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Relationships between summertime surface albedo
and melt pond fraction in the central Arctic Ocean:
The aggregate scale of albedo obtained on the
MOSAIC floe
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As part of the Multidisciplinary drifting Observatory for the Study of Arctic Climate (MOSAIC), the HELiX
uncrewed aircraft system (UAS) was deployed over the sea ice in the central Arctic Ocean during summer
2020. Albedo measurements were obtained with stabilized pyranometers, and melt pond fraction was
calculated from orthomosaic imagery from a surface-imaging multispectral camera. This study analyzed
HELiX flight data to provide insights on the temporal and spatial evolution of albedo and melt pond
fraction of the MOSAIC floe during the melt season as it drifted south through Fram Strait. The surface
albedo distributions showed peak values changing from high albedo (0.55-0.6) to lower values (0.3) as the
season advanced. Inspired by methods developed for satellite data, an algorithm was established to
retrieve melt pond fraction from the orthomosaic images. We demonstrate that the near-surface
observations of melt pond fraction were highly dependent on sample area, offering insight into the
influence of subgrid scale features and spatial heterogeneity in satellite observations. Vertical
observations conducted with the HELiX were used to quantify the influence of melt pond scales on
observed surface albedo as a function of sensor footprint. These scaling results were used to link
surface-based measurements collected during MOSAIC to broader-scale satellite data to investigate the
influence of surface features on observed albedo. Albedo values blend underlying features within the
sensor footprint, as determined by the melt pond size and concentration. This study framed the
downscaling (upscaling) problem related to the airborne (surface) observations of surface albedo across
a variety of spatial scales.
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1. Introduction

The last decade has seen record minimum Arctic sea ice
coverage and thickness. Climate models predict that sum-
mers may be completely free of ice prior to 2050 (Inter-
governmental Panel on Climate Change, 2021). This
decline of sea ice has been documented using satellite-
based sensors (e.g., Comiso et al., 2008; Meier et al., 2022),
which have provided observations of thinner ice cover
(Rothrock et al., 1999; Perovich et al., 2003) and a general
decrease in multiyear ice (MYI; Maslanik et al., 2011). This
decline in sea ice has many repercussions locally and glob-
ally, including significant impacts on the Arctic’s freshwa-
ter system and surface energy budget (Serreze et al.,
2007), alteration of marine primary production with
impacts on ecosystems (Meredith et al., 2019), and pertur-
bations to midlatitude circulation and precipitation pat-
terns (Vihma, 2014).
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When investigating the major drivers of Arctic change,
the ice albedo feedback is described as one of the main
processes spurring the melt of sea ice (Hall, 2004; Screen
and Simmonds, 2010; Thackeray et al., 2019; Wunderling
et al., 2020). The ice-ocean albedo feedback is a positive
feedback loop, where a reduction in highly reflective snow
and ice area results in an increase in the areal fraction of
dark ocean surface, thereby reducing the overall albedo of
the Arctic regions. This change results in increased absorp-
tion of solar energy into the upper ocean, increasing
ocean temperatures and inhibiting sea ice growth (Kashi-
wase et al.,, 2017). As the Arctic climate changes, the melt
and freeze onsets shift in time. Based on passive micro-
wave satellite measurements (Stroeve et al., 2014), the
melt season is observed to lengthen 5 days per decade.
Melt onset impacts the pond formation and the sea ice
summer energy balance as more solar energy is absorbed
and stored in the ice-ocean system (Perovich et al., 2020).

Melt ponds play an important role in governing the
albedo of summertime Arctic sea ice. It is therefore critical
to understand and simulate the development, evolution,
and overall influence of these features. Studies of melt
pond coverage have been conducted using ground-based
(Perovich et al., 2002a; Polashenski et al., 2012), airborne
(Perovich et al., 2002b), and satellite observations (Fetterer
and Untersteiner, 1998; Tschudi et al., 2007; Kwok, 2013;
Webster et al.,, 2015; Pohl et al., 2020). Numerous flights
to study ice properties in the Arctic were conducted dur-
ing Operation IceBridge (MacGregor et al., 2021), provid-
ing a large open-access data set, supporting detailed
studies of melt pond coverage (Buckley et al., 2020;
Wright et al., 2020). Early on, a linear relationship was
determined between melt pond fraction and albedo in the
Canadian Arctic using pyranometers suspended from
a helicopter and photographs of the surface (Langleben,
1971), but this slope was highly dependent on the study
area. A radiative transfer model has been applied to Arctic
sea ice and fast ice to evaluate the impact of surface fea-
tures on the partitioning of solar radiation. The depen-
dence of solar transmittance was identified based on the
thickness of snow and sea ice and the amount of particle
matter and biomass present in the ice (Zhu et al., 2021).
The large amount of solar energy absorbed by melt ponds
rather than the underlying sea ice was also established by
the radiative transfer model for thin ice (Lu et al., 2016; Lu
et al., 2018), highlighting the importance of pond depths
in the study of surface albedo. Nonetheless, because of the
lack of in situ observations, particularly of underlying ice,
and the thinning of the Arctic sea ice over the past dec-
ades, comparisons between model results and observa-
tions were precarious. Connecting atmospheric
variabilities and surface albedo, snow albedo under clear
skies generally increases with solar zenith angle because
photons are more likely to be scattered out when entering
the surface at an angle (Warren, 1982). However, because
of the dominant effect of spectral shifts toward higher
frequencies under cloud cover, diffuse albedo over snow
is still typically higher than clear-sky albedo even when
the solar zenith angle is larger than the effective diffuse
incidence angle (Warren, 1982). Stapf et al. (2020)
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investigated cloud radiative forcing in the Arctic Marginal
Ice Zone as a function of cloud liquid water path and solar
zenith angles for different surface types. Broadband sur-
face albedo over snow and sea ice increased for cloudy
skies compared to clear skies. This result agreed with Gren-
fell and Perovich (2008) study, which also included melt
ponds as a surface type. Wavelength-integrated albedo
varied by as much as 10% between clear and cloudy skies,
with higher variations on snow and bare ice. Nonetheless,
Stapf et al. (2020) also emphasized the role of variability
in sea ice concentration for the observed fluctuation in
surface albedo and the importance of obtaining albedo on
the effective areally averaged surface. Field experiments
like those associated with the Surface Heat Budget of the
Arctic (Uttal et al., 2002) and Multidisciplinary drifting
Observatory for the Study of the Arctic Climate (MOSAIC;
Nicolaus et al., 2022; Shupe et al., 2022) expeditions have
provided detailed perspectives on the seasonal evolution
of the Arctic surface, linking albedo, surface state, and the
surface energy budget over the seasonal cycle (Perovich et
al., 2002a). During the spring and summer melt season,
several critical features have been observed and documen-
ted, including information on the influence of the sea ice
surface scattering layer on bare ice albedo (Smith et al.,
2022) and the highly variable albedo of a ponded ice
surface (Light et al., 2022). Melt pond evolution, depth
and aerial fraction, was also intensely reported during
MOSAIC using in situ surveys (Webster et al., 2022). Melt
pond depth was studied using novel methods (Linhardt et
al., 2021). These surface features and the processes that
govern their existence make the summer sea ice challeng-
ing to understand and model. Recently, the MOSAIC expe-
dition offered a different opportunity to study melt-pond-
relevant processes through the analyses of measurements
collected on and around a single ice floe over the course of
an entire annual cycle. The collaborative work of scientists
from different fields (atmosphere, sea ice, ocean, biology,
and biochemistry) created a multidisciplinary approach,
supporting the deployment of complementary instru-
ments to investigate climate processes from different
perspectives.

In addition to space-, aircraft-, and surface-based per-
spectives, recent years have seen the deployment of a small
number of uncrewed aircraft systems (UAS) over Arctic sea
ice. These efforts include flights conducted using the Aero-
sonde UAS, which flew over the Arctic Ocean from coastal
Alaska to collect the images of sea ice and estimate melt
pond fraction (Inoue et al., 2007). Aerosonde images were
also used to validate the estimate of melt pond coverage
using the satellite-based Moderate Resolution Imaging
Spectroradiometer retrievals (Tschudi et al., 2007). More
recently, a DJI Phantom 4 was deployed from the Chinese
R/V Xuelong icebreaker over an ice floe in the Canadian
Basin (Wang et al., 2018), and the University of Alaska Sea
Hunter UAS was operated in near-coastal regions along
the Alaskan and Canadian coastlines (de Boer et al.,
2019b). However, these UAS activities only represent very
short-term focused efforts over limited time windows to
study melt pond evolution and surface roughness. Addi-
tionally, these efforts generally sampled over a variety of

€20z 1snbny €| uo 3senb Aq ypd- | 0000°€Z0Z BIUBWSIS/L0Y18./L0000/ L/ 1 L4Pd-BloILE/EJUBWSIS/NPS"SSBIdONBUINUO//:dRY WOl papeojumo]



Calmer et al: Summertime surface albedo and melt pond fraction in the Arctic

flight paths, thereby making it challenging to track the
evolution of sea ice and melt pond conditions over an
individual ice floe.

As a part of the recent MOSAIC campaign, the Univer-
sity of Colorado Boulder and NOAA Physical Sciences Lab-
oratory deployed 2 types of UAS over the summertime sea
ice in the central Arctic. One of these systems was a hex-
acopter platform named HELiX, dedicated to collecting
information on the evolution of surface properties during
the melt season, including surface albedo and melt pond
fraction. The HELiX was deployed repeatedly over a com-
mon ice floe from late June to beginning of August when
the floe transitioned from the pack ice, to the marginal ice
zone, and finally to its demise in the North Atlantic (Shupe
et al,, 2022). During this time, the HELiX provided high-
resolution measurements of the surface, bridging a range
of spatial scales from in situ point measurements to sat-
ellite footprints. As the HELiX was operated at low alti-
tudes in clear, cloudy, and foggy skies, it did not suffer
from the challenges associated with satellite-based observ-
ing in the cloud-filled Arctic region (Tschudi et al., 2007;
Kwok, 2013) or need to account for aerosol attenuation of
light between the surface and sensor system (Jakel et al.,
2013). Similar instrumentation, pyranometers and camera,
has already been flown on board of a fixed-wing UAS
above the Greenland ice sheet and over northern Alaska
as part of the Evaluation or Routine Atmospheric Sound-
ing Measurements using Unmanned Systems campaign
(de Boer et al., 2019a). However, the HELiX data set repre-
sents, to our knowledge, the first extended UAS-based
observation of surface albedo over the central Arctic.

This manuscript introduces measurements from the
HELiX during the sea ice melting period, providing broad-
band albedo and melt pond fraction over first year and
multiyear portions of the MOSAIC ice floe. Together with
complementary data sets from surface- and satellite-based
sensors, the HELiX observations are used to provide
a detailed perspective on the scaling of surface features
and surface albedo of the MOSAIC floe. The first section
presents information about the HELiX flights and
describes the methods used to calculate albedo and melt
pond fraction. This is followed by an overview of the
results derived from all of the HELiX flights, including
a description of the surface changes over time and specific
events that occurred during the summer measurement
period. The last section focuses on a case study to investi-
gate the impact of the measurement altitude and the melt
pond dimensions on albedo results. Then, using a satellite
image, the study is extended from the HELiX flight to
other locations on the MOSAIC ice floe. A summary of the
results and discussions concludes the manuscript.

2. Methods

This study utilizes data collected by the HELiX UAS. The
HELiX is equipped with stabilizing gimbals both above
and below the platform to maintain precise nadir and
zenith orientation of customized Kipp and Zonen PR1
pyranometers. These sensors cover a spectral range of
310-2,700 nm, with the 2 sensors together providing the
up- and downwelling broadband shortwave irradiance, as
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well as net irradiance, when considering the difference
between the two. In addition to the PR1s, the lower gim-
bal carried a RedEdge-MX multispectral camera. This cam-
era is configured to capture images with 80% overlap in 5
spectral channels, including blue (475 nm), green (560
nm), red (668 nm), red (717 nm), and near-infrared (842
nm). The individual images of the surface are assembled in
postprocessing to create orthomosaic images and reflec-
tance maps. The resolution of the images varies between
0.006 and 0.193 m/pixel depending on the HELiX flight
altitude. Orthomosaic image areas cover rectangles from
150 m x 110 m to 370 m x 335 m. More details on the
instrumentation can be found in de Boer et al. (2022),
including a description of the quality control processes
applied to the HELiX data. Methods presented hereafter
use the quality-controlled and synchronized data set from
the onboard data logger (Calmer et al., 2021) and from the
multispectral camera (Hamilton et al., 2021).

During summer 2020 of the MOSAIC expedition, the
HELiX UAS flew 34 flights (see Supplemental Material
Table S1). These flights occurred between June 26, 2020,
and August 6, 2020, and included a combination of 3
different flight patterns. Flight patterns consisted of ver-
tical profiles up to 380 m, horizontal grid pattern flights
covering around 200 m x 300 m, and extended hovers
above defined surface areas. Flights occurred mainly at 2
locations on the MOSAIC floe; one site over first year ice
(FYI) and an MYI site located near the MOSAIC “Met City."
The majority of the flights took place under low clouds
with diffuse light conditions. Focusing on profile and grid
patterns, for 2 flights (FL14 and FL20), a cloud ceiling at
around 1,000 m was present. Three flights (FLO4, FL19,
and FL34) took place under clear sky in direct sunlight. In
2 flights (FL14 and FL19), downwelling shortwave irradi-
ance was corrected for small angular offsets in the gimbal
based on comparison with the pyranometer deployed
ground-based on flux station located at the surface
beneath the flight pattern (de Boer et al., 2022). To ensure
that variability in measured albedo during the grid flights
was directly linked to surface features and not atmo-
spheric conditions due to low-level clouds or fog, down-
welling shortwave irradiance from FL27 on July 27, 2020,
and from the Atmospheric Surface Flux Station 50
(ASFS50, Cox et al., 2021) are compared in Figure S1.
Measurements from the UAS are similar to those of the
ASFS50, indicating that the albedo observations from the
grid flights in diffuse conditions were essentially indepen-
dent of atmospheric variability.

The SkySat satellite image in Figure 1 (Wright et al.,
2021) shows the MOSAIC floe on July 7, 2020, and cap-
tures the areas where the HELiX flew. Features on the ice
floe, such as melt ponds, can be used to identify the HELiX
flight locations within the broader satellite image and
provide perspectives on the location of these flights rela-
tive to MOSAIC's support vessel, R/V Polarstern, and other
expedition assets. The satellite scene additionally provides
an overview of the composition of the ice surface above
which the HELiX operated. In addition to HELiX measure-
ments, there were several other sensors measuring radia-
tion and albedo in the vicinity. For example, manual
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Figure 1. SkySat satellite multispectral image for the MOSAIC floe. Imagery © 2022 Planet Labs Inc. The Polarstern
is at the bottom right of the image (resolution 50 cm/pix). Yellow rectangles correspond to identified areas: (A) First
year ice area, (B) remotely operated vehicle area, and (C) Met City area. Orthomosaics from the HELiX flights
(grayscale) are overlayed on the zoom areas of the satellite image. Dates of the images: satellite on July 7, 2020,
HELiX orthomosaic (A) July 6, 2020, HELiX orthomosaic, (B) July 10, 2020, HELiX orthomosaic, and (C) July 17, 2020.
MOSAIC = Multidisciplinary drifting Observatory for the Study of Arctic Climate.

sampling of surface-based albedo along transect lines was
executed to provide regular observations of albedo across
avariety of surfaces. These albedo lines were conducted on
the FYI (Figure 1 rectangle A), and an initial comparison
of albedos measured along these albedo lines and those
obtained from the HELiX UAS is provided in Nicolaus et al.
(2022). Additional albedo and transmittance measure-
ments were collected above the area where an underwater
remotely operated vehicle (Rabe et al., 2022) conducted
measurements (Figure 1 rectangle B), as well as over the
MYI (Figure 1 rectangle C) area around Met City (Shupe et
al., 2022). These locations were selected for intercompar-
ison studies but also for logistical reasons.

To provide perspective on the connection between
HELiX-measured albedo and surface type, a feature iden-
tification method has been adapted using techniques
from Webster et al. (2015). In this method, the different
channels of the multispectral camera imagery are used to
segregate between different surface types, including
snow/bare ice, melt pond, and ocean. For a given flight,
a limited number of samples (approximate area 7.5 m?)
known to be of a certain surface type are visually selected.
Figure 2a shows the example orthomosaic from FLO5 on
July 1, 2020, in the multispectral camera blue channel
(475 nm) with red rectangles identifying melt pond sam-
ples, yellow rectangles identifying ice samples, and blue
rectangles identifying open ocean. Figure 2b shows the
mean and standard deviation of pixel intensity for each of
these sample areas in each image channel (blue, green,
red, and near-infrared). Pixel intensities in each channel
vary from O to 255. Over the ocean, pixels show only

a narrow variation of intensity across the 5 channels while
melt ponds vary from brighter intensities in the blue chan-
nel to darker values in the near-infrared channel. Depend-
ing on the melting state of the ice, some overlap of pixel
intensities is visible between ponds and snow/bare ice in
certain channels. However, there are 2 clear gaps in the
spectral data that provide unambiguous distinctions for
this set of samples: the blue channel is used to define
a threshold between open ocean and melt pond (Figure
2b dashed line) and the near-infrared channel provides
a threshold value between pond and ice (Figure 2b solid
line). These 2 thresholds are calculated for each flight to
account for changes resulting from solar intensity and
reflectance, and results are color-coded as in Figure 2c,
where open ocean, melt pond, and snow/bare ice pixels
are, respectively, purple, orange, and yellow.

For most flights, this classification sufficiently distin-
guishes between these 3 feature types; however, some
cases require further processing to overcome ambiguous
or incorrect classification. For example, ridge shadows can
be misclassified as pond due to their darker color. Conse-
quently, it is difficult to differentiate shadows from ponds
using the RedEdgeMX imagery. Manual inspection of
many images suggests that the contribution of ridge sha-
dows to the total melt pond area is minimal, such that this
potential contribution is neglected in this study. In Web-
ster et al. (2015), the ridge shadows were found to make
up less than approximately 0.5% of satellite scenes (15 km
x 15 km to 30 km x 30 km) in March and April, when one
would expect shadows to be most widespread due to low-
angle sunlight. That result is dependent on both time of
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Figure 2. Identification of surface features from the HELiX orthomosaic imagery. (a) HELiX orthomosaic from

the RedEdge “blue” channel on July 1, 2020; yellow rectangles are selected samples over snow/bare ice, red rectangles
are melt pond samples, and blue rectangles are ocean samples. (b) Corresponding mean pixel intensity and standard
deviation (error bars) for each of these rectangle samples in each color channel, where yellow lines correspond to
snow/bare ice samples, red lines are pond samples, and blue lines are ocean samples. The dashed horizontal line in
the blue channel marks a clearly defined threshold between ocean and pond pixel intensity, and the solid horizontal
line marks a clearly defined threshold in the near-infrared channel to differentiate between pond and ice pixel
intensity. (c) Results of the classification using these thresholds for the orthomosaic features. (d) The same as (c)
with submerged pieces of ice classified as ocean (purple) instead of melt pond (orange) in the green rectangle.

year and ice conditions. Still, that result, combined with
the fact that the HELIX flights took place in midsummer in
more direct light and in mostly diffuse-light conditions
(cloudy skies), likely makes it a safe assumption that ridge
shadows had a negligible impact on the classification
results in this study. Ice-based instruments or their sha-
dows can also be misclassified as ponds. Nonetheless,
human activities are not systematically present in the
images, and their influence is calculated to impact the
observed melt pond fraction by <0.2% based on an iden-
tified box present in the orthomosaic of FLO4. Therefore,
we also neglect the influence of ice-based instruments on

feature classification. Another issue not addressed easily
with the threshold method described above is the identi-
fication of broken ice in the ocean along the floe edge. The
submerged part of this broken ice has a similar spectral
signature to melt ponds, although the water overlaying
this ice is that from the open ocean. Open ocean is sam-
pled in 7 of the flights, with the area varying from 3% to
40% of the total image area due to ice dynamics surround-
ing the floe. Therefore, an additional mask is created over
the ocean, and within these selected areas, pixels identi-
fied as pond are then adjusted to open ocean value (see
Figure 2d). This step removes submerged ice in open
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Figure 3. HELiX flight FL14 on July 17, 2020. (a) HELiX flight pattern color-coded with measured albedo, (b)
corresponding normalized histogram of albedo, (c) associated orthomosaic from the multispectral camera, and (d)

results of the feature classification of the orthomosaic.

ocean areas from the calculated melt pond area. With
these corrections to the classification scheme, melt pond
fraction can be calculated as:

melt pond area
mel pond area . o),
sea ice area

with sea ice area = melt pond area + snow area

+ bare ice area.

For the example of FLO5 provided in Figure 2, snow/
bare ice and melt pond areas represent 23,649 m? and
melt pond area is 6,391 m? resulting in a melt pond
fraction of 27%. Following the definition of the error types
in surface identification introduced by Wright and Pola-
shenski (2018), the present study shows external errors
due to the image resolution as a pixel can represent mul-
tiple surface types within its boundaries. The internal error
occurs for features that are in a transitional state, for
example, dark snow transitioning to a melt pond. This type
of error is too difficult to identify for a human observer. In
both cases, the assumption is made that the pixel color
will be equal or close to the threshold defined in the study

of each orthomosaic (Figure 2b). To account for uncertainty
in surface classification coming from the image resolution
or the transitional state, the thresholds are moved by +2 in
the grayscale intensity. Results provide 0.1%-1.8% of the
pixel images are potentially misclassified as no clear answer
can be obtained for these pixels. As expected, these pixels
are located at the edge of the melt ponds or the transition
between the ocean and submerged ice. Uncertainty on sur-
face classification is then 0.4% + 0.4%.

Figure 3 provides an example of HELiX measurements
during a horizontal grid flight (FL14), applying the meth-
ods described above. The flight pattern is color-coded with
albedo as measured by the pyranometers in Figure 3a,
and the corresponding distribution of albedos is shown in
Figure 3b. When looking at the orthomosaic image (Fig-
ure 3c), low albedo (<0.4) areas are associated with melt
ponds, whereas reflective surfaces (albedo > 0.55) are
identified visually on the image as bare ice. This assess-
ment is corroborated using the classification techniques
(Figure 3d). It should be noted that the pyranometer
measurements likely underestimate the full breadth of the
albedo distribution, because they make cosine-weighted
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hemispheric measurements, which means that at the alti-
tude of the HELiX UAS (approximately 10 m in this case),
there is some averaging of the albedo from neighboring
ice and pond surfaces in the reflected radiative flux of
observations.

3. Results

3.1. Albedo

Grid flights are selected from the 3 different flight pat-
terns to investigate the evolution of albedo as a function
of time and altitude. Figure 4a associates flight numbers
with the corresponding date for all grid-pattern flights.
Markers are color-coded by albedo in Figure 4b, with the
mean value of albedo displayed at the geographical loca-
tion depending on the drift of the MOSAIC ice floe. The
mean value of albedo is calculated from observations col-
lected at the grid flight altitude only, disregarding take-off
and landing phases to avoid biases. A general decrease of
mean albedo can be observed as the MOSAIC floe drifts
from the northeast to the southwest. The most significant
exception to this pattern is the last flight (FL34 on

Art. 11(1) page 7 of 21

August 6), which features a mean albedo around 0.45
(orange rectangle at the bottom left of Figure 4b). This
outlier can be explained as the MOSAIC floe had already
been dislocated and the flight took place in the marginal
ice zone over a different floe, which presented a different
repartition of features (bare ice/melt pond/ocean). Dif-
fuse solar fluxes were measured by Delta-T SPN1 pyran-
ometers at Met City and 2 locations on board the
Polarsten (Shupe et al., 2022). Figure 4c provides the
diffuse fraction obtained by diffuse solar flux divided
by downwelling shortwave radiative flux. Values dis-
played in Figure 4c are averaged for the 3 locations and
over the flight time and shown as a function of the
associated solar zenith angle for the HELiX grid flight
time. Based on the previous studies, a lower surface
albedo value might be expected for flights in clear sky
conditions with a diffuse fraction lower than 0.4. How-
ever, comparing Figure 4b and c, the impact of time as
the melt season progresses with larger surface variability
is predominant compared to the impact of clear sky/
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Figure 4. HELiX grid flights. (a) HELiX grid flight dates and altitudes color-coded by time, (b) HELiX grid flight
geographical locations color-coded by albedo, and (c) solar zenith angles as a function of diffuse fraction for each
HELiX grid flight color-coded by albedo. The shapes of markers in (a), (b), and (c) represent the grid flight altitude, with
circles for mean flight altitudes higher than 18 m, rectangles for mean flight altitudes between 12 and 18 m, and
diamonds for flight mean altitudes lower than 12 m. Note that markers for FL04 and FLO5 are on top of each other as

these flights took place during the same afternoon.
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Figure 5. HELiX albedo from the vertical profiles and distributions from the horizontal grid flights. (a) HELiX
vertical profile flights with albedo averaged for each 5-m bin in altitude and displayed only between the surface and
30 m. (b) Albedo distributions for horizontal grid flights below 12 m, (c) albedo distributions for horizontal grid flights
between 12 and 18 m, and (d) albedo distributions for horizontal grid flights higher than 18 m. The flights are color-
coded by date (see Figure 4a), dark blue for the beginning and yellow for the end of the campaign.

cloudy conditions on surface albedo measured by the
HELiX.

While time of year and latitudinal location are impor-
tant factors to consider when interpreting the albedo evo-
lution of sea ice, the altitude at which an albedo
measurement is made is also a key consideration for
appropriately interpreting albedo data. This is particularly
important when comparing albedo time series between
different measurement techniques (e.g., surface-based,
satellite-derived). To complement observations from the
horizontal gridded flights, vertical profile flights are intro-
duced in Figure 5a. Figure 5a shows albedo measured
between the surface and 30 m, with albedo values aver-
aged using 5-m vertical bins. Each color represents an
independent flight profile color-coded by time, with pro-
files starting over different surface types. Depending on
the type of surface feature that the HELiX was over at the
start of its profile, albedo at 5 m varies from 0.15 to 0.65,
with the lower values resulting from flights where the
HELIiX started above a dark surface (melt pond) and the
higher values representing flights where the HELiX started

above snow-covered ice surfaces. When the aircraft alti-
tude is increased, measured albedo values increase/
decrease as the heterogeneity of surface features observed
by the downward-facing pyranometer increases. As dis-
cussed above, this change in measured albedo results from
the fact that the pyranometer measurements of reflected
surface radiations follow the relationship of the cosine
function of the radiation incident angle, corresponding
to a weighted average of the surface albedo. It means that
features directly below the platform carry greater influ-
ence on the measured signal than features at the edge
of the instrument field of view. To allow for cross-flight
comparison despite grid flights being conducted at differ-
ent altitudes, these flights are separated into 3 categories:
grid flights with altitude higher than 18 m, grid flights
with altitude between 12 m and 18 m, and grid flights
with altitude below 12 m. These 3 categories are distin-
guished with makers in Figure 4a and b and are displayed
in individual plots in Figure 5.

Distributions of albedo are obtained for each grid flight
as introduced in Figure 3a and b, with the results shown
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in Figure 5b-d. In Figure 5b, albedo distributions are
shown for flights with a mean grid altitude below 12 m.
The distribution peak represents the albedo values with
the maximum frequency of occurrence for a grid flight.
Earlier flights registered a main peak albedo around 0.5-
0.6 (more bright surfaces), while later flights showed
a peak between 0.2 and 0.4 (more dark surfaces as melt
ponds). The overall range of albedo values appeared to be
the same for this 12 day-period for grid flights below 12 m
with asymmetric bimodal distributions. Note that the
flights took place on consecutive days and in diffuse con-
ditions. However, as the floe underwent abrupt changes,
the albedo correspondingly varied from brighter to darker
values over the area of the HELiX flights. The distributions
of albedo also captured the time evolution of the sea ice as
more melt ponds appeared or became larger on the
MOSAIC floe. This evolution of albedo is expected but is
nonetheless interesting to notice in this data, as the flights
in Figure 5b did not take place over the same area, but
rather at different locations as introduced in Figure 1
with the satellite image.

As seen in Figure 4a, flights between 12 and 18 m
were more separated in time and fewer in number than
flights below 12 m. In Figure 5c, for grid altitude between
12 and 18 m, the range of each distribution was narrower
than in Figure 5b (except for FL34), and distribution
bounds varied with flight. While flights below 12 m seem
to capture a broader range of albedos (resulting from
better resolution of independent surface features) along
with an asymmetric bimodal distribution, albedo from
flights higher than 12 m present only 1 mode. The case
of FL34 took place over a different ice floe (noted previ-
ously); therefore, it is hard to compare directly with other
distributions. This case conveys information about the
albedo in the marginal ice zone, showing a bimodal dis-
tribution with a large hump between 0.2 and 0.6 corre-
sponding to ocean/melt pond albedo and a sharper peak
around 0.65 for snow/bare ice. Otherwise, the shape of
these distributions can be explained by the flight altitude,
whereby hemispheric upwelling shortwave irradiances
were implicitly averaged over a larger area, and albedo
of individual surface features started to blend. These
altitude-dependent observations are supported by the pro-
file flights shown in Figure 5a.

Comparisons are more difficult using grids flown at
altitudes higher than 18 m (Figure 5d) since there were
only 3 flights. FLO4 and FLO5 occurred at the end of June
when melt ponds were already visible on the ice floe, and
FL32 took place after the MOSAIC floe disintegrated. FL32
was clearly above the ocean, with only the presence of
a few pieces of ice. FLO4 and FLO5 took place the same
day when the team was still adjusting the grid parameters
(dimensions, velocity, overlap). Therefore, the HELiX cov-
ered larger areas compared to other grid flights. This could
explain why 2 modes for melt pond and snow/bare ice are
visible in the distribution despite the higher flight alti-
tude. Thus, to complement surface information from
albedo measurements, it is meaningful to investigate melt
pond fraction associated with each flight.
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Figure 6. Melt pond fraction from the HELiX. Melt
pond fraction from the orthomosaics as a function of
the flight date and the days from the onset of melt pond
formation.

3.2. Melt pond fraction

Using the method described in Section 2, melt pond
fraction is calculated for each horizontal grid and vertical
profile flight. Results are displayed in Figure 6, where
blue dots correspond to grid flights executed over FYI
and red dots corresponding to grid flights over MYI. The
triangles represent profile flights over the MYI, with the
orthomosaic images from those flights covering a larger
area than for grid flights, but with a lower resolution. A
summary of the flight types, flight altitudes, image areas,
and image resolutions can be found in Table S1. The last 4
grid flights of the campaign (FL27, FL30, FL32, and FL34)
did not provide reliable orthomosaic images. These flights
had a higher presence of dark ocean, which makes it diffi-
cult for the software to stitch images together, and higher
ice drift velocity, which inhibited the necessary 80% overlap
between images. Therefore, results from these 4 flights
cannot be included in the melt pond fraction analysis. Melt
pond fraction from the viable HELiX flights ranged from
15% to 50%. To compare with previous melt pond observa-
tions (e.g., Polashenski et al., 2012; Figure 1), the days since
the first onset of ponding on the MOSAIC floe (observed via
satellite imagery on May 28, 2020) are added to the x-axis
in Figure 6. When comparing with previous campaigns
including measurements after 34 days of melt, a similar
range of melt pond fraction was observed. Nonetheless,
as noted in previous studies, melt ponds are highly variable
and dynamic. Because of the difference between the mea-
surement year and the locations, observations of melt pond
fraction span a large range. The method of measurements
also impacts the results particularly the spatial resolution,
as introduced in Figure 7.

Few satellite images were collocated in time and space
with the HELIX flights as a result of frequent and dense
cloud cover. However, SkySat satellite images were col-
lected on July 7 and 22, 2020, that can be compared with
FLO7 on July 6 and FL19 on July 22 to provide context
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Figure 7. Comparison of melt pond fraction. Melt
pond fraction from SkySat satellite images (Wright et
al., 2021), the HELiX orthomosaics, and the transect
data (Webster et al., 2022). *The HELIiX flight occurred
on July 6.

for the HELIX flights. Figure 7 illustrates the variation of
melt pond fraction obtained from these case compari-
sons when considering different areas within a day. Sur-
face identification maps from Wright et al. (2021), based
on the SkySat satellite images, are used to compare with
the HELiX flight orthomosaic. The full satellite scenes
correspond to areas of 86 and 80 km? for July 7 and
22, respectively. Zooming in to the MOSAIC floe and
areas corresponding to the HELiX flights, the MOSAiC
floe corresponds to an area of 1.65 km? and the HELiX
flights to 0.01 and 0.02 km? There is good agreement
between the satellite-based estimation of melt pond frac-
tion in the HELiX flight area (Figure 7 “satellite HELiX
scene”) and the values obtained from the HELiX ortho-
mosaic (Figure 7 “HELiX flight"). This agreement is
reached despite the different resolutions of the sensors
and the independent melt pond fraction calculation
methods. However, it can be noticed that larger areas
show a lower melt pond coverage compared to the HELiX
flights as multiple melt pond regions and multiple floes
are captured in the satellite images. Transect measure-
ments are from Webster et al. (2022) and provide yet
another estimate of melt pond fraction, with these values
being notably lower than the satellite- and HELiX-based
observations. The transect represents a 3-km survey of
manual measurements along the MOSAIC floe edge and
reports a lower melt pond coverage by 5% on average
compared to satellite retrievals in June and July (Webster
et al., 2022). This difference can be explained as melt
ponds near the edge of the floe may drain laterally earlier
than ponds centered on the floe, which are constrained
by high surface relief.

Figure 6 also shows a decrease in melt pond fraction
over the FYI toward the later portions of the campaign.
This decrease results from a significant pond drainage
event that occurred during the period of measurements
on July 11-13. More details on this event can be found in

Calmer et al: Summertime surface albedo and melt pond fraction in the Arctic

Webster et al. (2022). As confirmed by Figure 6, MYI
covered by the HELiX flights was less impacted by this
drainage event and experienced a continued increase of
pond coverage after July 13. Flights over the FYI were
also close to the edge of the floe and might therefore
have been impacted by lateral drainage similarly to the
transect data. The observed drainage event was similar to
the one observed during the 2011 Applied Physics Lab-
oratory Ice Station, which also featured a significant
decrease of melt pond coverage over the FYI while pond
fraction continued to increase over MYl (Webster et al.,
2015). A more complete description of the evolution of
melt ponds and the drainage events can be found in
Niehaus et al. (2023) based on Sentinel-2 satellite
images. The MOSAIC floe presented a higher melt pond
fraction compared to the surrounding floes until mid-
July. The satellite images also captured the main trans-
formation of the floe. Before drainage, large and distinct
ponds were visible. After drainage, ponds appeared small
and interconnected, darkening the floe surface, an
appearance that was also reinforced by sediments
embedded in the ice and then exposed as the melt pro-
gressed (Lei et al., 2022; Webster et al., 2022; Niehaus et
al., 2023). Thus, detailed quantification of the drainage
event using HELiX data should be conducted with cau-
tion, as HELiX flights were not designed to precisely
monitor the same ponds over time. Because of the con-
tinuously drifting nature of the ice during HELiX flights,
overlap of individual images used to create the orthomo-
saics was often less than anticipated, resulting in a lack of
data between the legs of the grid flights, adding a layer of
uncertainty to melt pond fractions based on the ortho-
mosaics from HELiX flights.

3.3. Link between melt pond fraction and profile of
albedo
The HELiX UAS, with collocated but independent mea-
surements of melt pond fraction and albedo, provided
an opportunity to quantify the impact of the sea ice fea-
tures on albedo. Because of the hemispheric nature of
most broadband pyranometers, the size of the surface
features being observed and the altitude from which mea-
surements are taken have a significant impact on the
measured irradiance. Previous studies to understand the
influence of melt pond evolution on surface albedo have
demonstrated this influence, including attempts to sus-
pend pyranometers at 15 m above the surface to cover
a larger area than measurements obtained at the normal 2
m height (Langleben, 1968, 1969). Surface albedo has also
been investigated as a function of aircraft altitude for the
transition between open ocean and land (Jakel et al.,
2013). The current HELiX UAS dataset helps to consolidate
knowledge on the impact of melt pond fraction on
observed albedo as a function of measurement altitude.
Consider the orthomosaic from FL22 on July 25
shown in Figure 8. Here, melt pond fraction is calculated
for a sequence of concentric surface footprints, with the
footprint increasing in radius by steps of 5 m, and 2
cases where the center point of the footprint includes
either a melt pond (Figure 8b) or bare sea ice surface
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Figure 8. Surface type identification from the HELiX orthomosaics. (a) Surface type identification map for profile
FL22 (July 25, 2020), division of the map in (b) circles centered above melt pond, and (c) circles centered above snow/
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Figure 9. Melt pond fraction as a function of image area and HELiX altitude. (a) Melt pond fraction obtained for
each division from Figure 8 function of the area of each division for the HELiX orthomosaic FL22 on July 25, 2020.
(b) Melt pond fraction obtained from increasing circles function of the HELiX UAS altitude calculated with the camera

field of view.

(Figure 8c). Figure 9 shows the extent to which melt
pond fraction decreases or increases as these footprints
grow, until the footprint encompasses the entire orthomo-
saic and the melt pond fractions of these 2 sequences
converge to each other. Interestingly, the derived melt
pond fraction sequences closely approximate the conver-
gence value for the entire image at a footprint much
smaller than the scale of the entire orthomosaic. The foot-
print scale at which this approximate convergence occurs
we refer to as the “aggregate-scale” (Perovich, 2005). For
the 6 profile flights available from July 17, 25, 26, 27, and
29, the aggregate scale for melt pond fraction varies
between 2,000 and 3,000 m2. All of the profile flights
conducted by the HELiX during MOSAIC took place in the
same sector of the MOSAIC ice floe, explaining the limited
variability found in the aggregate scale. Note that the

aggregate scale of melt pond fraction is dependent on the
dimensions of the studied area. Wright and Polashenski
(2018) analyzed the images of Arctic sea ice up to 1,000
km? and found an aggregate scale of melt pond fraction
on the order of several tens of square kilometers. For the
HELiX flights, the orthomosaic dimensions are smaller
than 80,000 m? and provide a high-resolution analysis
for only limited parts of the MOSAIC floe. To further link
this aggregate scale of melt pond fraction with the
observed surface albedo in Figure 9b, a HELiX altitude
is estimated based on the sensor footprint defined by
the circles in Figure 8 and the field of view of the
multispectral camera (47.5° horizontal and 35.4° verti-
cal). Figure 9b shows the aggregate scale for FL22 cor-
responding to the HELiX altitude around 55 m when
melt pond fraction converges toward the same value.
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Figure 10. Measurements from the HELiX pyranometers. (a) Measured albedo from pyranometers for the HELiX
profile FL22 on July 25, 2020. Albedo is vertically averaged over 5-m intervals. (b) Downwelling shortwave radiation
from the top pyranometer for FL22. (c) Upwelling shortwave radiation from the bottom pyranometer for FL22.

As expected, the vertical profile of surface albedo
obtained from the HELiX pyranometers takes on a sim-
ilar shape to that of the melt pond fraction with an
increasing footprint scale. Figure 10a shows measured
albedo as a function of altitude for FL22, the HELiX
flight shown in Figures 8 and 9. To reduce high-
frequency variability, measured albedo was averaged
over 5-m vertical intervals. During the flight, the
HELiX climbed multiple times, starting above either
a melt pond (albedo < 0.2) or snow/bare ice surface
(albedo > 0.6). The constituent downwelling and
upwelling shortwave irradiances are additionally
shown in Figure 10b and c. These help to explain the
observed decrease in albedo between 40- and 60-m
altitude, and the increased albedo values associated
with one of the early profiles: because FL22 took place
with a thin, low cloud/fog layer in place, there were
periods when the cloud dissipated enough to result in
a clear sky or thin cloud condition at the height of the
UAS, increasing the downwelling irradiance to values
exceeding 340 W m ™2 In some cases, this resulted in
a fog-top albedo value, while in other cases, this
resulted in a clear-sky, direct radiation albedo value,
rather than one associated with diffuse incoming solar

energy. For low sun angles, light scattering from the
surface is not uniform because the scattering phase
function of ice and water have a strong forward-
scattering component. Except for the first 2 descents
with these varying sky conditions, albedos generally
merged to a common value 50-60 m above the sur-
face. Similarly, the melt pond fraction approached an
aggregate scale once the UAS reached an altitude of
approximately 55 m (Figure 9b).

4, Sensitivity analysis

To investigate the representativeness of the albedo pro-
files derived from the HELiX UAS for the rest of the ice
floe around the MOSAIC domain, SkySat satellite imagery
from July 22, 2020, was used. For this evaluation, the
HELiX data are first compared to information derived
from the SkySat imagery for the HELiX flight locations.
After validation, different points on the MOSAIC floe,
including profile locations over both melt pond and
snow/bare ice, were selected to obtain virtual vertical pro-
files of albedo and study the link between the size and
density of surface features and the vertical variation of
measured surface albedo.

€20z 1snbny €| uo 3senb Aq ypd- | 0000°€Z0Z BIUBWSIS/L0Y18./L0000/ L/ 1 L4Pd-BloILE/EJUBWSIS/NPS"SSBIdONBUINUO//:dRY WOl papeojumo]



Calmer et al: Summertime surface albedo and melt pond fraction in the Arctic

Art. 11(1) page 13 of 21

O

(o)}
o
1

Virtual albedo

= above pond

= above pond

== above pond

== above snow/bare ice
above snow/bare ice
above snow/bare ice

- measured albedo

N
&
T

N
o
T

W
(4]
T

W
o
T

Altitude (m)
N [\
o o

_
(6]
T

10+

0 . . . . . S .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Albedo

Figure 11. SkySat satellite image on July 22, 2020. (a) Selected area of the HELiX FL22 flight (Imagery © 2022
Planet Labs Inc.); crosses represent the starting point of the virtual profiles of albedo, either above pond or snow/bare
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albedo profiles in gray from the HELIX flight FL22 on July 25, 2020, for altitudes between 0 and 50 m and virtual
albedo profiles based on satellite image; profiles initiated over snow/bare ice and melt pond correspond to the same

color cross and circle in (a).

4.1. Model to reproduce vertical profiles of UAS-
measured albedo from satellite images

The analysis using the SkySat satellite image (July 22,
2020) was initially centered on the location of the
MOSAIC floe where the July 25 HELiX profile flight
(FL22) took place. A preliminary grayscale calibration of
the satellite image was applied, assigning pixel values
between 0 and 255 to represent albedos ranging from
0.05 (open ocean) to 0.9 (bright snow). This simple
method rescales linearly the range of albedo for each
satellite image (July 7 and 22, 2020) based on the pixel
values. This calibration does not intendent to be exhaus-
tive, but rather designed for an initial comparison with the
HELiX measured albedo. Six locations above ponds and
snow/bare ice were selected, as represented by the col-
ored crosses in Figure 11a. Specifying a radiation view
factor of 0.95 for a downward-pointed pyranometer (Sailor
et al,, 2006), the virtual footprint corresponding to the
observation was estimated as a function of height, repre-
sented as dotted circles in Figure 11a. The process for
deriving these footprints is discussed in detail in Supple-
mental Material with Figure S2 (Langleben, 1968; Siegel
and Howell, 1981; Roberts et al., 2008). Using the calcu-
lated sensor footprint and scaled surface albedo from Sky-
Sat imagery, virtual profiles of measured albedo are
calculated between the surface and 50 m (Figure 11b).
For comparison, in gray in Figure 11b, the measured
albedo profile from FL22 conducted with the HELiX is
shown for the same altitude range. The calculated and
measured albedo profiles show similar shapes, with con-
verging values up to a given altitude, defined as the merg-
ing altitude. This comparison shows that virtual albedo
profiles derived from the SkySat image reproduce realistic
changes in measured albedo with altitude, validating the

model for constructing virtual albedo profiles from
satellite-derived images.

4.2. Study of variation of surface feature sizes and
corresponding albedo with altitude

The area sampled during FL22 included a relatively nar-
row distribution of melt pond sizes (Figure 11a). To better
understand the influence of a broader distribution of melt
pond scales on such measurements, a larger section of the
SkySat satellite image on a different date is used (July 7,
2020). During this time, large melt ponds were present on
the MOSAIC floe and surrounding sea ice before the drain-
age event that occurred a few days later on July 11, 2020
(Figure 12a). To evaluate the merging altitudes obtained
when starting over surface features of different sizes, mul-
tiple melt ponds on the floe were selected as starting
points over which to calculate albedo profiles (blue
crosses in Figure 12a). In Figure 12b, crosses are also
displayed over the same melt ponds as in Figure 12a, but
this time, the crosses are color-coded by area, with dark
blue representing the largest pond and orange the smal-
lest. Additionally, 7 locations were selected over snow/
bare ice surfaces and represented by markers with differ-
ent shapes in Figure 12b.

Applying the same method that was used in Section
4.1, we calculate albedo profiles from SkySat imagery on
July 7, 2020, before drainage, starting over a variety of
different surface features. Based on the methods outlined
in Supplemental Material (Figures S3 and S4), a maximum
altitude of 400 m and diameter/height ratio (DHR) of 10
was employed. Results are presented in Figure 13. None-
theless, as the footprint diameter for a downward-
pointing sensor increases with altitude, orthomosaic
images should generally be large enough to encompass
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Figure 12. Satellite image on July 7, 2020. (a) Surface map classification (Wright et al., 2021), the blue crosses are
centered on 16 selected ponds. (b) SkySat satellite image (Imagery © 2022 Planet Labs Inc.) with crosses centered on
selected ponds color-coded by initial pond area and markers with different shapes placed on 7 snow/bare ice surfaces
color-coded by surface virtual albedo. The different symbols correspond to results presented in Figure 13b.
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Figure 13. Virtual profiles of albedo and corresponding merging altitudes. (a) Calculated profiles of albedo
started above the 16 selected ponds and the 7 snow/bare ice surface from Figure 12b. (b) Merging altitude
obtained from the difference between albedo profiles started above pond and snow/bare ice as a function of melt
pond area and melt pond perimeter (DHR = 10). The difference is calculated between each profile started above pond
with each profile started above snow/bare ice. Therefore, the markers correspond to merging altitude with one of the
profiles initiated over the corresponding marker in Figure 12b.

the footprint at the maximum flight altitude. In practice,
there are various reasons that a lower DHR might need to
be used, including a lack of images to complete the ortho-
mosaic, the point of interest being near an image border,
the orthomosaic being too small, or cloud cover. There-
fore, Figure S5 additionally provides results using DHRs of
6 and 4 to highlight the impact of a reduced footprint on
this analysis. The spread of merging altitudes (i.e., altitude
above which the albedo is representative of the floe scene,
see example below) increases as DHR decreases, as shown
by the more transparent markers in Figure S5.

The profiles of albedo calculated above the selected
points are presented in Figure 13a for a footprint DHR
of 10. Albedo varied at the surface from values lower than
0.1 for dark melt ponds to values exceeding 0.8 over very
bright surfaces. At 400 m, the 23 profiles (16 ponds and 7
snow/bare ice) merged toward a representative albedo
value, 0.439 + 0.004. As expected, profiles initiated over
larger ponds converged toward the representative albedo
value at higher altitudes than those starting over above
small structures. To quantify the altitude above which
albedo values are representative of the broader floe, the
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Figure 14. Pond areas as a function of the sensor footprint diameter. (a) Initial pond areas as a function of the
sensor footprint diameters calculated at the merging altitudes (Figure 13b) for DHR = 10. (b) SkySat satellite image
on July 7, 2020 (Imagery © 2022 Planet Labs Inc.) with circles drawn around each nadir origin point with the diameter

obtained at the maximum merging altitude (DHR = 10).

difference between profiles initiated over ponds and those
initiated over snow/bare ice was calculated. The merging
altitude is defined as the altitude, where the difference
between profiles is less than 10% of the difference in
albedo at the surface. For example, surface albedo for
“Mystery Lake” is calculated to be 0.07, and the value
associated with the snow/bare ice surface represented
by a circle marker in Figure 12b is 0.78. Then, the surface
albedo difference is 0.71, and the merging altitude for the
profiles started above these 2 points is defined as the
altitude where the difference between the 2 profiles is
lower than 0.071, which in this case occurs at 77.82 m
(Figure 13b). This calculation is repeated for all of the
profile pairs initiated over ponds with 1 profile in the pair
initiated over a single snow/bare ice location, for example,
the circle in Figure 12b, leading to merging altitudes
displayed with circle markers in Figure 13b. Then, merg-
ing altitudes are calculated between the pond profiles and
another profile initiated over snow/bare ice with a differ-
ent brightness and represented by another marker in Fig-
ure 12b, leading to a display of merging altitudes with
the corresponding marker in Figure 13b.

To better account for the influence of the pond shape
complexity on merging altitude, the calculated merging
altitudes are plotted as a function of the ratio between
melt pond area and pond perimeter (A/P). This ratio is
higher for larger, coherent, and symmetric ponds, and
smaller for ponds with complex, curving boundaries, like
the pond observed at the bottom left of the MOSAIC floe
(Figure 12b). While this calculation offers additional
insight into the influence of pond complexity, the albedo
merging altitudes are found to primarily be impacted by
the pond area, with complexity playing a secondary role
(e.g., the convoluted pond shows a lower A/P ratio than
Mystery Lake, but with a similar area. Nonetheless,

merging altitudes for this pond are still in the same range
than Mystery Lake, see Supplemental Figure S6).

Merging altitude is not only found to change with
pond area and perimeter but also with snow/ice surface
brightness. The spread in merging altitude results from
different profiles being initiated over areas with various
brightness, and this feature is represented by the marker
shapes in Figure 13b. This spread is largest for ponds with
large surface areas (>10,000 m?) and smaller for ponds
smaller than 200 m®. In other words, while pond size is
the primary driver of the derived albedo as a function of
height, the surrounding sea ice surface can also play a role
in driving albedo gradients with height. As expected, the
merging altitude is greater for profiles starting over larger
melt ponds.

Figure 14 shows sensor footprint diameters at the
calculated merging altitudes for 16 selected ponds with
DHR set to 10. Note that ponds were manually selected to
span a range of scales on the MOSAIC floe. Most pond
areas are below 4,000 m? and the maximum footprint
remains smaller than circles with 600 m diameter. To
visually represent these footprints, the maximum merging
altitude for each pond is selected and circles with the
corresponding diameters are marked in Figure 14b.
Except for the 4 large ponds present before drainage,
footprints are typically on the order of 300-600 m diam-
eter at the date of the satellite image (July 7, 2020). These
preliminary results should be further completed with
a spatial and temporal statistical analysis for more thor-
ough conclusions.

The above analysis allows us to estimate HELiX flight
altitudes required to have the measured surface albedo be
representative of the broader MOSAIC floe. Below the cal-
culated merging altitude, albedo measurements are
biased by the surface feature directly beneath the sensor.
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This satellite-centric analysis offers a method to estimate
the height and the footprint diameter, at which a repre-
sentative surface albedo can be measured. The analysis
also provides new insight on spatial heterogeneity in
albedo in relation to melt pond coverage and geometry
from a spatial scaling perspective. These results are rele-
vant for evaluating and developing model parameteriza-
tions that represent melt ponds, as well as their linkages
to surface albedo, as satellite-based sensors can provide
much broader coverage than individual UAS can, except
for in cloud-covered regions.

5. Discussions and summary

As part of the MOSAIC expedition, the HELiX UAS was
operated over the central Arctic sea ice during summer
2020. Different flight patterns were conducted, including
horizontal gridded flights (maximum 370 m x 335 m)
and vertical profiles (generally up to 100 m). Most HELiX
flights took place under diffuse light conditions, either
under low clouds or in a layer of fog. From this data set,
surface albedo was calculated from the onboard pyran-
ometers and melt pond fraction was obtained from ortho-
mosaic images generated using the HELiX-collected
photographs. This study provides the following insights
on the temporal and spatial evolution of the MOSAIC ice
floe, complementing other albedo and melt pond fraction
measurements that took place during MOSAIC.

During grid flights, data from the onboard pyran-
ometers captured changes in surface albedo associated
with different surface features. Data collected at different
flight altitudes showed that grid flights below 12 m cap-
tured asymmetric bimodal distributions of albedo, with
maximum values observed over bright surfaces and lower
values representing melt ponds and open ocean. Grid
flights executed at altitudes above 12 m documented
a narrower distribution of albedo and generally only fea-
tured a single mode. Differences in the shape of the dis-
tributions can be explained by the increased blending of
surface features with flight altitude. Therefore, lower alti-
tude grids are better for capturing the full range of indi-
vidual surface albedo values over a given flight area.

These surface albedo results are complemented by sur-
face imagery from the multispectral camera to calculate
melt pond fraction under the HELiX. The method devel-
oped to identify melt ponds from the orthomosaic images
agrees well with similar methods used for satellite images
(e.g., Wright et al., 2021). HELIX flights additionally pro-
vided information about the time evolution of the
MOSAIC floe, capturing drainage events over the FYI on
July 10-13, and extending the information from other
albedo measurements collected as part of MOSAIC, such
as the albedo transect data (Webster et al., 2022) and
satellite images (Wright et al., 2021).

HELIX profile flights contributed to understanding the
impact of altitude on the measurement of albedo. Using
data from the HELiX pyranometers and multispectral cam-
era together with imagery from the SkySat satellite, a rela-
tionship was derived between the dimensions of the
surface features under a given profile and the variation
of albedo with altitude. Larger pond sizes under the center
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of a profile result in a higher albedo merging altitude.
However, the results shown here suggest that most spatial
variability in albedo across the MOSAIC ice floe occurred
on scales less than about 300-600 m. These results should
be considered carefully when comparing albedo measure-
ments across a variety of spatial scales (e.g., satellite vs.
surface-based observations) and should be leveraged for
the planning of future field efforts to document surface
albedo across complex surface types. Satellite images
could be used to further validate existing UAS albedo
measurements, qualifying those that have sufficient
height to be representative. Or, satellite images could be
used in flight planning for new measurements to ensure
they will be taken from representative heights.

Deployment of the HELiX UAS during leg 4 of the
MOSAIC expedition resulted in the collection of valuable
data of surface albedo (Calmer et al., 2021; Hamilton et al.,
2021). Future deployments of the HELiX will benefit from
this experience, and future data sets collected by airborne
platforms will be strengthened from this analysis. Future
work to analyze the HELiX data will include attempts to
calibrate the orthomosaic images to obtain pixel-based
albedo measurements and support the derivation of a full
distribution of surface albedo for orthomosaic imagery.
The HELiX could be redeployed to sea ice and other sur-
faces, extending this work and that of others (e.g., Tschudi
et al., 2007; de Boer et al., 2016; Burkhart et al., 2017).
Observational data collected by low-flying UAS can be
extremely valuable in filling in gaps related to satellite
sensing in cloudy areas and/or reduced variability as
observed by higher flying crewed aircraft. Collocated mea-
surements of albedo, light transmittance, and sea ice mass
balance were completed during MOSAIC (Nicolaus et al.,
2022), and future work is underway to connect these dif-
ferent optical parameters measured during summertime
of 2020 to understand the fate of solar energy. The use of
the HELiX data to assess and improve surface models
supporting weather and climate prediction is envisioned,
and future work is planned in this direction. Interdisciplin-
ary analysis will ultimately help advance understanding of
the ice-ocean albedo feedbacks and improve prediction of
weather and climate in the Arctic region.
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