mix of snow-covered ice, bare ice, and ponded
ice with appropriate areal fractions. We used transect
observations to provide area fractions and average snow,
ice, and pond thicknesses for each of the five thickness
categories. These results were then used in the two-stream
radiative transfer model.

The cumulative ice thickness distribution for May 7 is
shown in Figure 11a. For the One case, the average snow
depth of 0.32 m and ice thickness of 2.61 m were used to
compute the transmittance. For the Five case, the average
observed snow depth and ice thickness were calculated for
each of the five thickness categories. The transmittance for
each category was then computed using these values and
weighted by the fractional area of each category to get the

overall average. Conditions on May 7 were cold,
snow-covered ice, and transmittances were small in all
three cases. However, the average transmittances from One
and Five are less than half of All (Figure 11b). In this snow-
covered situation, a fewsiteswith relatively thin snowand ice
make an outsized contribution to the transmittance in the
All case that ismissed in theOne andFive cases due to the use
of a single average snow depth for each category

Results for the melt season case of July 25 are shown in
Figure 12. The ice cover was a mix of bare ice (82%) and
melt ponds (18%). The One case had two components:
bare ice with a 0.045 m surface scattering layer and
2.01 m of melting ice, along with a ponded area with
a depth of 0.18 m over 1.64 m of melting ice (Figure 12a).
The Five transmittance calculation had ten components,
five for bare ice and five for ponded ice. The bare ice
components had surface scattering layer thicknesses
determined from observations. Transmittances on July
25 for One and Five were smaller than All, with values
of 0.064 for One, 0.084 for Five, and 0.092 for All. The
contribution from ponds to transmittance was approxi-
mately 50% in all three cases.

The percent differences were smaller on July 25 than
on May 7 due in part to considering both bare and
ponded ice. In general, One and Five transmittances will
always be smaller than All. This effect is because we used
a linear process to determine average values for the phys-
ical properties and then used those values in an expo-
nential function determining transmittance, an example
of Jensen’s Inequality (Jensen, 1906). The more points
that are considered, the better the agreement with the
All cases.

Figure 11. Model comparison of transmittance on May 7, 2020. (a) Cumulative distribution of ice thickness from
thickness measurements made on May 7. Vertical dashed lines denote the five thickness categories in the CICE model.
Triangles show the observed average thickness in each category. The black bar is the observed average ice thickness of
the entire distribution used in the One case calculation. (b) Average transmittance calculated using one point (One),
five points (Five), and all the data points (ALL).
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We can provide context regarding the importance of
these differences by calculating transmitted solar flux
for the three cases on May 7 and July 25 (Table 1). On
May 7, the transmitted solar fluxes are all only hundredths
of a W m�2; thus, differences between All and One and
Five transmittances are all also very small. These differ-
ences are not significant from a heat perspective, though
there may be implications for primary productivity. The
transmitted solar flux on July 25 was 13.9 W m�2 for All,
a significant amount of heat. The difference between All
and Five is 1.2 W m�2, which may be comparable to other
uncertainties in energy balance calculations. The differ-
ence between All and One is 4.2 W m�2, a significant
difference for most considerations.

Photosynthetically active radiation

Primary productivity in the ice and upper ocean is deter-
mined in part by the amount of PAR. PAR is measured in
units of photon flux density (mmoles of photons m�2 s�1),
distinct from the measurement of irradiance (energy per
unit time over a specified area; W m�2). Transmitted PAR
(TPAR(l)) is calculated by converting transmitted irradiance
(TIRR(l)) to transmitted photon flux density at individual
wavelengths and then summing over the interval 400–
700 nm using the relationship

TPARðlÞ ¼
X700
400

lðTIRRðlÞÞ
ðnhcÞ Dl;

where n is Avogadro’s number (6.025� 1023), h is Planck’s
constant (6.625 � 10�34 J s), and c is the speed of light

(3 � 1017 nm s�1). The total transmitted PAR (TPAR) is the
sum of TPAR(l) from 400 nm to 700 nm.

The spatial distribution of TPAR along the transect line
was calculated for the snow-covered ice of May 7, 2020,
and the ponded ice of July 25, 2020 (Figure 13). The TPAR
calculations do not include any representation of biota in
the ice. There is tremendous spatial variability along the
transect with TPAR varying by three orders of magnitude on
May 7 due to variations in snow depth and ice thickness.
On July 25, TPAR varied by two orders of magnitude due
primarily to whether the surface was bare, melting ice, or

Figure 12. Model comparison of transmittance on July 25, 2020. (a) Cumulative distribution of ice thickness from
a thickness transect made on July 25. Vertical dashed lines denote the five thickness categories in the CICE model. The
black bar is the observed average ice thickness of the bare ice; the white bar, the average thickness of the ponded ice.
The gray triangles are the average thickness of bare ice in each category; the white triangles, the average thickness of
ponded ice. (b) Average transmittance calculated including bare ice and ponds using one point (One), five categories
(Five), and all the data points (ALL).

Table 1. Estimates of daily solar energy deposited in
the upper ocean for three representations of
transmittance

Case Er
a

Er 400–1000
nm Transmittance

Transmitted
flux (W m–2)

May 7,
2020

One 144 0.775 0.000259 0.0289

Five 144 0.775 0.000308 0.0343

All 144 0.775 0.000819 0.0912

July 25,
2020

One 194 0.775 0.0643 9.69

Five 194 0.775 0.0842 12.69

All 194 0.775 0.0923 13.92

aEr is the incident solar irradiance (W m–2).
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a melt pond. Mean values of TPAR were two orders of
magnitude larger on July 25 compared to May 7. TPAR
statistics for the two days are summarized in Table 2.

The probability distribution of TPAR determined from
the transect results is informative to know. It can be deter-
mined using a cumulative distribution function (CDF) of
TPAR. All values of TPAR for a day were sorted smallest to
largest, and then the CDF was calculated. Figure 14
shows computed CDF for May 7 and July 25. As Figure 14
illustrates, there is little overlap between May 7 and July
25, with only 1% of the May 7 points as large as the
smallest July 25 values. Figure 14 results can be used
to determine what fraction of the transect had TPAR values

above a given threshold or within a particular range, pro-
viding insight for potential primary productivity.

Uncertainty

This work has focused on calculating estimates of trans-
mittance at many points over transects kilometers long to
explore the spatial variability, areal averages, and temporal
evolution of transmittance. Two main sources of uncer-
tainty enter into the calculations: the physical properties
and the optical properties. The Magnaprobe measure-
ments of snow depth, surface scattering layer thickness,
and melt pond depth have an uncertainty of 0.01 m (Itkin
et al., 2023). The uncertainty of ice thickness is about
0.1 m. These uncertainties will result in variability in the
computed transmittance at an individual point. However,
the uncertainties in physical properties are not systematic,
so the impact on the statistics of more than 1000 mea-
surements from each transect will be minor. Unconsoli-
dated ridges are composed of a mixture of ice blocks and
water resulting in a physically complex light field and
uncertainty in transmittance.

The second source of uncertainty is in the absorption
and scattering coefficients. Absorption coefficients for
pure, bubble-free ice are well established (Warren, 2019).
We did not include any sediments or ice algae in our
analysis, as we had no information regarding them along
the transect lines. Their presence would increase absorp-
tion and reduce transmittance. The calculated transmit-
tances represent a maximum value assuming no
sediments or algae. There is some uncertainty associated
with the selection of the scattering coefficients. Light et al.
(2008; 2015) established that there is a range of possible

Figure 13. Transmitted PAR along the May 7 and July 25 transect lines in 2020. The dashed lines are the average
values of photosynthetically active radiation (PAR) over the transect for that day.

Table 2. Summary statistics for transmitted
photosynthetically active radiation (TPAR), calculated
using observed physical properties along the May 7
and July 25 transect lines in 2020

Parametera May 7 July 25

Mean 0.57 58.6

Median 0.24 33.8

Standard deviation 0.83 67.9

Minimum 0.00023 3.4

Maximum 10.4 401

Count 1486 1266

aUnits are mmoles of photons m–2 s–1; count is the number of
points where TPAR was calculated.
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values of scattering coefficients for different snow and ice
types. We selected values in that range consistent with
analyses done in the past (Perovich, 2005).

Conclusions
The transmittance through the ice to the upper ocean at
MOSAiC increased by two orders of magnitude over the
time period from cold, snow-covered ice in May to thinner,
melting ice in July. There were four distinct phases to this
evolutionary cycle: (1) cold dry snow, (2) melting snow, (3)
transition from snow-covered to bare ice, and (4) thinning
of bare ice. Transmittance was much larger in the visible
than in the near infrared.

Transmittances calculated using physical property
observations made along transect lines showed large spa-
tial variability. In spring, over spatial scales of tens of
meters, transmittance varied by five orders. These varia-
tions were due primarily to differences in snow depth
and ice thickness. Before melt took place, snow-free
undeformed ice had the largest transmittance, while
ridges with deep snow drifts had the smallest. During
summer melt, transmittances varied spatially by two
orders of magnitude due mainly to differences between
ponded ice and bare ice, with a contribution from ice
thickness variations. In summer, ponds had a major
impact on the light field under the ice, transmitting on
average 4–6 times as much light as bare ice. In late July,
ponds covered about 20% of the ice surface and contrib-
uted 50% of the light transmitted through the ice into
the upper ocean.

At the L2 site from July 1 to July 11, an average of
1.2 MJ m�2 d�1 were transmitted through the ice to the
upper ocean. From April 1 through July 11, 20 MJ m�2 of
solar energy was transmitted through the ice into the

upper ocean. Including sunlight transmitted through
leads increased the total solar input to the upper ocean
to 34 MJ m�2. The accumulated solar energy would likely
have continued to increase through the remainder of July
and into August. A next step for this work would be to
explore the fate of the transmitted light. If ice algae are
present in the skeletal layer of the ice, they could absorb
some of the light and energy. Phytoplankton and particles
in the water could also absorb transmitted light. How the
light is attenuated with depth has repercussions for the
partitioning of this light between bottom melt and stor-
age of solar heat in the ocean.

Representing the detailed distribution of ice physical
properties with only a few average values will always result
in transmittance estimates that are smaller than those
calculated using a full distribution of points. In spring,
when the ice is snow-covered, so little light is transmitted
that this underestimation is insignificant from a solar heat
flux perspective. Summer solar energy transmission using
the CICE sea ice model approach, with five thickness cate-
gories and three surface types, showed good agreement
with the average value calculated using all the data points,
differing by only 1.2 W m�2 and thus supporting the
sufficiency of such a modeling approach.

Data accessibility statement
The L2 buoy data used in this paper are archived at the Arctic
Data Center. The doi for this archived dataset is: https://doi.
org/10.18739/A20Z70Z01. Data from the transects are all
archived at the PANGAEA Data Publisher: https://doi.org/
10.1594/PANGAEA.937781. Broadband solar irradiance
measurements are available from https://doi.org/10.
18739/A2PV6B83F. Photographs in Figure 6 are available
from https://doi.pangaea.de/10.1594/PANGAEA.938534.

Figure 14. Cumulative distribution of transmitted PAR for the May 7 and July 25 transects in 2020.
Cumulative distribution functions for transmitted photosynthetically active radiation (PAR) calculated using
transect data from May 7 and July 25.
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Riihelä, A, Bright, RM, Anttila, K. 2021. Recent strength-
ening of snow and ice albedo feedback driven by Ant-
arctic sea-ice loss. Nature Geoscience 14: 832–836.
DOI: https://doi.org/10.1038/s41561-021-00841-x.

Shupe, MD, Rex, M, Blomquist, B, Persson, POG,
Schmale, J, Uttal, T, Althausen, D, Angot, H,
Archer, S, Bariteau, L, Beck, I, Bilberry, J, Bucci, S,
Buck, C, Boyer, M, Brasseur, Z, Brooks, IM, Calmer,
R, Cassano, J, Castro, V, Chu, D, Costa, D, Cox, CJ,
Creamean, J, Crewell, S, Dahlke, S, Damm, E, de
Boer, G, Deckelmann, H, Dethloff, K, Dütsch, M,
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