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The microstructure of the uppermost portions of a melting Arctic sea ice cover has a disproportionately large
influence on how incident sunlight is reflected and absorbed in the ice/ocean system. The surface scattering
layer (SSL) effectively backscatters solar radiation and keeps the surface albedo of melting ice relatively high
compared to ice with the SSL manually removed. Measurements of albedo provide information on how incoming
shortwave radiation is partitioned by the SSL and have been pivotal to improving climate model
parameterizations. However, the relationship between the physical and optical properties of the SSL is still
poorly constrained. Until now, radiative transfer models have been the only way to infer the microstructure of
the SSL. During the MOSAIC expedition of 2019-2020, we took samples and, for the first time, directly
measured the microstructure of the SSL on bare sea ice using X-ray micro-computed tomography. We show
that the SSL has a highly anisotropic, coarse, and porous structure, with a small optical diameter and density
at the surface, increasing with depth. As the melting surface ablates, the SSL regenerates, maintaining some
aspects of its microstructure throughout the melt season. We used the microstructure measurements with
a radiative transfer model to improve our understanding of the relationship between physical properties and
optical properties at 850 nm wavelength. When the microstructure is used as model input, we see a 10-15%
overestimation of the reflectance at 850 nm. This comparison suggests that either a) spatial variability at the
meter scale is important for the two in situ optical measurements and therefore a larger sample size is needed
to represent the microstructure or b) future work should investigate either i) using a ray-tracing approach
instead of explicitly solving the radiative transfer equation or ii) using a more appropriate radiative transfer
model.

Keywords: Sea ice, Albedo, Ice-optics, Surface scattering layer, Radiative transfer model, Micro-computed
tomography

1. Introduction a key driver of sea-ice loss (Perovich and Polashenski, 2012;
The 2019 IPCC special report on the ocean and cryosphere  Poiirtner et al., 2019). However, a lack of process under-
in a changing climate states that sea-ice albedo feedback is  standing makes differentiating between anthropogenic and
natural drivers of summer Arctic sea ice variability a chal-
lenge (Serreze et al., 2016; Ding et al., 2017; Meehl et al.,
2018). We currently understand that the high reflectivity of
sea ice exerts a large cooling influence on the Arctic system
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(Thackeray, 2019). Nevertheless, global climate models have
highly variable representations of the sea-ice albedo feed-
back (Winton, 2006; Flanner et al., 2011; Colman, 2013),
which contributes to uncertainty in climate projections.
These variabilities come from spatial and temporal hetero-
geneity in surface conditions (including sea-ice properties,
snow cover, and albedo; Su et al., 2015). Our understanding
of Arctic sea-ice melt processes needs to advance to
improve projections of sea-ice conditions.

The sea-ice extent at the end of the summer of
2020 was the second lowest in the satellite record
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(Perovich et al., 2020), continuing the trend in the recent
sea-ice decline. A Siberian heat wave in the spring of 2020
initiated an early Arctic sea-ice melt (Meier et al., 2021),
resulting in the melt season lasting more than a month
longer than usual, with July and August 2020 being, on
average, the all-time warmest and wettest months (Rinke
et al., 2021). During the same year, the Multidisciplinary
drifting Observatory for the Study of Arctic Climate
(MOSAIC) expedition was moored alongside an ice floe in
the transpolar drift stream collecting measurements
(Krumpen et al., 2021; Nicolaus et al., 2022). The interdis-
ciplinary approach allowed for the comparison of many
measurement techniques and for experts in various
research fields to work simultaneously on sea ice. This holis-
tic approach allowed novel combinations of instruments to
be installed and used on sea ice to better understand the
influence of changes in the Arctic on sea-ice processes.

In the Arctic, the melt season conditions cause the
highly reflective snow to melt, exposing bare sea ice to
solar radiation. As a result of the absorption of this solar
radiation, a porous, granular, and highly fragile pillared
structure begins to form at the top of the melting sea ice.
Here we refer to this surface structure as the surface scat-
tering layer (SSL). The surface type is known as melting
“bare ice,” “white ice,” or “loose, large ice grain layer” in
the literature (Untersteiner, 1961; Maykut and Unterstei-
ner, 1971; Grenfell and Maykut, 1977; Light et al., 2008;
Malinka et al., 2016; Perovich, 2017; Light et al., 2022;
Smith et al., 2022). Unlike snow, the origin of the SSL is
not atmospheric but melting sea ice. The SSL governs the
optical properties of summer sea ice due to its effective
backscattering of solar radiation, which keeps the surface
albedo relatively high (Maykut and Untersteiner, 1971). As
a result, the SSL plays a vital role in the energy budget of
melting sea ice and determines the surface melt of Arctic
sea ice during summer (Smith et al., 2022). Despite the
importance of the SSL for optical properties, there is no
quantitative description of the evolution of the pore
microstructure during melt (Petrich and Eicken, 2010),
as the microstructure of the SSL has been challenging to
measure in detail.

Measurements of the SSL microstructure previously
relied on transporting the ice sample from its area of
origin to a suitable laboratory to study its properties with-
out structural change. Light et al. (2008) describe the SSL
as an “intricate skeletal structure of fragile ice crystals.”
Because the SSL exhibits such a fragile structure, trans-
porting it without structural change is difficult. Therefore,
due to its high porosity and fragility, the microstructure of
the SSL has not previously been measured in situ. Measur-
ing the SSL in situ has previously been impossible without
implementing an adopted method of casting (Lombardo
et al., 2021).

Prior measurements were focused primarily on thick-
ness and images of the surface. We know that the thick-
ness of the SSL varies spatially between approximately
0.01 and 0.10 m (Light et al., 2008; Perovich, 2017). For
this study, we define the SSL as the surface structure with
densities below 700 kg m~>. This threshold slightly
exceeds the threshold for firn (Britannica, 2014). Due to
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the vertical structural arrangement and increase in den-
sity, using a ruler to penetrate the structure to lower
depths and measure the complete thickness of the SSL
is challenging. Without manually removing the SSL, how-
ever, the SSL thickness is often underestimated (Smith et
al,, 2022). Future work to obtain a better measurement of
the SSL thickness would benefit from using a shovel to
remove the surface layer to the greatest depth that is
physically feasible. Through ice cores, we know that a large
proportion of the volume of Arctic sea ice is composed of
granular and columnar ice. The latter has pore space elon-
gated along the vertical (Eicken, 2003; Huang et al., 2016;
Oggier and Eicken, 2022), which informs our understand-
ing of the surface microstructure during the melt season.
During the melt, a liquid film grows along the grain
boundaries, which then causes more melt in these areas.
This process is nicely visualized in figure 2 in Dash et al.
(2006). The elongated pore space, gravity drainage of sur-
face water, and internal melt along the vertically elon-
gated grain boundaries (Cole and Shapiro, 1998; Freitag
and Eicken, 2003) likely explain the pillared structure of
the SSL.

Below the SSL lies the drained layer (DL). DL thickness
is limited to the difference between the freeboard height
and the SSL thickness. Perovich (2017) notes a DL thick-
ness ranging from 5 to 30 cm. Densities of the DL lie
within the range of densities for the underlying interior
ice (IL), 700-900 kg m>. The only difference between
these two categories (DL and IL) is that the DL depends
on the freeboard height, and the meltwater drains away by
gravity, leaving airspace and higher scattering. As the sur-
face undergoes melt, the SSL is ablated, and the DL under-
goes preferential crystal boundary melt, which causes the
porosity to increase and the DL to transition into the new
SSL. The seasonal evolution of these layers is shown in the
schematic in Figure 1. The porosity of these layers is due
to different internal processes: the SSL has a high porosity
(density range of approximately 0-700 kg m~>) due to
preferential grain boundary melt (Dash et al., 2006); the
DL porosity is due to brine channel drainage and pathways
forming for brine and meltwater (Petrich and Eicken,
2017). Finally, the IL porosity is due to brine channels
within the columnar ice (with IL density of approximately
700-900 kg m ™7, which decreases throughout the sum-
mer; Frantz et al.,, 2019). During melt, wet snow metamor-
phism and surface ablation cause freshwater infiltration
through the SSL and DL pore spaces. We can assume that
shortwave radiation is producing grain boundary melt at
the surface and causing an increase in porosity. However,
because shortwave radiation intensity decreases at lower
levels within the ice structure, another mechanism must
cause the increase in porosity. At these lower levels, the
increased porosity is therefore attributed to brine channel
conditions.

The high light scattering of the SSL is responsible for
the consistently high albedo and relatively low transmit-
tance of bare, melting sea ice (Light et al., 2008; Light et
al., 2015). Surface melt and constant regeneration of the
SSL layer produce a consistently high albedo during the
Arctic summer (Perovich, 2002; Grenfell et al., 2006; Light

€202 Jequiada( | uo Jasn uojbuiysep JO Ausianiun Aq ypd-g0100°2202 BIUBWLIS/ELEG L 2/E0100/L/) | /#Pd-Blo1e/ejuswald/npa ssaidon auljuo//:dyy woly papeojumod



Macfarlane et al: Melting Arctic sea ice albedo

Art. 11(1) page 3 of 21

SW radiation

Surface ablation

FEL

Porosi 3] Ny

y

\L J ) p €ntial grain boundary 1
8 melt

5 . DL transitions
Fresh water infiltration

into SSL “« Porosity due to brine channel drainage DL
Freeboard _) .
IL transitions L
into DL
Porosity due to brine channels
T Bottom melt

At

|
Spring <> Summer

Figure 1. Schematic of the formation of the surface scattering layer (not drawn to scale). This schematic
represents the surface scattering layer (SSL) formation from the beginning of the snowmelt in spring through the
end of summer, with time (At) represented along the x-axis. Wet snow metamorphism and surface ablation cause
freshwater infiltration through the pore spaces of the SSL, drained layer (DL) and interior layer (IL) during the melt.
Once the snow melts and drains away, surface ablation maintains the SSL thickness. The SSL persists because of two
processes: (1) surface ablation due to incoming shortwave (SW) radiation (reducing SSL thickness), and (2) the
transition of IL to DL to SSL (increasing SSL thickness). DL thickness is the freeboard minus SSL thickness. This
schematic shows the changing freeboard due to a reduction in the ice thickness. A thin section of columnar ice taken
on the MOSAIC expedition (bottom) and a microCT SSL microstructure (top) can be seen in the circular insets.

et al., 2021). Therefore, the SSL plays a crucial role in the
energy balance of sea ice during the melt season. Light et
al. (2022), in comparing data from MOSAIC and the Sur-
face Heat Budget of the Arctic Ocean (SHEBA) expedition,
confirmed that “the spectral albedo for bare, melting sea
ice also appears invariant with respect to the ice age
(first-year, second-year, multi-year). We suggest that the
principal reason for this invariance is the ubiquitous
presence of surface scattering layers.” This suggestion
notably excludes sedimented areas. Throughout this
manuscript, albedo represents the integrated hemispher-
ical spectral albedo, and reflectance refers to the reflec-
tivity of an artificially illuminated surface. Measurements
of sea ice albedo and reflectance are most informative
when combined with observations of the physical prop-
erties of the SSL and not simply its thickness, as the
thickness is often underestimated when measured by
a ruler (as previously explained). Light et al. (2022)
advised that observations should include surface type
description, snow and ice thickness, snow grain size and
density, ice freeboard, temperature, and texture.

Until now, measurements of the microstructure of the
SSL have not been made. Radiative transfer models (RTMs)
have been used to infer the microstructure of the ice
surface from optical measurements (Grenfell, 1991; Ehn
et al,, 2008; Light et al., 2008; Light et al., 2015; Malinka
et al., 2016; Perovich, 2017). Inherent optical properties

(IOPs) include those fundamental to modelling the ice
albedo: scattering and absorption coefficients and scatter-
ing phase functions. Previously IOPs of melting sea ice
have been inferred or measured in the laboratory (Grenfell
and Perovich, 1981; Moritz and Light, 2014). Our limited
knowledge of the geometrical structure and impurity con-
tent of the ice and snow means that RTMs are limited by
knowledge of the IOPs (Light et al., 2008).

In this study, we investigated the evolution of the
microstructure and reflectance of the SSL on melting,
level Arctic sea ice. We addressed the questions: What
are the geometrical properties of the SSL? How does the
SSL vary spatially and temporally? What are the optical
properties of the SSL? How does the spatial and temporal
variability affect the optical properties? To answer these
questions, we have made the first microstructural mea-
surements of the SSL for the summer melt season. We
introduced and used a novel instrument that houses
a near-infrared camera (NIRbox) to measure reflectance
under standardized conditions and compared results to
the commonly used analytical spectral device (ASD). We
combined the microstructural information with albedo
and reflectance to test if spatial variability of the surface
structure influences reflectance. By using microstructural
measurements as inputs to a radiative transfer model, we
could directly compare measured and modelled reflec-
tance at 850 nm.
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Figure 2. Methods for in situ measurements of the surface scattering layer. The three instruments used
throughout the summer months of the MOSAIC expedition to document the geometric and optical properties of
the surface scattering layer (SSL): (a) an X-ray micro-computed tomography (microCT) sample measuring the
geometry; (b) a novel, near-infrared instrument (NIRbox) pointing down to image the SSL at 850 nm; and (c) an
analytical spectral device (ASD) taking spectral albedo measurements of the SSL. Scale bars indicate the different
footprints of each instrument (microCT = 5.03 x 103 m?, ASD = approximately 1.77 m? NIRbox = 0.12 m?). Images

from Macfarlane et al. (2022c).

2. Methods

Measurements of SSL density, specific surface area (SSA,
total surface area of a material per unit of mass), spectral
albedo and reflectance at 850 nm (NIRbox; see Section
2.3) were taken during the MOSAIC expedition (Nicolaus
et al., 2022) using techniques applied to the study of
snowpits in winter (Macfarlane et al., 2021). We used the
same suite of measurements for the SSL analysis as used
for the snowpits in winter. This study is focused on the
summer months, but as it represents a continuation of the
winter measurements, we continue to use terminology
such as snowpit. Between June and July 2020 (Leg 4),
there was remnant coarse snow adjacent to the ridges, but
the level ice became snow-free, and only the SSL was
present. For this study, we define the surface of melting
sea ice as the origin (z = 0). All of the measurements in
this study were made within the Central Observatory of
the expedition ice camp, a designated floe area close to
the research vessel Polarstern (Knust, 2017), with a diame-
ter of approximately 1 km and a mixture of level seasonal
and level second-year ice. We focused this study on level
ice and excluded ridged or heavily sedimented areas of the
floe. These heavily sedimented areas were in noticeable
patches with clean areas in between. Areas with impurities
that were not visible were not influencing the absorption
of the wavelength used in this study (850 nm). We chose
the measurement locations on arrival at the floe, set up
undisturbed areas and repeatedly measured the SSL at
snowpit sites (location details in Figure S1). Additional
measurements were made along transects to quantify spa-
tial variability, which was not necessarily represented by
the dedicated undisturbed areas. The frequency of SSL
measurements was weekly or twice a week. The X-ray
micro-computed tomography (microCT) samples (Figure
2a) and the reflectance measurements from the near-

infrared camera (NIRbox; Figure 2b) were collected as
part of the “snowpit” dataset (Macfarlane et al., 2021).
Measurements of spectral albedo using the ASD (optics-
RB/LDL/Eco/Stern; Figure S1) were co-located both along
part of the transects and at individual snowpits within the
undisturbed areas (Smith et al., 2021; Figure 2c). Co-
located samples were taken at the same time. However,
due to the destructive sampling of the microCT, the loca-
tions were not precisely aligned but side by side. Samples
that were not co-located were taken at different times and
areas within the Central Observatory.

2.1. Theory

The backscattering of near-infrared radiation depends on
the SSA of snow and the SSL (Wiscombe and Warren,
1980; Dozier, 1992). At 850-nm wavelength, the micro-
structure of different snowpacks and SSL can be distin-
guished because the absorption of near-infrared
radiation within the ice is higher than that of visible
radiation within the ice (Matzl and Schneebeli, 2006). As
aresult, 850 nm is sensitive to the SSL and the underlying
DL, explaining why it is the optimal wavelength for this
study and previous studies on snow microstructure (Matzl
and Schneebeli, 2006). Impurities at low concentrations
do not influence the reflectance of snow/SSL in the near-
infrared spectrum (Wiscombe and Warren, 1980; Leroux et
al., 1999); therefore, we do not model impurities in this
study. The radiative transfer equation is composed of
scattering and absorption coefficients. We kept the
absorption term constant by focusing on the 850-nm
wavelength. We only varied the scattering term when we
investigated how the geometrical input parameters
influence albedo. These input parameters included the
density, SSA and thickness calculated from each microCT
sample. Using 850-nm albedo as an output allowed for
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Figure 3. A 3-D model reconstruction of the surface scattering layer and corresponding microstructural
profiles. (a) 3-D model reconstruction from a micro-computed tomography sample taken on July 4, 2020, at the
Central Observatory optics-transect-ROV site. (b) Profiles of the corresponding microstructural parameters of density

and specific surface area (SSA).

intercomparison between the measured (ASD and NIRbox)
and modelled reflectance (microCT/TARTES).

2.2. Microstructure measurements

Fifty-four cylindrical SSL samples (Figure 2a) of 55 to 80
mm in diameter and a height of 100 mm were collected
in the field using a hollow drill bit. This method allowed
us to keep the microstructure intact while also sampling
the underlying DL. To account for any microstructural
damage at the edges of the samples, we analyzed
a sub-sample of volume commonly 20 x 20 mm in
width. A sub-sample volume is reconstructed in Figure
3, with more examples provided in Figure S2. The sam-
ples were drained to the irreducible water content during
extraction and transferred to a sample holder. The sam-
ples were immediately transported to a cold laboratory at
—15°C to prevent structural changes to the SSL prior to
measuring it. The SSA was not affected when the sample
was frozen, as any liquid water had percolated out of the
sample. Freezing of the pore water was unlikely due to
the melting state of the sea ice reflected in its large pore
sizes. The average salinities of the samples in July were
0 ppm (Macfarlane et al., 2021), and the average temper-
ature at the time of sample collection in July was 0.3°C
(Macfarlane et al., 2021).

The microstructure of the SSL was measured on-site by
installing a microCT in the cold laboratory onboard the
Polarstern and scanning the samples within 24 h of col-
lection. Micro-computed tomography is a 3-D imaging
technique using X-rays to image cross-sections of an
object and to reconstruct a 3-D model of that object
(Scanco, 2019); in our case, an SSL sample. The —15°C
cold laboratory and an actively ventilated microCT meant
that the temperature inside the microCT was consistently
—12°C during the scan. This consistency was due to the
good ventilation system. The internal temperature of the
microCT was displayed during the scan and checked often.
The samples were scanned, and using this sampling col-
lection method, we could measure the microstructure to
a resolution of 26—42 pm in an approximate 20 x 20 mm
footprint, depending on the sample diameter. Because
a sample maintains its microstructure at —12°C, a second
scan of the same sample would have shown no change.
After scanning the samples and producing the 3-D model
reconstruction, we segmented the voxels of ice and air
within the 3-D structure and used the segmented images
to calculate the geometrical parameters of the SSL. We
used IPL Version 5.42 (Scanco Medical AG) to evaluate
density, SSA, and optical equivalent diameter (dez) using
a triangulation-based estimate from the microCT samples
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(Hildebrand and Riiegsegger, 1997). The term dg is the
diameter of a sphere of equivalent volume to that of the
irregular-shaped ice grains and was calculated as dey= 6/
Pice - SSA, where p;. is the density of ice, and SSA has units
of mm™". These three parameters were chosen, as the
density and SSA or d.q are necessary inputs into RTMs.
SSA and d can be used interchangeably due to their
inverse relationship; for the rest of this manuscript, we
focus on SSA. The amount of reflected and absorbed
visible and near-infrared solar radiation depends strongly
on the SSA, a parameter essential for remote sensing
applications (Gergely et al., 2014). A typical sample is
shown in Figure 3, with additional samples provided
in Figure S2.

2.3. Reflectance measurements at 850 nm

Near-infrared photography is a method of determining
the SSA of snow and the stratigraphy of alpine snowpacks
(Matzl and Schneebeli, 2006). The new NIRbox is a modi-
fication of the method developed by Matzl and Schneebeli
(2006) by artificially illuminating the surface with two
LED lamps at 850-nm wavelength in a lightproof box
(Figure 2b) and using a MAPIR camera (Survey3 N MAPIR
Camera: Near Infrared) to image the snow surface. It is
a low-cost, accurate measurement made at wavelengths
relevant for microstructure. In this study, we used the
NIRbox to measure the surface reflectance at 850 nm,
obtaining 78 surface reflectance images of the SSL. We
placed the lightproof box facing down on the ice surface
so that the camera could capture the surface reflectance of
the lights with no outside influence from incoming radi-
ation, cloud cover, surface inclination or azimuth angle
due to its ease of use. This setup allowed the NIRbox to
be used throughout the expedition during the polar day
and night. For measurements taken during the polar day,
a picture without the illumination of the lights inside the
box was taken before each measurement and used as
a reference to ensure that no external light was entering
the box from the underlying ice or the edges of the box.
The NIRbox images have a footprint of 0.12 m* and a res-
olution of 0.18 mm to capture the macro-scale variability
of the surface microstructure. The TIFF images (Macfarlane
et al., 2022a) were calibrated against targets with reflec-
tances of 95% and 50% inside the box and corrected for
inhomogeneous illumination. The camera was not mono-
chrome and had RGB channels. The red channel was used
for this study, but any RGB channel could have been cho-
sen. The correction was done by dividing the red channel
of the image by the normalized red channel of the refer-
ence plate image. The greyscale of this image was
smoothed with a 2-D Gaussian mask. From the smoothed
image, the target reflectance values of 95% and 50% reflec-
tance were identified. After selecting the targets manually
and identifying the reflective values of the targets of known
reflectance, images were calibrated by multiplying the cor-

rected image by 1 (mmgif;,%) + mm(z‘%,so)) ,where ref95 and

ref50 are the reflectances of the 95% and 50% targets,
respectively. These calibrated images were saved, and the
mean surface reflectance of each NIRbox image (NIRgso)
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was measured by averaging the reflectance of each pixel
within a sub-volume. The sub-volume of these images
excludes the frame and targets. These output images are
an aggregation of the small-scale variability in reflectance
in the images resulting from the microstructure. This study
uses mean surface reflectance only. Figure 4 shows exam-
ples of the NIRbox images of the SSL alongside the histo-
grams of the reflectance values.

Spectral albedo was measured using an Analytical Spec-
tral Device FieldSpec3 spectroradiometer (Smith et al.,
2021; Light et al., 2022). We calculated the albedo using
the incident-to-reflected flux ratio for wavelengths of
350-2500 nm. This study focuses on the 850-nm wave-
length to compare ASD and NIRbox reflectance. ASD
albedo measurements have a footprint of approximately
1.77 m?. The measured reflectance of the ASD at 850 nm
is represented by ASDgso. More details about the ASD
instrument, collection methods and quality control pro-
cess can be found alongside the published dataset (Smith
et al., 2021). By comparing the two methods (NIR and
ASD) we could test the novel NIRbox measurement
device. A time series of the two measurements is shown
in Figure 5a.

2.4. Two-streAm Radiative TransfEr in Snow
(TARTES)

Geometry (SSA, density, and layer thickness) from the
microCT SSL samples (Macfarlane et al., 2022b) were used
as input into the Two-streAm Radiative TransfEr in Snow
model (TARTES 1.0; Libois et al., 2013; Libois et al., 2014).
TARTES is based on the delta-Eddington approximation
(Joseph et al., 1977) and uses measured physical proper-
ties in a multi-layer snowpack to compute the spectral
albedo and irradiance profiles. Instead of a multi-layered
snowpack, we used the layered SSL and the DL, where
each horizontal layer is assumed to have homogeneous
physical characteristics. TARTES was chosen due to its ease
of use and well-documented code. We tested different
layer segmentation of the microCT samples of the SSL to
find the optimal layering. The layering setup ranged from
one layer, three layers of equal thicknesses, weighted three
layers with varying thicknesses, and five layers of equal
thicknesses. Layers were weighted by taking the sum of
the total SSA of the sample and dividing it by the required
layers (for this study, three layers were chosen). This
approach meant that each layer had equal sums of the
SSA, as seen in Equation 1. The number of slices corre-
sponding to a given layer is represented by n in Equations
1 and 2. The number of slices was multiplied by the slice
height (Az) to give the height of each layer (height,; =
rlu-AZ).

713

%. nz SSA, = ni S84 = ni $Sd; =Y S8z (1)
n=1 n=1 n=1

n=1
sample height = ny, - Az
=71 -Az+nL2~Az+nL3 <Az

(2)

This approach of weighting the layers ensured that if
there were higher SSA values at the surface, we would use
a smaller layer to avoid missing the details in the model,
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Figure 4. A selection of NIRbox images with their corresponding histograms. Spatial variability of the sea ice
surface is shown in the near-infrared reflectance range at 850 nm (NIRgs). All images were taken in July 2020 within
the Central Observatory. The date of each image appears in the filename; e.g,, “2020_0713_" is July 13, 2020.
Histograms of the reflectances can be seen to the right of the NIRbox image. NIRgso and o indicate the mean and
standard deviation, respectively, of the reflectance of the area shown in the image (number of pixels = 1700 x 2250).
TIFF images are available in Macfarlane et al. (2022a).
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Figure 5. Time series of reflectance measurements from the analytical spectral device and NIRbox images.

Reflectance measurements at 850 nm from the analytical spectral device (ASDgso) and the NIRbox images (NIRgs)
over the month of July. In (a), a time series of the mean ASD (dark grey line) with one standard deviation is indicated
by the light grey lines plotted alongside the average reflectance of the NIRbox image pixel values. The ASDgsq daily
mean does not show a continuous line, as the spectral albedo was not measured every day. Error bars plotted with the
NIRgso data points are one standard deviation of all the pixels in the NIRbox image. All of these measurements were taken
in the Central Observatory on a mixture of second-year and seasonal ice. The NIRbox and ASD were often measured in the
same location; however, this figure also includes measurements that were not co-located. In (b), the time series of these
NIRbox images for the month of July are grouped by location. Each colour shown in the inset legend indicates a unique
location with lines connecting measurements at the same location. Grey points indicate one-off measurements that are
not part of a time series. In (c), a collection of four NIRbox images is shown from Optics-LDL60, the location in (b)
showing the largest increase in reflectance over the period. The dates in 2020 (and file names) of the images, left to right,
are July 6 (2020_0706_134819_058.TIFF), July 13 (2020_0713_131206_016.TIFF), July 21 (2020_0721_
140144_094.TIFF) and July 24 (2020_0724_091952_054TIFF). These TIFF images are available in Macfarlane et al.
(2022a).

and the vertical distribution of the observed SSA would
be better represented. By testing multiple layers, we
found that one layer produces a higher albedo than
a weighted three-layer. A five-layered approach with
equal layer thickness and a weighted three-layer
approach had the same albedo values. For the remainder
of this study, the weighted three-layer approach was
used, as less computational power is needed to model
fewer layers.

The DL is located beneath the SSL. Some samples
included some underlying DL due to the drilling

collection method. A density of 700 kg m~ was applied
to the samples as the cut-off between the SSL and the DL
to account for the inconsistent inclusion of the DL in the
samples. An artificial layer representing the DL was
added beneath the model SSL layers. Details of this layer
are given below. Although the SSL and DL are described
and modelled as distinct layers in this study, the transi-
tion is likely gradual in reality, as mentioned by Smith
et al. (2022). This transition could be better represented
in a different model setup, as explained in the discussion.
Different thicknesses of the DL were tested in the model
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at the start of this study. However, thicknesses beyond
300 mm had no influence on the output spectral albedo
due to negligible transmission at 850 nm due to reflec-
tion at the surface and absorption in the DL. Therefore,
the artificial DL layer in this study was 300 mm thick (to
account for an approximate DL thickness relating to the
freeboard of 2-m thick ice) and had an SSA of 0.1 m? kg™
and a density of 700 kg m—>3. TARTESgs, represents the
TARTES 850 nm output with a weighted three-layered
microstructural input, an underlying artificial DL, and
a subsurface albedo of 0.1. In the model, this subsurface
is called “soil albedo.”

An overestimation of radiative transfer models was also
found by Dadic et al. (2013) when using RTMs in Antarctic
blue ice areas. The bias increased with increasing SSA. The
possible reasons were summarised, and the asymmetry
factor g in the model was found to be the most plausible
answer (Dadic et al., 2013). Throughout this study, we used
a spherical shape with an asymmetric factor, g = 0.895,
and an absorption enhancement parameter, B = 1.25.
These parameters are explained further in Libois et al.
(2014). We conducted a test to understand the influence
of changing the asymmetry factor on the TARTES model
output. The input layers for this test were simply a three-
layered input, where layer one was the average of all SSL
profiles of 0-20 mm (0.02 m, 332 kg m 3, 4.08 m? kg '),
layer two was the average of all profiles above 20 mm
(0.05 m, 578 kg m~>, 2.09 m* kg~ '), and the third layer
was the modelled DL (1 m, 700 kg m 3, 0.1 m* kg~ ") used
earlier in this study.

3. Results

3.1. SSL microstructure

MicroCT microstructural measurements taken from the
end of June through July within the MOSAIC Central
Observatory were used to understand the properties of
the SSL. The stable oxygen isotope signal of the SSL on
level ice and excluding ridged areas in July 2022 was —7.3
%o + 6.4 %o (one standard deviation, o; Macfarlane et al.,
2022d), indicating that we were measuring the SSL during
this period and excluding melting snow. The average sta-
ble oxygen isotope signal for the SSL had a more negative
value than ocean water. This result was expected, as we
were measuring some second-year ice with possible re-
frozen melted snow from the previous winter. The average
winter snowpack had an average of —18.5 %o £ 9.6 %o
(o). We were, therefore, outside one deviation of the iso-
topic signal of snow. A typical SSL structure can be seen in
Figure 3. We took this SSL sample on July 4, 2020, at
the optics-transect-ROV site (location can be seen in
Figure S1). The SSA is highest at the surface and decreases
with depth. The pillar-looking structures are visible in
Figure 3 (more sample cross-sections and density profiles
can be seen in Figure S2).

Common patterns can be seen in the SSL microstruc-
ture. Figure 6 shows all microCT SSL profiles plotted for
density, SSA and optically equivalent diameter (dez). All
profiles have a low (high) density and d.s (SSA) at the
surface, which increases (decreases) with depth. After
a gradual density increase in the top 20 mm, the density
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is highly variable between samples; in the lower depths, it
varies between 300 and 700 kg m~. This pattern and
variability are also seen when we plotted the depth where
the density threshold (700 kg m ) was reached (left scat-
ter plot in Figure 6). This scatter plot shows variability in
the thickness of the samples ranging from 20 mm to 100
mm before the threshold is reached. The top 0-20 mm
has a density of 332 + 84 kg m? (o, n = 51). After 20
mm, the gradient of the density profile appears to reduce
to an average density of 579 + 109 kg m 3 (o, n = 51),
which is the upper limit of the density of snow (Muskett,
2012). The SSA (middle) plot in Figure 6 also shows high
variability at the surface, with an average SSA at 0-20 mm
of 408 + 1.18 m* kg~ ' (5, n = 51) and a reduction of the
gradient below 20 mm, where the average SSA is 2.09 +
0.68 m* kg™ ' (5, n = 51).

The microstructure (density, SSA, depth) of the SSL,
determined from microCT samples, appeared to show no
change over the time period of sample collection (Figure
7).To test this, the full sample was split into three layers to
better understand the consistent structure over the time
period; these layers were later used for the TARTES model
input. Figure 7 shows that layer one has highly variable
SSA and density, but their averages do not change over
time. Values of the gradients of the layer two trendlines
(provided in Figure 7) indicate that the depth of this layer
increases by 0.16 mm per day, the density increases by 2
kg m~3 per day, and the SSA decreases by 0.008 m* kg~'
per day. A unit root test was conducted to determine if the
time series variable is non-stationary and possesses a unit
root. This test, called the Augmented Dickey-Fuller (ADF)
test (Mushtaqg, 2011), was performed on the dataset to
determine how strongly the time series is defined by the
trend. The null hypothesis is that this dataset is not sta-
tionary. The results of this test include the following ADF
statistic for the layer two time series: —5.28 (depth),
—5.17 (density), —4.45 (SSA), with corresponding p-
values of 0.000006 (depth), 0.00001 (density), 0.0002
(SSA). The critical values for layer two at 1% are —3.58
(depth), —3.58 (density), and —3.58 (SSA). The more neg-
ative the ADF statistic, the more likely to reject the null
hypothesis. For all three parameter time series, the ADF
statistic is less than the value at 1%. This result suggests
rejection of the null hypothesis with a significance level
of less than 1% (i.e., a low probability that the result is
a statistical fluke). Rejecting the null hypothesis means
that the process has no unit root, and in turn, all three
time series are stationary and do not have a time-
dependent structure. This lack of temporal variability can
be seen in the low gradients of the trendlines (Figure 7).
To conclude, we can confidently state that the micro-
structure shows no temporal change.

3.2. SSL reflectance

Figure 4 shows examples of NIRbox images of 0.12 m*
areas, taken in July 202, alongside histograms of the SSL
surface reflectance. The mean NIRgso and one standard
deviation (o) are displayed in the histograms. These
images have been corrected for inhomogeneous illumina-
tion and calibrated against the targets, as described in the
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Figure 6. Profiles from all surface micro-computed tomography samples of melting summer sea ice. Profiles of
density, specific surface area (SSA) and optically equivalent diameter (d,g) for individual micro-computed tomography
samples of the surface scattering layer (SSL) taken in June and July are plotted in grey. The average profile (red line)
and the 25" and 75™ percentiles (red-shaded areas) are displayed for each parameter. A cut-off density threshold of
700 kg m > was applied to account for inconsistent sampling of the underlying drained layer. The depths of the SSL
after applying this threshold are plotted as black circles in the panel on the left.

methods section. The images can be used to visualize the
spatial distribution of the SSL on level ice within the CO
and to give an indication of the spatial variability within
the NIRbox footprint. However, for this study, the means
of images are used later to compare to the ASD. In the
figure, the images with darker spots caused by drainage
channels within the ice can be seen to lower the average
mean reflectance and increase the standard deviation.
The reflectance of the ice surface shows no temporal
change over the time period shown in Figure 5a, which
compares the daily mean and one standard deviation of all
ASD spectral albedo (ASDgsg), and NIRbox measurements
of the SSL at 850 nm (NIRgsg) in July 2020. The error bars
plotted with the NIRgsq data points (one standard devia-
tion of all the pixels in the NIRbox image) allow for a quan-
tification of the spatial variability within the image. The
NIRgso mean over this time period of 0.60 + 0.04 (o) is
comparable to the ASD850 mean of 0.63 + 0.09 (o). The
reflectance of the NIRbox images increases by 0.008 per
day. As for Figure 7, the ADF unit root test was performed
on this dataset to determine how strongly the time series

is defined by the trend. The results for this test include the
ADF statistic of —3.69, with a p-value of 0.004, and the
critical value at 1% of —3.47. Because the ADF statistic is
less than the value at 1%, we can reject the null hypoth-
esis with a significance level of less than 1% (i.e.,, a low
probability that the result is a statistical fluke) and con-
clude that the time series does not have a time-dependent
structure.

Having returned to the same locations for measure-
ments with the NIRbox allowed us to determine if there
were any temporal changes in the NIRgs values for SSL
reflectance. Figure 5b shows the same data as in Figure
5a but the data are grouped by location. The majority of
locations showed no change during July 2020. However,
the location designated Optics-LDL60 showed an increase
in reflectance from 0.46 to 0.64 within 15 days. This
increase could be due to drainage of surface water,
although wetness was not measured in this study, or to
changes in the microstructure.

Figure 8 displays this increase in reflectance in more
detail. The NIRbox images in Figure 8a are co-located
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Figure 7.Time series of parameters for surface scattering layer samples. Individual micro-computed tomography
samples of the surface scattering layer (SSL) were collected in the field. Once the profiles of density and specific
surface area (SSA) were obtained for each sample, the sample profiles were separated into three weighted layers, as
described in the methods section. For each layer, (a) depth, (b) density and (c) SSA are plotted against the time the
samples were collected. The lines of best fit are given for layer 2 in each panel. Gradients of these best-fit lines are
indicated in the inset legends. The surface of melting sea ice is defined as the origin (z = 0). Due to low density and
high SSA at the surface of the SSL samples, the y-axis is inverted in (b) to better visualize the properties of the three

layers.

with the microCT samples shown in Figure 8c, where the
images appear to become more pillared over time. The
SSA and density profiles shown in Figure 8b are almost
identical for each sample, implying that simple density
and SSA profiles are not documenting the visually chang-
ing microstructure seen in Figure 8c. Figure 8d is dis-
cussed at the end of the results section.

The correlation between the microstructure and the
reflectivity at 850 nm is visualized in Figure 9a and b.
The relationship between the average SSA (Figure 9a) and
SSA multiplied by density (Figure 9b) of different layers
of the microCT sample and the co-located NIRgs, measure-
ment was plotted. The r? value for each layer was calcu-
lated to identify the layers of higher interest, i.e., those
with the higher r* values and the top 0-20 mm with a very
low r* value.

Figure 10a shows probability density functions (PDFs)
of the complete datasets of NIRgsg, ASDgso and TARTESgsq
and for the co-located samples only (Figure 10b). The
“NIRgso All" has a mode of 0.596, comparable to the
“ASDgso All” mode at 0.597. This close similarity indicates
that the NIRbox is a reliable instrument to measure reflec-
tance at 850 nm and can be used to better understand the
spatial and temporal variability of sea ice. The “TARTESgsq
All" mode is 0.69, which is the first indication of the
overestimation of the RTM model. An Anderson-Darling
normality test was conducted to determine if the data

samples had a Gaussian distribution. The NIRgso and
ASDgsq co-located data samples were Gaussian at the 1-
15% level. The TARTESgso co-located data samples were
Gaussian at the 1-5% level. The range of each dataset is
0.71 for “ASDgsq All,” 0.16 for “NIRgso All,” and 0.27 for
“TARTESgso All.” The spread of values in the “ASDgsq All”
dataset could be due to a wrongly classified surface (we
tried to analyze only ASD measurements indicated as SSL
samples, but misclassifications may have been likely) or
external influences on the spectral albedo, such as
changes in azimuth angle or influence from adjacent sur-
faces (e.g., neighbouring melt ponds). Working through
each ASD measurement and its corresponding overview
image would have helped to understand these lower
values; however, that objective was not the focus of this
study. Our focus here is on the co-located datasets (Fig-
ures 10b and 11).

Figure 11 compares all co-located samples of NIRgso
and ASDgso against TARTESgso. The overestimation of
TARTESgs, values is apparent, with all the points lying
below the 1:1 line. The difference in albedo values of the
co-located ASDgso (mean = 0.58; o = 0.003, n = 7),
NIRgs0 (mean = 0.60; 6* = 0.002, n = 7) and TARTESgs,
datasets (mean = 0.66; 6* = 0.004, n = 4) was not sig-
nificant for ASDgsoNIRgs (t (16) = 0.5; p > 0.05). How-
ever, it was significant for NIRgso TARTESgso (t (32) =
0.001; p < 0.05) and ASDgso TARTESgso (t (24) = 0.003;
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Figure 8. Changes in the microstructure and their influence on the reflectance at 850 nm. This figure is to aid in
visualizing the influence of microstructure on the NIRgs, reflectance at the sampling location designated optics-LDL
(see Figure 5b). The panels show: (a) the first three NIRbox images (as shown in Figure 5c) taken on the 2020 dates
(and file names) of July 6 (2020_0706_134819_058TIFF), July 13 (2020_0713_131206_016.TIFF), and July 21 (2020_
0721_140144_094.TIFF); (b) the almost identical co-located density and specific surface area (SSA) profiles of the three
microcomputer tomograph (microCT) samples; (c) visualization of the three microCT samples; and (d) comparison of the
three types of reflectance measurements, TARTESgso from the microCT samples, NIRgso from the NIRbox images, and
ASDgsq from the analytical spectral device at 850 nm.
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Figure 9. The relationship between specific surface area and reflectance at 850 nm by layer. Having acquired
co-located NIRbox images and micro-computed tomography (microCT) samples allowed us to compare the
microstructural parameters of the surface scattering layer (SSL) to the reflectance of the SSL at 850 nm. The
microCT samples were divided into 10 to 50 mm layers and tested for the highest r* value in relation to the
corresponding NIRgso value; the layers of higher interest are plotted here. In (a), the average specific surface area
(SSA) of the layers is plotted against co-located NIRgs, values, with layer depth and r? value provided in the inset
legend. The maximum SSA (max SSA) measured for the sample was often at the surface. In (b), the same samples are
shown as in (a), but the SSA and density have been multiplied to show the combined relationship of these two
parameters with the reflectance at 850 nm.
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Figure 10. Probability density functions of the three methods used to determine reflectance at 850 nm. This
figure compares colour-coded datasets from the three methods used to determine reflectance at 850 nm: near-
infrared imaging from the NIRbox (NIRgso), data from the analytical spectral device (ASDgs), and micro-computed
tomography data input to a radiative transfer model (TARTESgso.). In (a), all measurements throughout July and the
beginning of August are shown for ASDgso, NIRgso and TARTESgse. In (b), only co-located measurements are shown
when the three instruments were deployed simultaneously in the same place.
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Figure 11. Co-located measurements from the three methods used to determine reflectance at 850 nm. This
figure shows the reflectance at 850 nm, calculated from the micro-computed tomography data input to a radiative
transfer model (TARTESgso), compared to measurements of reflectivity by near-infrared imaging from the NIRbox
(NIRgs0) and by the analytical spectral device (ASDgsg). It uses the same data as the co-located measurements in
Figure 10b. The NIRgsq error bars represent one standard deviation of the NIRbox image pixel values. The dark grey

line denotes the 1:1 line.
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Figure 12. A test of the influence of the asymmetry factor on the modelled output albedo. This figure shows the
results of a test of the influence of different asymmetric factors (g) and absorption enhancement parameters (B) on
output from the radiative transfer model (TARTES) with data input from micro-computed tomography. The different
shapes in the inset legend represent different combinations of g and B. A two-layer surface scattering layer structure
and a drained layer were inputs for this test. The density and specific surface area were taken from the average of all
profiles in this study (see more information in the methods section). For this study, the 850 nm wavelength is of

interest.

p < 0.05). 6* represents variance, t (16) represents the t-
test (assuming unequal variances) value with 16 degrees of
freedom, and 0.05 is the significance level. If the p-value is
less than the significance level, the hypothesis that the
two means of the two datasets are equal can be rejected.

Returning to Figure 8, which shows three different
visits to one snowpit site. The overestimation of the
TARTES/microCT approach with respect to the NIRbox
image and the ASD can be seen (Figure 8d). The
TARTESgsq values show an increasing trend similar to the
NIRgso values. However, for the three snowpit site visits,
TARTES overestimates by 0.20, 0.16 and 0.08, respectively.
The TARTESgso value does not lie within one standard
deviation of the NIR values (indicated by the black error
bars in Figure 8d).

The TARTES overestimation is significant, as seen in the
p-test values (given above). A test was conducted to under-
stand the influence of changing the asymmetry factor on
the TARTES model output. Figure 12 shows the output of
this test at different wavelengths. At 850 nm, the resulting
albedo was 0.783 for a cube (g = 0.77, B = 1.56) and 0.696
for a sphere. Therefore, the results would increase in albedo
if a different asymmetry factor was used, indicating that
another factor within the model causes the overestimation.

4. Discussion
Previous studies on the reflective properties of the melting
sea ice surface did not include the influence of SSL

geometry on the albedo due to a lack of measurements.
This study is the first to measure the micro- and macro-
structure of the SSL and establish the link between the SSL
microstructure and reflectance at 850 nm. In the microCT
measurements, we observed a coarse and porous structure
with a small SSA at the surface that increases with depth.
Figure 6 shows that density was highly variable between
all samples and at the surface of the SSA profiles in the
top layer, where it ranged between 5 and 10 m? kg™ ". In
the lower layers, the SSA profiles are more consistent
between samples. In the surface layer (layer one), SSA was
highly variable, with a thickness varying around 10-20
mm. However, due to the low density of layer one, its
influence on the optical properties is minimal, as light
can penetrate deeper layers.

Unlike wet snow metamorphism, which coarsens with
age (Raymond and Tusima, 1979), the SSL did not coarsen,
maintaining its density and SSA in the lower layers
throughout the melt season. This lack of coarsening and
consistency in the density and SSA is due to the different
processes. In contrast to coarsening and porosity reduction
when snow undergoes melt, the SSL acts in the opposite
direction: the porosity increases as it goes from a solid ice
structure to a porous SSL. As a result of surface ablation and
the DL becoming more porous as it melts preferentially at
the grain boundaries, the SSL regenerates and maintains
a consistent microstructural profile throughout the melt
season. In the time series in Figure 7, the gradient of the
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density and SSA line of best fit for layer two does not vary
temporally over the study period. As mentioned in the
introduction, the sea ice extent at the end of summer
2020 was the second lowest in the satellite record (Per-
ovich et al., 2020), and the melt season lasted more than
a month longer than usual (Rinke et al., 2021). In this
study, we found that the SSL remained constant over
time. Therefore, a longer melt season does not influence
the SSL microstructure. We can conclude that this study
represents the typical optical and microstructural prop-
erties of the surface scattering layer in the high Arctic on
first and second-year level ice.

Figure 4 shows examples of NIRgsy from NIRbox
images which, when compared against ASDgs, in Figure 5,
remained within one standard deviation of the ASDgsq
daily mean. This close correspondence indicates that the
new NIRbox measurement technique can accurately mea-
sure surface reflectance at 850 nm. This novel method is
not influenced by incoming radiation, cloud cover, surface
inclination or azimuth angle, which may influence the
ASD measurements. Reference images taken prior to each
measurement show no influence from external light.

After confirming that the NIRbox is a reliable instru-
ment to assess the albedo of the ice surface at 850 nm, we
used the NIRgsq values to investigate the spatial and tem-
poral variability of the SSL reflectance at 850 nm. Figure 4
shows the large spatial variability in the month of July. The
NIRgso values show a minimum of 0.46 and a maximum
of 0.675. At this wavelength, the spatial variability in the
optical properties could be a result of the microstructure.
We are aware that the microstructure of the SSL plays
a significant role in the optical properties and reflectance
of the surface (Light et al., 2008). In the rest of this study,
we tried to understand how the microstructure influences
optical properties through investigations of co-located
measurements and radiative transfer modelling.

Most locations had little to no change in reflectivity
over the period examined. However, one location showed
a consistent increase in reflectivity. Figure 5 shows a time
series grouped by location, with the NIRbox images at this
specific location (opticsLDL) showing a consistent increase
in reflectivity (Figure 5c). Figure 8 provides more mea-
surement detail at opticsLDL: the microstructure is
observed to change visually and become more pillared,
but the density and SSA profiles remain largely unchanged
(Figure 8c). These results imply that another optical anal-
ysis is needed, not based on the density and SSA of
spheres used in TARTES. The microstructure in the third
image in Figure 8c is likely to have more internal scatter-
ing compared to the first two microstructures. In an
attempt to understand the influence of the microstruc-
tural properties on the reflectance values and to see if
a specific depth range influences the overall reflectance,
we conducted a layered study on all the co-located sam-
ples, visualized in Figure 9. The results show a low corre-
lation of the average SSA of the upper layers (0—20 mm) of
the microCT sample to the NIRgso values and a higher
correlation to the lower layers (10-30 mm, with the high-
est r* value of 0.31). They imply that lower layers affect
overall reflectance more than surface layers, but the low r*
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values of all trends in Figure 9 mean that all layers have
an important effect. The low density and pillared structure
combined with an r? value of 0.09 at the surface indicates
that the underlying layer of the SSL below 20 mm is more
relevant for the reflectance.

Aware that the microstructure is influencing the reflec-
tance at 850 nm, we then assessed directly, by introducing
an RTM (TARTES), how the models represent these
changes in microstructure and the influence on the opti-
cal properties. By comparing the three measurement
approaches, we searched for any discrepancies between
them. The probability density functions in Figure 10
introduce TARTES and compare the reflectance of the SSL
on level ice for NIRgsp, ASDgso and TARTESgs. Figure 10a
compares the reflectance for all measurements on Leg 4.
Figure 10b shows the co-located measurements, repre-
senting the same dataset as Figure 11. The comparable
mean values of the NIRgso and ASDgsq are another indi-
cation that the NIRbox is a reliable instrument to assess
the albedo of the ice surface at 850 nm. We conclude that
the NIRbox is an excellent way to get information that can
be used to determine the SSA of the SSL. However, the t-
test results show significant differences in the mean of the
TARTESgso dataset compared to ASDgso and NIRgso. We
find that using the microstructure (density, SSA and layer
thickness) as an input into the TARTES RTM produces
a 10-15% overestimation of the reflectance at 850 nm.
This overestimation was not due to the asymmetry factor,
as tested in Figure 11, as changing this factor increased
the output and did not explain the overestimation. Alter-
native reasons for the overestimation could be:

a) The footprints differ between the three measure-
ment techniques (microCT = 5.03 x 10~* m? ASD
approximately 1.77 m? and NIRbox = 0.12 m?).
The NIRbox and the ASD include more spatial var-
iability in the measurements. As seen in Figure 4,
there are darker patches that increase the standard
deviation of the NIRgso pixel values. The microCT
sample size may be too small to capture the meter
scale spatial variability, and these darker patches
would not be sampled. However, this scaling prob-
lem would not influence all co-located measure-
ment points, as many NIRgso images did not
include the dark patches seen in Figure 4. The
different footprints between techniques are thus
likely to explain a few of the underestimated
values but not the general underestimation of the
TARTES model.

b) In TARTES, we are averaging the extremely intri-
cate and complex aspects of microstructure. The
NIRgso image and the microCT-image clearly show
vertical air gaps with a width of many wavelengths
and depth of several millimeters to centimeters
(Figure 3). Such a geometry resembles a scaled-
down vegetation canopy structure (Shabanov and
Gastellu-Etchegorry, 2018). The low density and
pillared structure at the surface before averaging
into layers means that the underlying layer two is
more relevant for the reflectance. However, when
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we average this structure into layers, we increase
the density, decrease the SSA at the very surface in
layer one and produce an artificial grain size in
a homogeneous layer. This averaging may thus
result in an overestimation of the reflectance as
less radiation penetrates to the lower depths of
the SSL, compared to a pillared structure with a low
density at the surface and vertical air gaps. We
suggest that this structure is too complex to aver-
age into layers. An RTM assuming horizontally
homogeneous layers, as used in this study, cannot
account for the pillared microstructure and is not
appropriate for this type of structure. This micro-
structure complexity is also visible in Figure 8,
where the microstructure changes visibly, but the
density and SSA profiles remain the same, indicat-
ing that a different analysis is needed. Future work
could benefit from using either a ray tracing
approach, instead of explicitly solving the RT equa-
tion, or a more appropriate RTM, possibly based on
a stochastic Beer-Lambert-Bouguer law commonly
used for vegetation canopy structures (as repre-
sented in figure 3 of Shabanov and Gastellu-
Etchegorry, 2018) to better represent the intricate
structures on melting sea ice.

The physical and optical properties of the melting sea
ice surface are influenced by preferential melt at the grain
boundaries. We observed a large spatial variability in the
microstructure of the sea ice surface, with different sur-
face types both in the field and in our measurements. The
SSL is just one of many categories of surface structures
appearing on melting sea ice. We found that spatial vari-
ability of the microstructure of the sea ice surface is high
when ice has different histories or freezing processes,
which leads to an array of surface melt patterns and struc-
tures caused by the ice having different grain boundaries.
These different surface types provide an extensive range of
reflectance values. In previous studies, the surface of sea
ice was categorized as ponded or bare ice/SSL. We support
the idea that the spatial variability of sea ice needs to be
incorporated when modelling the microstructure and
reflectance of the sea ice surface. We propose that ice
surface history, expressed in the macrostructure, is a key
parameter to understanding the microstructural spatial
variability of the ice. However, macrostructure was not the
focus of this study, and we used only level ice with no
previous ridging, ponding or freezing history that would
have created different grain boundaries. We focused on
level ice with a homogeneous SSL. A future study, beyond
the scope of this one, could profitably investigate the
influence of freeboard on microstructure and reflectance.

5. Conclusion

For the first time, this paper shows measurements of the
SSL microstructure and its relation to optical properties in
the near-infrared wavelength of 850 nm. By co-locating
microstructural measurements with reflectance measure-
ments, we could better understand the SSL temporal and
spatial variability. The findings are as follows:

Macfarlane et al: Melting Arctic sea ice albedo

1. The average SSL profile consisted of a vertical pil-

lared structure with a high average SSA of 4.08 +
1.18 m* kg ! (o) and a low density of 332 + 84 kg
m > (o) at the surface. We observed consistent pat-
terns in the microstructure profile across spatial and
temporal sampling. Most of the variability was
focused in the top 0-20 mm (Figure 2). This vari-
ability in the microstructure introduced spatial var-
iability in the optical properties of the melting sea
ice.

. Unlike snow, where wet snow metamorphism

causes a coarsening of grains and albedo decreases
with age, the SSL regenerated and maintained its
microstructure over the season. The SSL low density
and pillared structure observed at the surface mean
that the underlying layer below 20 mm is more
relevant for reflectance. The microstructure below
20 mm was consistent through the melt season,
and, at most locations, no temporal variability was
observed in the optical properties of the SSL. We
obtained a distribution of melting sea ice reflec-
tance and concluded that temporal evolution was
small. We do not have a multimodal distribution (in
Figure 10) that would have resulted from different
ice ages or changes in the freeboard. The influence
of these parameters was smaller than the standard
deviation of all samples and within the limits of the
observed distribution. The melt rate may have var-
ied, but the SSL always regenerated in the same
manner. Future large-scale changes in the surface
reflectance of the sea ice cannot be ascribed to
a changing SSL. Therefore, future work could bene-
fit from a focus on the melt pond fraction, ridges
and changes in melt pond optical properties.

3. The new NIRbox method was shown to be a low-

cost, easy-to-use method for measuring reflectance
at wavelengths sensitive to snow and SSL micro-
structure. In this study, the NIRbox was used to
measure the surface reflectance at 850 nm without
any influence from incoming radiation (as shown
through the reference images taken at each event),
cloud cover, surface inclination or azimuth angle.
The NIRbox contributes considerable knowledge to
research on the surface reflectance of sea ice and
can be used to answer critical questions on the var-
iability of albedo.

. For the first time, we calculated albedo using

microCT-derived SSA, thickness, and density in the
TARTES model. We observed a 10-15% overestima-
tion when using this approach. Reasons for the
overestimation could include: a) insufficient sample
size to represent the microstructure, as spatial var-
iability at the meter scale is important for the two in
situ optical measurements, or b) insufficient model
representation in TARTES (which uses the Mie solu-
tion to Maxwell's equation). TARTES does not con-
sider anisotropy and estimates the structure as
spheres in discrete layers. We calculated geometrical
anisotropy for the samples, but this parameter is
not useful when calculating optical properties. Full
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structural anisotropy and star volume would be
interesting geometrical measures to make in
a future study. Future work could benefit from
using either a ray tracing approach instead of explic-
itly solving the RT equation or a more appropriate
RTM. This RTM could be based on a stochastic Beer-
Lambert-Bouguer law, which considers anisotropy
and is commonly used for vegetation canopy struc-
tures (as represented in figure 3 in Shabanov and
Gastellu-Etchegorry, 2018), to better represent the
intricate structures on melting sea ice.
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