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Sea ice modulates the transfer of shortwave radiative energy fluxes within the Arctic atmosphere-sea-ice-
ocean system. Understanding and predicting these fluxes comes with greatest uncertainties during the melt 
and freeze-up seasons, when the sea ice surface is strongly heterogeneous and changing rapidly. Then, the 
partitioning of solar radiative fluxes between atmosphere, ice, and ocean has greatest impacts on the surface 
energy budget, controlling sea ice melt and formation. Here, we investigated changes and impacts of sea ice 
surface variability by analyzing high-resolution red-green-blue aerial imagery obtained during the 
Multidisciplinary Observatory for the Study of Arctic Climate (MOSAiC) expedition in 2020. We used pixel 
brightness from processed aerial images as a proxy of surface albedo, because such data are frequently 
available and obtainable from commercial digital cameras. The results allowed quantification of fluxes on 
floe-scales and also revealed the seasonality of sea ice spatial heterogeneity, which was strongest in the 
middle of melt season driven by melt pond processes. On scales of 10 m × 10 m, a magnitude larger than the 
traditional single in-situ optical observations (although many are made over larger scales), distinct surface 
conditions, for example, individual melt ponds, resulted in differences of energy deposition into the ice by 
more than 600%. The effects of spatial variability were minimized by integrating over areas 200 m × 200 m 
and larger. We suggest considering these scales for future energy budget studies and airborne observations, 
because sufficient parts of different surface features are included. The concept of surface brightness and 
aerial photographs might help to bridge in-situ observations to even larger scales, including fractions of open 
water. It may also be used to upscale observations of under-ice light regimes by providing spatially continuous 
surface brightness that governs the light transmittance, thus to improve our understanding of the coupled 
system, including ecological functions. 
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1. Introduction 
Arctic sea ice modulates the transfer of radiative energy 
fluxes within the atmosphere-sea-ice-ocean system (Pero
vich, 2005; Hudson et al., 2013; Boeke and Taylor, 2018). 
In the warming Arctic, sea ice experiences an earlier melt 
onset and a more rapid ice loss in summer compared to 
historical norms, thus a longer melt season and higher radi
ative energy deposition (Perovich et al., 2002; Nicolaus et al., 

-

-

2010; Perovich and Polashenski, 2012; Serreze and Stroeve, 
2015; Stroeve and Notz, 2018). The excessive solar radiative 
energy deposited into the Arctic system triggers the ice 
albedo feedback (Grenfell and Maykut, 1977; Perovich, 
1996; Kashiwase et al., 2017). In autumn and winter, near-
surface air temperatures are enhanced as the ocean releases 
heat that was previously deposited mainly via leads or open 
water, but also through the ice and snow cover during sum
mer (Kashiwase et al., 2017), the so-called indirect surface 
albedo effect (Wendisch et al., 2019). 

-

After melt onset in spring, the sea ice surface albedo 
decreases and the radiative energy deposition increases 
(Curry et al., 1995; Bliss and Anderson, 2018). Virtually all 
the radiative energy is deposited during the sunlit months 
from May to September, with 96% of the annual solar 
heat input through sea ice occurring during the 4-
month period from May to August. In addition, sea ice 
surface types become more variable (e.g., bare ice, melt 
pond, leads, etc.), increasing the spatial variability. Partic
ularly during the spring–summer transition, when the 

-
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incident irradiance peaks, understanding the sea ice sur
face spatial variability is important to understand the sea 
ice radiative energy budget. Melt ponds can reduce sea ice 
albedo significantly; for instance, a ponding event can 
decrease the broadband albedo from 0.73 to 0.44, increas
ing the daily surface energy influx to nearly twice the pre-
ponding phase (Tao et al., 2024). Light et al. (2022) found 
that numerical models need most improvement in the 
spring–summer transition, to better describe surface 
albedo and energy fluxes. A main deficit is the huge uncer
tainty resulting from the increasing spatial variability of 
surface conditions and their non-linear seasonal evolution 
(Tao et al., 2024). 

-

-

-

Therefore, investigating the impact of sea ice surface 
variability on radiative energy deposition during summer, 
from surface melt onset to freeze-up, is important. During 
summer, the sea ice surface undergoes significant changes 
in both brightness and energy deposition, driven by evolv
ing melt and refreeze processes. These periods are marked 
by highly variable surface conditions, where melt ponds, 
bare ice, and refrozen areas coexist, contributing to fluc
tuations in surface albedo and the partitioning of solar 
energy. As melt ponds develop in early summer, the sea 
ice albedo decreases, intensifying energy deposition. By 
late summer, the onset of refreezing leads to an increase 
in surface brightness, which reduces the total energy 
deposition. This dynamic interplay between surface types, 
albedo, and solar irradiance during the transitional sea
sons is critical for understanding the Arctic sea ice energy 
budget. Accurate characterization of these surface changes 
is especially important, as the timing and extent of melt 
pond formation and refreezing directly influence the feed
back mechanisms governing sea ice melt and growth. 

-

-

-

-

There are many means to investigate the changes in sea 
ice surface albedo, spanning from handheld measure
ments along fixed lines (e.g., Perovich et al., 2002; Light 
et al., 2022) to autonomous radiation stations (e.g., Nico
laus et al., 2010; Tao et al., 2024), aerial imagery, and 
satellite remote sensing. Airborne imagery has been a pow
erful tool to investigate and classify the changes in the sea 
ice surface over areas at kilometer scales. During the Sur
face Heat Budget of the Arctic Ocean expedition (SHEBA, 
1997–1998), Tschudi et al. (2001) used video camera 
imagery to investigate the changes in melt pond fraction 
(MPF) over a 

-

20 km × 20 km area. Aerial imagery indi
cated that the maximum MPF occurred after mid-July, 
which was earlier than reported by Perovich et al. (1999) 
based on surface measurements over a 200 m-long line. A 
decade later, Sankelo et al. (2010) also monitored the 
rapidly increasing MPF when transitioning into summer 
during the Tara drift in the central Arctic. More recently, 
with the advanced development of digital cameras, 
airborne-based red-green-blue (RGB) imagery has been 
used frequently to assess changes in sea ice surface prop
erties, such as brightness and classification (e.g., Renner 
et al., 2013; Katlein et al., 2015, Wang et al., 2018; Fuchs, 
2023). Katlein et al. (2015) calculated the brightness of the 
sea ice surface within the visible wavelength range as the 
mean of the three color components divided by the total 
intensity of 255. The approach of using simple RGB 

-

-

-

-

-

imagery of the sea ice surface provides a straightforward 
way to evaluate the spatial variability of the sea ice 
surface. Its high-resolution aerial images span from deci
meter to kilometer scales, thus linking the meter-scale 
observation to sub-satellite grid scale. 

-

Here, we investigated the seasonal changes in sea ice 
surface variability and their impacts on radiative fluxes 
during the transitional seasons of the Arctic, demonstrat
ing how a simple approach may be applied to investigate 
the scales  of spatial  variability of an ice  floe.  We used  
surface brightness from aerial imagery taken via helicop
ter and drone flights as a proxy for surface albedo. Based 
on the dataset from the Multidisciplinary Observatory for 
the Study of Arctic Climate (MOSAiC) expedition (Nicolaus 
et al., 2022), we quantified the energy deposition across 
different spatial and temporal scales to contribute to 
a more comprehensive understanding of sea ice energy 
budgets. This study also provides guidance for future expe
ditions and fieldwork, highlighting an approach to the 
minimum ground survey area necessary to ensure and 
to derive the upscaling of surface representativeness of 
different sea ice conditions. 

-

-

-

2. Methods 
2.1. The MOSAiC expedition and study sites 

The dataset presented in this study was obtained as part of 
the MOSAiC expedition with the German ice-breaking 
research vessel (RV) Polarstern (Knust, 2017; Nicolaus 
et al., 2022; Shupe et al., 2022). We focused on the 
advanced melting phase and the freezing-up period, in 
June–July and August–September, respectively, which 
were the Drift 2 and Drift 3 of the MOSAiC expedition 
(Nicolaus et al., 2022; Tao et al., 2024). The sea ice surface 
conditions during advanced melting phase and the freeze-
up are shown in Figure 1. 

Drift 2 started on June 19 and ended on July 31, 2020, 
drifting southward toward Fram Strait to 78.9○N. Drift 2 
was characterized by the peak incident irradiance and sea 
ice variability (Light et al., 2022; Webster et al., 2022; Tao 
et al., 2024). Drift 3 took place in the central Arctic 
(87.7○N) from August 21 to September 20, 2020. During 
this period, the air temperature showed a rapid decrease 
and the incident irradiance was an order of magnitude 
smaller than the melting season (Drift 2). More detailed 
meteorological conditions are described in Shupe et al. 
(2022) and Cox et al. (2023). 

2.2. Acquisition of aerial images 

Sea ice surface imagery was taken during helicopter and 
drone flights (e.g., Figure 1), covering various surface 
types ranging from melt ponds, bare ice, and snow-
covered sea ice. The helicopter images were acquired with 
a nadir-looking CANON EOS-1D Mark III commercially 
available digital camera with a 14 mm lens, which pro
vides wide field and relatively distortion-free optics 
(Ehrlich et al., 2012; Carlsen et al., 2020; Fuchs, 2023). 
The maxima of the RGB color band sensitivity of the cam
era are located at wavelengths of 600 nm (red, R), 545 nm 
(green, G), and 477 nm (blue, B), spanning the wavelength 
range from 400 nm to 700 nm (Fuchs, 2023). The 

-
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Figure 1. Aerial photos of the sea ice surface with focus areas and in-situ albedo line observation. All focus 
areas have a size of 200 m × 200 m. (a) June 30, 2020, at Central Observatory 2, with areas M-1 (blue), M-2 (orange), 
and M-3 (gold) indicated by dotted lines. Solid pink lines show the albedo lines, designated ROV4 (for remotely 
operated vehicle 4) and RBB (for root beer barrel). (b) August 25, 2020, at Central Observatory 3 with areas F-4 (dotted 
purple lines) and F-5 (dotted green lines), and albedo line Bounty. The position of RV Polarstern is indicated with PS. 

sensitivity in all color bands to brightness changes was 
fully linear (Fuchs, 2023). The aerial images were taken 
at a frequency of 0.25 Hz at an average flight speed of 
approximately 42 m s−1 and altitude above 300 m during 
regular flight grids over the Central Observatory (Neckel 
et al., 2023). Collected raw images were converted to 
tagged image file format (TIFF) with flight-specific bright
ness corrections. Then, each image was assigned with the 
in-flight GNSS (latitude, longitude, altitude) and the iner
tial navigation system (roll, pitch, yaw) measurements 
(Neckel et al., 2023). Direct georeferencing was used to 
remove distortion (Fuchs, 2023). The mean sea ice drift 
velocity during the MOSAiC expedition was 0.098 m s−1 

(Krumpen et al., 2021), which resulted in an average sea-
ice displacement of approximately 700 m during a 2-h 
flight (Neckel et al., 2023). The sea ice drift was corrected 
from the difference between the position of RV Polarstern 
and a reference point at the center time of the flight 
(Neckel et al., 2023). Orthomosaics were created using 
Agisoft Metashape at a full spatial resolution, which varied 
between 0.03 m and 0.50 m (Neckel et al., 2023). A 
detailed description of the helicopter-borne aerial photo
graphs can be found in Neckel et al. (2023). 

-

-

-

Drone images were taken with a Mavic 3 (DJI) drone 
with a Hasselblad camera with 5280 × 3956 pixels, a focal 
length of 24 mm, and an opening angle of 84○ . Flights 
were performed at a fixed altitude of 250 m, resulting in 
a horizontal resolution of 0.05 m per pixel. The drone was 
positioned manually with an overlap from image to image 
of approximately 30% to cover the target area. Exposure 
time, aperture, and ISO were set constant for each grid 
flight, based on one reference photo in automatic mode at 
the beginning of each flight. Collected raw images were 

converted to jpg format and stitched using PT-GUI 
software. 

The stitched image (orthomosaics) was re-sampled to 
0.5 m resolution per pixel to match the resolution of the 
other data products and enable comparison to surface 
albedo measurements. We rotated the aerial orthomosaics 
with known features (e.g., traces of in-situ measurement 
lines, RV Polarstern) to a fixed field of view of the ice floe. 

2.3. Deriving surface brightness from aerial 

imagery 

The orthomosaics of the sea ice and snow surface con
sisted of RGB channels. The digital intensity of each chan
nel ranged from 0 to 255. The surface brightness was 
derived from the mean of the RGB intensity divided by 
255. The surface brightness of the sea ice was then scaled 
linearly between 0.85 and 0.05 with reference to bright 
(snow/ice) and dark (open water) surface types (Perovich, 
1996). The resulting surface brightness of the typical sur
face types was similar to the observational datasets from 
autonomous radiation stations (Tao et al., 2024). 

-
-

-

We co-located and compared the brightness data with 
in-situ surface albedo observations (Smith et al., 2021a; 
2021b; Light et al., 2022). The co-location was realized by 
manually tracing the footprint of the albedo measure
ment lines, designated ROV4, RBB, and Bounty on the 
aerial orthomosaics (pink lines in Figure 1), and estimat
ing the surface brightness at the closest pixel (0.5 m). The 
in-situ measured surface albedo was obtained via an Ana
lytical Spectral Devices (ASD) spectro-radiometer,  
mounted on a 1.5 m handheld carbon fiber boom (Light 
et al., 2022). From the spectral albedo measurement, 
which ranged between the wavelengths of 350 nm and 

-

-

-
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Figure 2. Correlation of calculated surface brightness and measured in-situ albedo. The blue dots are point 
measurements at the albedo lines (a) ROV4, (b) ROV4, (c) RBB, (d) Bounty, and (e) Bounty (locations shown in Figure 1; 
Smith et al., 2021a; 2021b). The in-situ albedo data shown here were integrated over the visible wavelength spectrum 
(400–700 nm). Red dots show data from the pixels surrounding the measurement points. The level of confidence and the 
root mean square error (RMSE) are shown and calculated from the closest data points (red dots). 

2500 nm, we derived the surface albedo within the visible 
range (400–700 nm). 

The comparison of in-situ albedo to the calculated sur
face brightness is illustrated in Figure 2. The in-situ 
albedo was integrated from the visible wavelength range. 
The best documented pairs of data are shown; while other 
lines of in-situ albedo were measured on the same days, 
they were not within the field of the aerial scans. For each 
in-situ measurement, the calculated brightness is shown 
for the closest (red) and the 4 next neighbor pixels (blue). 
We calculated the level of confidence and the root mean 
squared error values for the closest pixel only. The level of 
confidence was calculated as a ratio of the spatially closest 
pixel of the aerial image to the in-situ albedo observa
tions, ranging from 0 to 1 (highest level). The level of 
confidence was about 95% for the visible wavelength 
range on all days, highlighting the robustness of the anal
ysis approach in this work. 

-

-

-

To calculate the MPF, a binary classification algorithm 
was applied to the grayscale aerial images of the sea ice 
surface. As illumination conditions varied daily, the 
threshold used to differentiate melt ponds from brighter 
ice surfaces was adjusted accordingly for each set of 
images. The grayscale image was generated from the RGB 
channels to isolate brightness, which is primarily driven by 
the reflectance, and a threshold value was determined 
based on the illumination and surface reflectance for that 
day. Pixels with grayscale values below the threshold were 
classified as melt ponds, while those above were classified 

as non-pond surfaces. This binary mask was used to calcu
late the MPF by determining the ratio of pond pixels to 
the total image pixels, allowing for proper accounting of 
the day-to-day variation in lighting conditions in the anal
ysis. The location and margin of melt ponds are shown in 
the left panels of Figure 3. 

-

-

In the first part of this study, we investigated the evo
lution in surface brightness of different sea ice surface 
types. This evolution is described along exemplary areas 
of 200 m × 200 m, which were chosen to represent dif
ferences in the distribution of bare ice and melt ponds and
differences in their development over time. During melt 
season (Figure 1a), we selected three areas located near 
a large melt pond, referred to as “Mystery Lake” in other 
studies (e.g., Calmer et al., 2023). M-1 captured this large 
melt pond, while M-2 and M-3 were located near the 
multi-year ice and first-year ice coring sites. During 
freeze-up season, we selected two areas: F-4 was level ice 
with brighter melt ponds, and F-5 was deformed ice with 
darker melt ponds. 

-

-
 

2.4. Solar radiative energy deposition into the sea 

ice surface 

Another focus of this study was to examine the impact of 
the changes in the surface brightness on the radiative 
energy deposition. The energy deposition (within the vis
ible wavelength range) was calculated at each pixel (0.5 m 
× 0.5 m). The energy deposition, expressed as an irradi
ance in W m−2, was calculated from the mean of the 

-

-
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Figure 3. Seasonal evolution of surface brightness. (a)–(i) Areas M-1, M-2, and M-3 show melt and (j)–(o) F-4 and F-5 
show freeze-up conditions in 2020. The light blue color on the panels in the left column illustrates the location and 
margin of melt ponds; changes in the melt pond fraction over time were used in the analysis. Major parts of the melt 
ponds drained between July 4 and July 22. During the freeze-up, observations were made on a different ice floe in the 
Central Arctic. In panels (j) and (m), August 25 was before the freeze onset (on August 26; Light et al., 2022). 
September 15 represents the day when F-4 and F-5 showed similar mean surface brightness. All images are 200 m 
× 200 m. 

D
ow

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

enta/article-pdf/13/1/00084/901473/elem
enta.2024.00084.pdf by guest on 04 N

ovem
ber 2025



Art. 13(1) page 6 of 21 Tao et al: Spatial variability of the Arctic sea ice and solar energy deposition 

incident irradiance of the corresponding day (measured by 
the autonomous radiation station sited on bare ice, 
2020R14 (Tao et al., 2024) multiplied by (1 − surface 
brightness)). 

2.5. Spatial variability and representativeness 

Variograms are a powerful tool in determining the scales 
of spatial variability by quantifying the spatial dependence 
between pairs of sampled points (Gómez-Hernández et al., 
1999; Katlein et al., 2015; Meiners et al., 2017). The con
cept of variograms is to measure the level of similarity 
between pairs of points as a function of distance, with the 
hypothesis that, at a closer distance, the pairs of data are 
more likely to be related and to share similar surface 
conditions. The distance between the sampling data pair 
is known as “lag distance.” The level of variability between 
the pair of data is described as the “semi-variance,” calcu
lated from the average squared difference between the 
data pairs. Typically, the semi-variance increases with 
larger lag-distance. For instance, a pair of data 5 m apart 
is more likely to have a higher spatial relation in terms of 
sea ice surface condition (e.g., in the same melt ponds) 
than a pair 50 m apart, where the surface condition is 
more likely to be random and possibly different. The role 
and size of sea ice surface features, such as melt ponds, 
can heavily influence the range of spatial correlation, as 
areas with larger ponds show longer ranges. Hence, 
whether the 5 m lags show stronger correlation than 
50 m lags depends on the dominant spatial scale of fea-
tures in the aerial images. 

-

-

We used the MATLAB Central File Exchange function 
variogram (Schwanghart, 2023) and calculated the experi
mental semi-variogram with 100 bins of lag distance, each 
containing 2000 subsamples. The angle between the pairs 
was set to be random. We calculated the range, which 
described the lag distance reaching a value beyond which 
the variance did  not increase and  thus  the data pairs  were  
no longer related. Furthermore, we fitted a theoretical var
iogram to the calculated variance via a spherical function. 

-

-

Variograms are a strong statistical tool in quantifying 
the spatial variability of the sea ice surface; however, the 
large number of sampling pairs limits its practicality in 
field observations. Therefore, we calculated the mean sur
face brightness over increments of area length, ranging 
from 25 m to 500 m on the ice floes. An increasing grid 
size includes a more variable range of surface conditions. 
When the area reaches a certain size, the distribution of 
the mean surface brightness converges to the mean sur
face brightness of the entire ice floe. As the observed ice 
area contained typical surface features like circular ponds, 
braided pond patterns, ridges, and so on, this approach 
helped to model and predict the spatial variability of sur
face brightness and representativeness of sea ice surface 
conditions, and will aid in future planning of drone obser
vations of Arctic sea ice. 

-

-

-

-

3. Results 
3.1. General meteorological and sea ice conditions 

Time series of air temperature, incident solar irradiance, 
and surface albedo and brightness are shown in Figure 4. 

Surface melt onset at the Central Observatory of the 
MOSAiC drift was on May 26, as described by Light et al. 
(2022) and Tao et al. (2024). After melt onset, air temper
ature fluctuated around the freezing point and remained 
positive after 20 June. On June 30, clear skies and lower 
air temperatures led to surface refreezing, resulting in 
a decrease in areal fraction of melt ponds. Also, small 
ponds appeared shallower, indicating ongoing lateral 
drainage or percolation despite freezing conditions (Web
ster et al., 2022). The initial freeze onset was on August 26 
(Light et al., 2022) and air temperature turned to freezing 
again, reaching temperatures below −10○C. Solar incident 
irradiance reached its peaks in the second half of June, 
with a maximum value of 473.5 W m−2 on June 19. 

-

-

In September, solar irradiance was lower than 100 W 
m−2 with several fluctuations. Note that the fall maxima 
were of the same magnitude as the summer minima. One 
reason for this similarity, besides the seasonality, is that 
the autumn drift was undertaken at much higher latitude 
than the summer drift (Nicolaus et al., 2022). Sea ice 
surface albedo dropped significantly after melt, while the 
variability increased drastically (see also Tao et al., 2024). 
The visible albedo values in our main study period (after 
30 June) ranged from 0.55 to 0.80 for the melting period 
and between 0.70 and 0.90 for the freeze-up period. 

During the previous freezing season, the average sea 
ice thickness grew 1.67 m (first-year ice) and 1.23 m 
(second-year ice) until mid-May (Raphael et al., 2024). The 
snow thickness reached the maximum in early May, sur
face melt began on May 26 (Lei et al., 2022; Tao et al., 
2024). Following days of above-freezing temperature and 
precipitation, snow melted completely by June 25, and 
the ponded surface spread widely with a MPF of 10% (Lei 
et al., 2022; Webster et al., 2022; Tao et al., 2024). The sea 
ice floe underwent the advanced melting phase with some 
melt ponding events (e.g., Figure 1a). The mean sea ice 
thickness was 2.5 m in June (von Albedyll et al., 2022). On 
June 30, the MPF increased by 1% due to the clear sky 
condition and higher temperature; the maximum melt 
pond coverage was 21% on July 26 (Webster et al., 2022). 

-

In late summer in the central Arctic, the sea ice and 
surface conditions were more complex due to the various 
weather conditions and events. The mean sea ice thickness 
was 1.02 m. The first snow event was on August 25, fol
lowed by above-freezing temperatures and more snow 
events, until September 1 when the sea ice was continu
ously under freezing condition (Rex and Metfies, 2023). 
Then, the sea ice surface showed more pond freezing, 
snow, and rain on snow (Light et al., 2022). 

-

-

3.2. Evolution of sea ice surface brightness during 

melt season 

Here, we first evaluate the seasonal evolution of sea ice 
surface brightness over the selected areas (M-1, M-2, and 
M-3; Figure 1) in the late melt season. Figure 3 shows the 
surface brightness, as calculated for the selected regions 
and different dates based on Section 2.3. Along the left 
column of panels in Figure 3, we highlighted the location 
of surface melt ponds via the light blue mask to show the 
MPF on the sea ice surface before the drainage event 
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Figure 4. Meteorological and surface conditions during the observational period in 2020. (a) Air temperature 
from Snow Buoys 2019S86 (until August 13) and 2020S106 (after August 24). Purple triangles above the panel mark 
the dates of melt onset (May 26), melt pond drainage (July 13), initial freeze onset (August 26), snowfalls (September 
9 and 13), and continuous freeze onset (September 16; Light et al., 2022; Webster et al., 2022). (b) Incident (hourly) 
solar irradiance from radiation stations 2020R11 (May 1 to July 18), 2020R21 (September 12–30), and 2020R22 
(August 21 to September 12), as well as solar elevation angle. (c) Measured surface albedo and calculated brightness. 
Mean (gray line) and standard deviation (gray area) of surface albedo were calculated from spectral radiation stations 
2020R11, 2020R12, and 2020R14 during melt season and stations 2020R21 and 2020R22 during freeze-up. For the 
surface brightness, the mean and standard deviation are calculated for areas (each 200 m × 200 m) M-1, M-2, and M-3 
(melt season) and F-4 and F-5 (freeze-up). Note that these data are plotted with a delayed/advanced time-stamp 
(0.75 days) to show the comparison more clearly, while in reality, each set for a given area is from the same survey. 

(Figure 3a, d, and  g). The seasonal evolution of the 
surface brightness is illustrated based on distribution 
probability in Figure 5. 

On June 30, areas M-1, M-2, and M-3 showed different 
sea ice and surface conditions, with surface MPFs of 40%, 
36%, and 30%, respectively. The surface brightness ranged 
between 0.22 and 0.80. In early July (July 4 and 7), the 
MPF decreased at M-1 by 5% (from 39% to 34%) and at M-
3 by  4% (from 30% to 26%), while the MPF remained 
constant at 35% at M-2. After mid-July, the MPF decreased 
strongly at all three sites: on July 17, M-1 and M-2 both 
showed a decrease of 12%, and M-3 of 8%. At the end of 
July, the MPF became similar for all three sites, with sur-
face brightness ranging between 0.61 (M-1) and 0.63 (M-2 
and M-3). 

3.3. Evolution of surface brightness during 

freeze-up season 

The seasonal evolution of surface brightness during the 
freeze-up season is illustrated by imagery in Figure 3j–o, 
and distribution probabilities in Figure 6. From late August 
to mid-September, in only 2 weeks, the sea ice surface 

brightness increased rapidly with the refreezing of the sea 
ice surface and the accumulation of an early snow. 

In late August, the ice floe was a mix of bare, level first-
year ice, melt ponds, and deformed ice (see also Lei et al., 
2022; Webster et al., 2022). F-4 was dominated by level 
sea ice with bright melt ponds (MPF of 15%), and F-5 was 
a more deformed sea ice surface with darker melt ponds 
(23%). A large portion of the F-4 and F-5 areas were bright 
bare ice and snow, and the mean surface brightness was 
0.78 and 0.74. After freeze onset at the sea ice surface 
(August 26), both F-4 and F-5 showed a mean surface 
brightness of 0.77. The MPF decreased below 5% in both 
areas.  There were some changes  in  the mean surface  
brightness due to precipitation, which also increased 
its spatial variability temporally. After mid-September 
(Figure 6), the sea ice surface showed a higher brightness 
(mean of 0.79) with minimum MPF. Summarizing the 
evolution of surface brightness during the summer– 
autumn transition (freeze-up), we find that this transition 
was characterized by more rapid changes with a reduced 
spatial variability compared to the spring–summer 
transition. 
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Figure 5. Surface brightness distribution probability (histograms) during the melt season. (a) Area M-1, (b) area 
M-2, and (c) area M-3. The dashed vertical lines show mean surface brightness on the given day. See Figure 1a for the 
location of each area. Note that in panel (c), July 7 is excluded from the M-3 time series due to incomplete imagery. 

3.4. Seasonal evolution of solar radiation fluxes 

into the surface 

The fluxes of solar short-wave radiation into sea ice are 
a main component of energy deposition into the ice 
during summer. The amount of visible radiative energy 
deposited into the sea ice surface was calculated from the 
mean of the incident irradiance Ei(t) (measured by the 
autonomous radiation station, 2020R14; Tao et al., 2024) 
of the corresponding day (t) onto the surface (sea ice and/or 
snow); the surface brightness was calculated from RGB 
photographs over the visible spectrum, 400–700 nm: 

Eice t ( ) ×  1 − surface brightness t( ) = Ei t [ ( )] 

Accordingly, we calculated the total energy deposition 
Qice(t ) into the area (a) of sea ice and snow surface: 

( ) × aQice( ) =t Eice t

Figure 7  shows the means of  visible  radiative  
fluxes reflected at the surface and deposited into the 
sea ice, as well as the  mean  surface brightness for  areas  
M-1, M-2, and M-3 during the melt season (Figure 7a), 
and areas F-4 and F-5 during the freeze-up season 
(Figure 7b). 

During melt season, the day-to-day variability of 
energy deposition was high, ranging from 41.7 W m−2 

to 95.8 W m−2 within the 3 weeks of observations. On 
the same day, the total energy deposition varied little 
(<10%) across the three areas. For example, both M-1 
and M-2 showed a similar energy deposition of 42 W 
m−2 and 42.75 W m−2 on July 17, which was 20% higher 
than at M-3. The energy deposition was more than dou
ble of that just 5 days later on July 22, with a difference 
of 5% between the areas. The effects of changes in the 
surface properties were small compared to the effects of 

-
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Figure 6. Surface brightness distribution probabilities (histograms) during the freeze-up season. (a) Area F-4 
and (b) area F-5. The dashed vertical lines show mean surface brightness on the given day. See Figure 1b for the 
location of each area. 

temporal variability irradiance, which also shows that 
the size of the areas selected was sufficient. 

During the freeze-up season (Figure 7b), energy depo
sition decreased significantly as surface brightness 
increased. On August 25 (Figure 7b), F-4 and F-5 showed 
mean energy deposition of 19.6 W m−2 and 23.7 W m−2, 
respectively. Within days, the energy deposition of both 
M-4 and M-5 decreased by 65%. On September 6, the 
energy deposition decreased further to the similar values 
of 6.7 W m−2 and 6.5 W m−2, respectively, as the sea ice 
surface had refrozen quickly, within days after the freeze 
onset. The mean surface brightness rose rapidly to over 
0.80 after mid-September, indicating the transition to 
a  more reflective,  snow-covered surface.  By mid-
September, the surface brightness in both areas con
verged, as the ice floes refroze and spatial differences 
between melt ponds and bare ice diminished. 

-

-

3.5. Spatial variability of fluxes on small scales 

So far, we have described the surface brightness and 
resulting short-wave radiation fluxes into the sea ice 
surface as integrals over the individual areas, each 
200 m × 200 m in size. Figure 8 shows, at a smaller scale, 
the daily mean of energy deposition into the sea ice over 
the observational periods of the melt season in areas M-1 

to M-3 and freeze-up seasons in areas F1 and F2. These 
depictions highlight the spatial variability within each 
area, and thus the variability on smaller scales than the 
200 m × 200 m areas. 

During the melt season, the sum of surface solar radi
ative energy deposition was within 6% at all three loca
tions (Figure 7) despite the vastly different surface 
conditions. However, within each area, the spatial hetero
geneity of the surface caused large differences. The energy 
deposition at M-1 ranged from a daily average of 5.5 W 
m−2 on bare ice to 94 W m−2 at the large melt pond 
“Mystery Lake” (Figure 8g). The range of energy deposi
tion at M-2 and M-3 was also wide, but not as wide as at 
M-1. Their minima were 126% and 170% larger, respec
tively, than at M-1, and their maxima were 90% and 93%, 
respectively, of that from M-1 (Figure 8a–c and g). Melt 
ponds at M-1 had a stronger and longer-lasting impact on 
the energy deposition than at the other two locations. 

-

-
-

-

-

During the freeze-up season, the mean of energy depo
sition  was less than 33% of melt season, due to the low 
incident irradiance and high surface brightness. Due to dar
ker melt ponds, F-5 had a 7% higher energy deposition than 
the F-4 site (Figure 7), and most energy was accumulated in 
late August. Within both sites, the spatial distribution of 
energy deposition remained associated with the location 

-

-
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Figure 7. Seasonal evolution of radiative fluxes and surface brightness at visible wavelength spectrum. 
(a) Melt season and (b) freeze-up season. The reflected and deposited radiative energy was calculated as the sum 
of each area (Figures 1 and 3). The mean surface brightness of each image is given as a number in each bar. In panel 
(a), July 7 of M-3 was excluded due to incomplete imagery. Note the different scales of the y-axes in panels (a) and (b). 

of (former) melt ponds (Figure 8d and e). Large parts of the 
areas accumulated less than 10 W m−2 day−1. 

3.6. Role of melt ponds in radiative fluxes 

During the transitional seasons, the strong changes in 
MPF were the primary driver of changes in surface bright
ness and the partitioning of solar radiative energy. Fig
ure 9 compares radiative fluxes into the sea ice surface 
through ponds and white ice, as well as the mean surface 
brightness and MPF for selected dates. 

-
-

The dates reflect different stages of the melting and 
refreezing, emphasizing how surface conditions control the 
solar energy fluxes into or through the ice. On June 30, MPF 
was 37% and the mean surface brightness was 0.58 
(Figure 9a). Despite covering just over one-third of the sur
face, melt ponds accounted for 61% of the total solar energy 
flux into the sea ice, highlighting their strong influence on 
energy deposition during the melt season. As the Arctic 
experiences highest solar irradiance during this period, small 
changes in MPF have large impacts on the total energy flux 
into the sea ice and the accumulation of heat for sea ice 
melt. On July 22, the mean MPF decreased to 28%, because  
parts of the surface had already drained again and the mean 

-

surface brightness increased to 0.64 (Figure 9b). Despite the 
reduction in melt pond coverage, these ponds still accounted 
for 50% of the total solar energy influx into the ice surface, 
which shows how the dark pond surfaces continued to drive 
a substantial portion of solar energy deposition and contri
butes to continued significant melting. 

-

As the Arctic transitioned from summer to autumn, as 
shown in the comparison between August 25 and Septem
ber 19 (Figure 9c and d), the sea ice surface shifted from 
a melting regime to refreezing. By August 25, MPF 
decreased to 19% due to further refreezing and the onset 
of surface freezing, while the dark pond surfaces contin
ued to absorb 51% of the total solar energy influx, more 
than half of the energy in this stage at the transition to 
freeze-up. The mean surface brightness increased to 0.75, 
mostly as a consequence of the brighter surface of the 
un-ponded ice. By September 15, most melt ponds had 
refrozen and the MPF had dropped below 5%. The mean 
surface brightness reached 0.79, and the radiative energy 
deposition decreased by more than 10-fold, signaling 
rapid transition to the autumn and winter season. 

-

-

These results show how the change in melt pond cover 
and status controls the radiative energy deposition into 
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Figure 8. Surface energy deposition during melt and freeze-up seasons. Daily mean fluxes for (a)–(c) the melt 
season in areas M-1, M-2, and M-3, with “Mystery Lake” visible in (a), and (d),(e) the freeze-up season in areas F-4 and 
F-5. The radiative energy deposition was computed from surface brightness at visible wavelengths. Note the different 
color scales for the two seasons, representing vastly different solar irradiances. (f) Surface photos in true color for the 
areas in panels (a)–(e), as enlarged from Figure 1. (g) Mean (black dots) and range of surface energy deposition (blue 
bars) during the melt and freeze-up seasons. 

the sea ice surface. During the melt season, the combina
tion of peak incident irradiance and high MPF dominated 
the radiative energy budget. When transitioning to 
autumn, the decreasing incident irradiance and smaller 
MPF during autumn lead to reduced energy deposition, 
causing the sea ice to refreeze. 

-

4. Discussion 
4.1. Impacts of different surface types on 

deposition of solar radiation 

The spatial variability of solar radiative energy deposition 
across different surface conditions plays a crucial role in 
understanding how energy is distributed on sea ice 
throughout the melt and freeze-up seasons. During sum
mer, the evolution of melt ponds impacts both the spatial 
variability in surface fluxes and the total amount of 
absorbed energy. 

-

Ultimately, the distribution of melt ponds resulted in 
a similar energy deposition amongst the three areas exam
ined. For  instance, the  entire  M-1 area showed 4–6% higher 
energy deposition than M-2 and M-3. While the areas also 
showed a different pattern of energy deposition, M-1 
showed a strong contrast between lower and higher depo
sition. The latter was scattered mainly around the center and 
the outskirts of the “Mystery Lake.” M-2 also showed a con
trast in surface deposition associated with the melt pond 
locations. At M-3, rather than having strong deposition fea
tures, such as the large melt pond “Mystery Lake” of M-1, 
the surface deposition had a weaker contrast than the other 
two locations but a similar sum of absorbed energy. 

-

-

-

-

During the freeze-up season, the reduced incoming 
solar irradiance limited the energy deposition at the sea 
ice surface. Together with the higher but less variable 
surface brightness, it also reduced the spatial variability 
of energy deposition into the sea ice. Overall, less than 
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Figure 9. Changes in energy deposition and distribution over sea ice. Seasonal evolution from (a) June 30 to 
(b) July 22, (c) August 25, and (d) September 15. The wide upward arrows show the total mean surface brightness 
within visible wavelengths, and the portion of blue shade in these arrows represents the melt pond fraction (MPF), 
which is labeled. The downward arrows show the mean percentage of radiative energy deposition via melt ponds to 
the entire areas of 200 m × 200 m. 

33% of the July energy was deposited in August and 
September, also leading to a sharp decrease in the total 
energy absorbed by the sea ice during the freeze-up 
period. 

This study used 200 m × 200 m large areas in order to 
minimize the impact of small-scale variability. Hence, the 
difference between areas is rather small and a high vari
ability is covered within each area. At the same time, the 
influence of spatial variability is expected to be a function 
of the size of the sampling area. This size function 
becomes obvious when sub-dividing the areas into smaller 
grids. For instance, sub-dividing M-1 into a 10 m × 10 m 
grid, the mean energy deposition over the study period 
would range for the individual grid cells between 14 W 
m−2 day−1 and 88 W m−2 day−1, resulting in a difference 
of over 600%. Even within a 100 m × 100 m grid, the 
difference in the mean energy deposition (per 10 m × 10 m 
grid cell) would still vary by more than 300%, where the 
mean ranges from 22 W m−2 day−1 to 70 W m−2 day−1. 
These aspects of scales are further analyzed and discussed 
in Section 4.3. 

-

The observed spatial variability in surface brightness 
within the different areas is a result of various ice sur
face processes. In June and July, melt pond formation 
and evolution, including drainage, were the key ele
ments.  In parallel,  the white ice underwent some 
changes, which may be expected to have minor impacts 
compared to the pond histories. The drained scattering 
layer is known to be rather constant in albedo and also 
in brightness (Smith et al.,  2022; Macfarlane et al.,  
2023). One important aspect not included in our areas 
is the transition to open water and reduction in sea ice 
concentration. This aspect obviously has a huge impact 
when studying surface brightness and albedo, even on 
larger scales. In August and September, two processes 
controlled the brightness evolution. The re-freezing of 
the surface had stronger effects (in terms of brightness) 
on the ponds than on the white ice. The increase in pond 
surface brightness was 0.32 and that of white ice, only 
0.17. In addition, the  re-freezing of the  ponds is the  
necessary condition for snow accumulation on the 
ponds. Snow- and rainfall caused strong day-to-day 

-

-
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changes. Sea ice dynamics (ridging, lead formation) also 
have strong impacts on surface brightness but are not 
included here, as we chose stable areas of the floe. Oth
erwise, they would impact the brightness directly and 
indirectly, the latter because of differences in snow accu
mulation compared to level sea ice. 

-

-

Understanding the impact of all these processes on 
different scales is crucial to determining the energy bud
get of the Arctic. However, the calculated surface bright
ness of bare and snow-covered ice is more accurate and 
easier to evaluate than over melt ponds. Also, the smaller 
bias observed in September is only valid for bright surface 
due to the lack of other surface conditions, such as melt 
ponds. In future, including more in-situ observations as 
a validation would help improve the precision of this 
approach. Tracking known targets (e.g., open water, white 
ice) could also improve the precision of calculated surface 
brightness. 

-
-

4.2. Comparison with albedo studies on different 

scales 

In this study, we calculated the surface brightness as 
a function of time and area length and investigated its 
impact on the energy absorptivity. However, the calculated 
surface brightness is not strictly albedo. An uncertainty of 
surface brightness smaller than 10% is expected (e.g., 
Figure 2) and considered to be sufficient to investigate 
the scales of surface spatial variability and its effect on the 
sea ice surface energy budget. 

Many previous studies of surface albedo focused on 
single-point and line measurements (e.g.,  Perovich, 
2005; Nicolaus et al., 2010; Perovich and Polashenski, 
2012).  During the MOSAiC expedition, Light et al.  
(2022) and Tao et al. (2024) conducted in-situ observa
tions of the sea ice surface albedo. Understanding the 
representativeness of the observation and the scale of 
spatial variability is a crucial step to bridging the local 
observation to larger satellite and modeling scales. Tao 
et al. (2024) observed the seasonal evolution of sea ice 
albedo and under-ice transmittance from May to mid-July 
with three stations. They found a strong variability after 
the surface melt onset on May 26, which was introduced 
mostly by ponding events, which were very different at the 
three sites. Noticeably, after late June, all three stations 
showed a weathered surface layer with mean surface 
albedo returning to a mean of 0.68 from the minimum 
of 0.56. However, this case did not apply to the entire ice 
floe. For instance, Light et al. (2022) investigated the 
albedo of individual ice types along survey lines with mul
tiple points of measurement. Albedo at visible wave-
lengths increased in late June and early July due to melt 
pond drainage and a subsequent overall decrease in the 
fraction of ponded ice (see also Webster et al., 2022). 
Toward August, albedo decreased again with increasing 
pond depth and extent. Overall, along the survey line, the 
spatial variability increased with the progression of the 
melt season. 

-

-

In this study, we also observed a surface drainage after 
July 7 (Figure 3). Making use of the areal approach, we 
identified strong changes in parts of the area (where the 

pond drained), while the mean surface brightness of the 
entire area decreased only by less than 10%. Larger sampling  
areas include a wider range of sea ice surface types, thus 
resulting in a value closer to the large-scale changes. 

Calmer et al. (2023) investigated the summer sea ice 
surface conditions (e.g., MPF, albedo) with drone measure
ments, using surface imagery and stabilized pyranometers. 
Based on their albedo distribution functions, a shift 
occurred from 0.60 in early July to 0.30 at the end of July, 
with the MPF increasing by 8%. These results differ signif
icantly from ours, where surface brightness, the proxy for 
albedo, had no trend and variability was small between 
the areas but large within each area. The reason for this 
difference is mostly the observational approach. Their 
flights were performed centered over melt ponds. With 
increasing flight altitude, the sampling area became 
larger; subsequently, the albedo value converged with the 
entire image. However, the central melt pond remained 
a dominant feature and only albedos at high flight levels 
covered footprints of 300–600 m. This comparison shows 
the important role of the choice of the sampling location 
and the observed area when aiming for and comparing 
larger-scale estimates of surface albedo (brightness). At 
the same time, the use of aerial imagery yields even larger 
survey areas and can produce more representative results 
for larger regions and support further up-scaling (e.g., 
Fuchs, 2023). 

-

-

4.3. Relating different scales of spatial variability 

The presented approach of large areas 200 m × 200 m in 
this study showed a higher spatial variability than may be 
derived from several point measurements, such as radia
tion stations at fixed points. For instance, Figure 4c com
pares the mean surface brightness to the albedo 
measurements from three radiation stations in Tao et al. 
(2024). The stations observed a higher mean albedo than 
the areas of this study. Also, the variability across the three 
stations is at the upper limit of the brightness measure
ments in the presented areas. This result is due to the 
choice of the deployment sites of the stations on bare ice 
and avoiding melt ponds with lower albedo. In general, 
melt ponds are often under-represented in point measure
ments, which generally include fewer surface types and 
conditions. However, the advantage of stationary measure
ments is the much higher measurement frequency. 

-

-
-

-

-

Our results may also be compared to albedo transect 
lines of the same ice floe, as published in Light et al. 
(2022; Figure 7). The albedo lines show a similar evolu
tion of the surface with day-to-day variability but no trend 
in July. At the same time, the measured mean albedo was 
lower (0.35–0.60) then the brightness in this study (0.5– 
0.7; Figure 4c), but with a similar range of variability of 
0.2–0.3. 

-

To further investigate the necessary scales of variability, 
Figure 10 shows variograms of the surface brightness, 
taken over an area of 600 m × 600 m centered on the 
ice floe. The variance increases with the lag distance 
between a pair of data (with random direction and posi
tion), until the lag distance reaches a threshold (“range” in 
Figure 10), where the pair is unrelated to each other; that 

-

D
ow

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

enta/article-pdf/13/1/00084/901473/elem
enta.2024.00084.pdf by guest on 04 N

ovem
ber 2025



Art. 13(1) page 14 of 21 Tao et al: Spatial variability of the Arctic sea ice and solar energy deposition 

Figure 10.Variance of surface brightness during melting and freeze-up seasons. (a)–(c) Variograms computed for 
areas of 600 m × 600 m during the melting season and (d)–(f) areas of 500 m × 500 m during the freeze-up season. 
The different sizes of the sampling areas were due to the different sizes of the ice floes sampled; see Figure 1). Shown 
are the empirical variograms (black), range (dashed vertical lines), and fitted theoretical exponential histograms (blue 
lines). (g) Overview of the seasonal evolution of ranges from all surfaces. 

is,  the range correlates positively with the spatial  
variability. 

During the melt season, the range of the variance 
increased from 42 m to  59  m on July 7, indicating that the  
spatial variability of the sea ice surface increased. After sur
face drainage on July 17, the range of the variogram 
decreased again to 18 m and remained almost constant 
until July 22. This pattern shows that the decreasing pond 
fraction reduced the length scale of the surface spatial var
iability in the latter half of the melt season. During freeze-
up, the variability showed an increase from 27 m to 86 m 
from late August to early September, reaching the max
mum of 84 m on September 7 due to the large open water 
fraction at the edge of the sampling area. The range of the 
variance decreased with the refreezing of the surface and 
the snow cover. The range of variance decreased rapidly with 
re-frozen surface and snow to about 20 m in September 15 
(Figure 10). On September 18, the range was 11 m. The 

-

-

i-

scale of variability during the early melting/freeze-up pro
cess was significantly higher than that from previous studies 
(e.g., range of 10.6 m in Katlein et al., 2015), as our study 
included more heterogeneous surface types (e.g., M-1). 

-

Variograms can be used to aid in planning future obser
vations, such as measurements along transect lines. 
However, they do not fully represent the spatial variability 
of an area, especially considering the large sample size and 
demand for computational power, which limit their use
fulness in field applications. Figure 11 shows the mean 
surface brightness of areas with lengths from 25 m to 
250 m. The sampling area is a square with length of 
600 m and 500 m for the melt and freeze-up seasons, 
centered on the ice floe (same as for the variograms in 
Figure 10). The difference in area length was due to the 
difference in size of the ice floe (Figure 1). For each group 
of area length, various means were calculated for the sam
pling area, and their distribution is shown with respect to 

-

-

-
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Figure 11. Areal averaged densities of surface brightness with increasing averaging sizes. The areas are squares, 
with area length indicating all sides. The vertical extent of each cluster represents the range of the mean surface 
brightness, and the width of each cluster represents the offset (distribution) of the means. 

the width of each group. A wider distribution suggests 
higher surface spatial variability. 

During the melt season, the mean surface brightness at 
a small 25 m grid can vary from 0.12 to 0.78 (Figure 11). 
As the size increased and a broader range of the sea ice 
and snow surface was included, the mean surface bright
ness showed a more clustered distribution. For instance, 
on June 30, the mean surface brightness of a 200 m grid 
ranged between 0.48 and 0.65. After the surface drainage 
event, the distribution of the mean surface distribution of 
the 25 m grid became more clustered. However, the dif
ference between mean albedo over the 200 m grid was 
still larger than 0.15. During the freeze-up season, the 
distribution of the mean surface brightness became smal
ler. On August 25, over a small area of 25 m grid, the 
mean surface brightness ranged from 0.49 to 0.89. At 
a larger scale (e.g., 200 m area length), the range of the 
mean surface brightness was 0.72 to 0.85. On September 
6, the mean surface brightness shows a large range at 
small scales. After mid-September, the scale of variability 
in the mean surface brightness reached a minimum. 

-

-

-

This analysis confirms that the choice of 200 m × 200 m 
areas in this study is representative of the existing spatial 
variability on the entire floe during melt season, the time 
when spatial variability is highest. Results from areas of this 

size or larger on the ice floe will find the distribution of 
mean  surface brightness values that is within  10% of the 
mean surface brightness of the ice floe, for example, on June 
30, the maximum and minimum mean of the 200 m × 200 
m area were 0.60 and 0.49, within ±10% of the mean of 
the ice floe (0.54). The mean incident irradiance was 99.6 W 
m−2, which means that the minimum and maximum radi
ative energy deposition were 39.9 W m−2 and 50.8 W m−2, 
with the range spanning roughly 11% to 13% around the 
mean energy deposition into the surface. 

-

Measurement of surface brightness (and albedo) should 
cover similar scales to include the existing spatial variabil
ity. Perovich et al. (2002) determined that at SHEBA, the 
representative scale was roughly tens of kilometers over 
a larger scale across multiple ice floes. At the same time, 
studies outside the main melt season, when melt ponds 
are less or not developed may also use smaller areas and 
still cover the variability. Future work on the sea ice sur
face brightness and radiative energy budget should 
include spatial scales of at least 200 m × 200 m. 

-

-

4.4. Uncertainties 

Precise observations of surface albedo require direct mea
surements of incident and reflected irradiance. This 
requirement is very challenging, in particular for mapping 

-
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larger areas and to repeat the mapping over the seasonal 
cycle. Understanding the seasonal changes and spatial var
iability in sea ice surface albedo is the key to understand
ing the shortwave radiative fluxes. In this work, we used 
the surface brightness, a proxy to albedo, to evaluate the 
impacts and scales of sea ice surface spatial variability in 
the radiative energy budget. The surface brightness used 
in this study showed a confidence level of 95%, when  
comparing to in-situ albedo (Smith et al., 2022). Also, 
Fuchs (2023) compared the three CANON color-band 
intensities (relative spectral response applied to ASD mea
surements) with co-located broadband pyranometer-
derived albedo, and the margin of errors were below 
brightness differences. 

-
-

-

Using RGB images to calculate surface brightness can 
cause uncertainty in calculating radiative energy deposi
tion, as the spectrum focuses on the visible wavelength 
range. While surface brightness provides a robust proxy to 
investigate the changes and impacts of sea ice surface 
variability, it does not account for the lower reflectance 
of sea ice, snow, and melt ponds in the near-infrared 
domain. Visible-band brightness overestimates the radia
tive energy deposition into the sea ice surfaces by about 
5% over a bare ice surface and over 20% over a melt-
ponded surface (comparing to observations from radiation 
stations 2020R12 and 2020R14 in Tao et al., 2024), due to 
the strong absorption of near-infrared radiation by liquid 
water. In this study, the irradiance, brightness and albedo 
presented were consistently integrated over the visible 
range. We recommend future work to incorporate spectral 
correction factors or use hyperspectral and broadband 
data for more accurate surface energy assessments. 

-

-

Another uncertainty is due to solar inclination, which 
changes the apparent brightness of melt ponds. As the 
solar angle becomes lower in August and September, light 
reflected from water surfaces (like melt ponds) appears 
brighter compared to mid-summer, even if the MPF and 
irradiance have decreased. This increase in the surface 
brightness due to the solar angle can influence the inter
pretation of RGB-derived brightness, leading to the over
estimation of the energy deposition. 

-
-

Additionally, RGB-based surface brightness detection 
may underestimate the presence of subsurface melt 
ponds, particularly when they are covered by a thin, refro
zen ice lid and snow. These subnivean melt ponds can be 
optically similar to surrounding snow-covered ice, despite 
potentially storing a large volume of meltwater beneath. 
This similarity introduces uncertainty into the surface 
albedo representation and the estimated radiative energy 
budget, as such hidden ponds may still absorb solar radi
ation through the translucent ice and snow layers. Future 
work could integrate spectral or thermodynamic data to 
better detect and quantify these features. 

-

-

In this study, we focused on the scales and impacts of 
sea ice floes without considering the impacts from leads, 
deformed ice and ridges, or ice floe sizes. Particularly dur
ing the sunlit season, the different sea ice conditions and 
sizes of the floes can influence the scales of sea ice surface 
variability. However, the  approach  we  have  introduced  
here can be adjusted to the sea ice conditions.  

-

Additionally, the influence of surface elevation variability, 
or freeboard variability, could also introduce uncertainties 
in the interpretation of surface brightness, especially with 
the presence of melt ponds and snow cover. Although we 
addressed large-scale rectification errors by projecting 
images onto a digital elevation model to create orthomo
saics, smaller discrepancies remain uncorrected. For 
instance, brightness differences due to surface tilt, oblique 
camera angles, and angular reflectivity can impact the 
variability in surface brightness. Further investigation of 
elevation differences across sea ice features could improve 
our understanding of these effects, especially for applica
tions in the Antarctic, where the variability in snow thick
ness is greater than in the Arctic (Garnier et al., 2021) and 
the absence of melt ponds may introduce additional 
uncertainties into fixed-altitude remote sensing data. 

-

-
-

5. Conclusion and outlooks 
In this study, we have introduced a straightforward 
approach for delivering ice floe-scale estimates of solar 
radiative energy deposition from simple aerial imagery. 
We used surface brightness as a proxy for surface albedo, 
because such data, for example, recorded from drones or 
helicopters, are available from various field studies and 
will be even more common in future projects. Using com
posites of several photos, surface albedo can be mapped 
on scales of several hundreds of meters, revealing spatial 
differences and variability. This method contributes to 
bridging the gap in scaling in-situ observations to a larger 
scale, for example, to advancing measurements from 
autonomous stations and along survey lines to a larger 
area and across different surface types. 

-

Based on this method, we quantified the seasonal evo
lution and spatial variability of surface brightness and 
energy deposition of Arctic sea ice during the melt and 
freeze-up seasons. The results show that grids of 

-

200 m × 
200 m and larger are needed for an adequate representa
tion of spatial variability and thus of energy transfer into 
the ice-covered surface in summer. From this scale 
upward, sufficient parts of different surface features are 
included. Also, the mean surface brightness is within 10% 
of that of the entire ice floe. In contrast, over smaller areas, 
the difference in energy deposition can vary significantly 
between different sites. Energy budgets of melt ponds and 
bare ice surfaces may differ by more than 600%, when 
investigating an area length of 10 m, and over 300% for 
an area length of 100 m. These differences should be 
considered when deciding on observational strategies 
(i.e., the distribution of measurement time and resources) 
in future studies. 

-

This study shows how spatial variability varies with 
seasonal surface evolution. Although developments were 
not linear or continuous, our results show that studies in 
the middle of melt seasons need to cover larger areas in 
order to capture the aspect of spatial variability. The scales 
of observation need to vary at different times, where 
a larger area is needed to capture full variability in the 
middle of the melt season, while a 200 m grid proves to be 
sufficient, as the mean surface brightness converges to the 
mean of the ice floe, even from melt onset to freeze onset 
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of the sea ice surface. When the Arctic sea ice is transition
ing from mid-melt season to freeze onset, the influence of 
melt ponds on the energy deposition decreased from 61% 
to less than 1% (after the freeze onset). 

-

This study provides a comprehensive scheme to 
observe the sea ice surface energy deposition as a function 
of the sampling area. Future work should extend our 
understanding of the scales of spatial variability to 
under-ice light fields, thus to provide a pan-Arctic view 
to energy partitioning into and through sea ice. This 
extension would provide new information on the seasonal 
evolution of radiative portioning of different sea ice sur
face types both into and underneath the ice. The availabil
ity of two-dimensional surface fluxes would allow a full 
three-dimensional energy transfer analysis through sea ice 
based on observational data, leading to insights into lat
eral fluxes and more realistic energy/light distributions in 
and under sea ice, which are also crucial for ecological 
studies. This study paves the way to upscale the radiative 
partitioning to ice floe-scale, thus improving our under
standing of the energy budget of the Arctic sea ice. 

-

-
-

-
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