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Radiation transmitted through sea ice and snow has an important impact on the energy
partitioning at the atmosphere-ice-ocean interface. Snow depth and ice thickness are
crucial in determining its temporal and spatial variations. Under-ice surveys using
autonomous robotic vehicles to measure transmitted radiation often lack coincident
snow depth and ice thickness measurements so that direct relationships cannot be
investigated. Snow and ice imprint distinct features on the spectral shape of transmitted
radiation. Here, we use those features to retrieve snow depth. Transmitted radiance was
measured underneath landfast level first-year ice using a remotely operated vehicle in the
Lincoln Sea in spring 2018. Colocated measurements of snow depth and ice thickness
were acquired. Constant ice thickness, clear water conditions, and low in-ice biomass
allowed us to separate the spectral features of snow. We successfully retrieved snow
depth using two inverse methods based on under-ice optical spectra with 1) normalized
difference indices and 2) an idealized two-layer radiative transfer model including spectral
snow and sea ice extinction coefficients. The retrieved extinction coefficients were in
agreement with previous studies. We then applied the methods to continuous time series
of transmittance and snow depth from the landfast first-year ice and from drifting, melt-
pond covered multiyear ice in the Central Arctic in autumn 2018. Both methods allow snow
depth retrieval accuracies of approximately 5cm. Our results show that atmospheric
variations and absolute light levels have an influence on the snow depth retrieval.

Keywords: snow depth, retrieval, sea ice, under-ice optics, remotely operated vehicle

1. INTRODUCTION

The Arctic sea ice is undergoing rapid and tremendous changes during the last decades (Meredith
et al, 2019). The extent of sea ice is shrinking (Serreze et al., 2007; Stroeve et al., 2012). Old thick
multiyear ice (MYI) is replaced by younger (e.g., Maslanik et al., 2007; Stroeve and Notz, 2018) and
thinner first-year ice (FYI) (Haas et al., 2008; Kwok and Rothrock, 2009). Those changes are mainly
driven by atmospheric (e.g., Graversen et al., 2008) and ocean warming (e.g., Steele et al., 2010). As
the sea-ice cover shrinks, less area is available where snow can deposit. Due to its high reflectivity,
snow plays a key role in the energy balance of the sea ice (Webster et al., 2018). It determines the
amount of radiation transmitted through sea ice (e.g., Perovich, 2007; Nicolaus et al., 2013), and has a
strong effect on the surface albedo (e.g., Perovich and Polashenski, 2012). Delays in sea-ice formation
due to a prolonged melt season (e.g., Markus et al., 2009) reduce early snow accumulation. To further
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investigate and understand the solar partitioning and with that
assess and monitor the changes in the Arctic sea ice, relationships
between the under-ice solar radiation and snow depth must be
established.

Under-ice radiation can be measured using remotely operated
vehicles (ROVs, e.g., Nicolaus et al., 2012; Katlein et al., 2015;
Arndt et al., 2017; Meiners et al., 2017; Katlein et al., 2019; Lange
et al,, 2019), towed platforms (Castellani et al, 2020), and
autonomous underwater vehicles (AUVs, eg., Wulff et al,
2016). Using such platforms minimizes the destruction of the
sea-ice surface while measuring. Hardly or not at all accessible,
undersampled, and heterogeneous ice-covered areas such as very
thin, newly formed ice, and open and refreezing leads can be
accessed and studied on large scales and in a reasonably short
operation time. Time series of under-ice radiation at local fixed
points and coincident snow depth and ice thickness can be
collected by autonomous measuring system drifting with the
sea ice (Richter-Menge et al., 2006; Nicolaus et al., 2010a;
Nicolaus et al., 2021). However, for many ROVs and AUVs
surveys coincident snow depth measurements are not available,
especially when the vehicles are far away from their
deployment site.

Solar radiation penetrating through sea ice is scattered or
absorbed (Perovich, 1996). This attenuation depends strongly on
snow, sea ice, water, and in-ice and water biomass and their
physical properties (e.g., Smith and Baker, 1981; Arrigo et al,
1991; Katlein et al., 2015; Mundy et al., 2015). Those properties
determine the magnitude and the spectral shape of the under-ice
radiation and leave distinct features in the spectra at specific
wavelengths (e.g., Mundy et al., 2007; McDonald et al., 2017).
These distinct features can be used to retrieve snow and ice
properties from under-ice radiation.

Normalized difference indices (NDIs) describe the spectral
shape of under-ice radiation and can be correlated with the
properties of snow, ice, water, and biomass. They have been
successfully used to retrieve chlorophyll a concentration in the
Arctic (Mundy et al., 2007; Campbell et al., 2014; Lange et al.,
2016; Castellani et al., 2020) and Antarctic (Melbourne-Thomas
et al.,, 2015; Meiners et al., 2017; Wongpan et al., 2018; Castellani
et al., 2020; Cimoli et al., 2020). Relationships between the NDIs
and snow depth have been established to investigate the potential
to retrieve snow depth (Mundy et al., 2007; Melbourne-Thomas
etal, 2015; Arndt et al., 2017; Wongpan et al., 2018). However, no
attempts have been made yet to apply those findings and to
retrieve snow depth as such. Inverse radiative transfer (RT)
modelling can also be used to retrieve snow and ice properties
through the dependency of under-ice radiation on the spectral
extinction coefficients (e.g., McDonald et al., 2017; Arndt et al,
2017).

Recent remote sensing snow depth retrieval methods provide
snow depth over large regions in the Arctic using space-borne
passive microwave radiometry (e.g., Rostosky et al., 2018), dual-
band satellite altimetry (e.g., Guerreiro et al.,, 2016; Lawrence
et al, 2018), and airborne ultrawideband microwave radar (e.g.,
Jutila et al., 2021). However, the temporal and spatial scales of
those space-borne retrievals are not applicable for colocation with
small scale, localized under-ice radiation measurements. While it
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is easy to measure snow depth directly for small areas, e.g., using
amagnaprobe (Sturm and Holmgren, 2018), simultaneous and
repeated under-ice radiation measurements are not possible
due to the destruction of the area through measuring
snow depth.

Here, we utilize two non-destructive optical methods to
inversely retrieve snow depth from under-ice radiation
measurements. The methods are applied to landfast level FYI
and to drifting, melt-pond covered MYI. We present colocated
snow depth and ice thickness measurements along with under-
ice hyperspectral radiation data from an ROV. Based on these
data, we find the best wavelength pairs to retrieve snow depth
from NDIs. We also retrieve snow depth by inverting an
idealized two-layer RT model and snow and sea ice spectral
extinction coefficients in the wavelength range between 400
and 700 nm. The discrepancies between directly measured and
retrieved snow depth are the criteria to evaluate the
performance of the two methods. We discuss how those
methods could be applied to current sea ice research with a
focus on technological advances.

2 MATERIALS AND METHODS
2.1 Study Sites

The data presented in this study were collected during two field
campaigns (Figure 1A). The Multidisciplinary Arctic
Program—Last Ice Area (MAPLI18) campaign was conducted
on landfast level FYI in the Lincoln Sea off the coast of Ellesmere
Island near the Canadian Forces Station Alert, Canada, in spring
2018. The Arctic Ocean 2018 (AO18) MOCCHA—ACAS—ICE
campaign was conducted with the Swedish Icebreaker Oden on
drifting, melt-pond covered MYI close to the geographic North
Pole in autumn 2018.

For the following description of data and results we refer only
to MAPLIIS if not otherwise stated. Snow depth, total sea ice
thickness (ice thickness plus snow depth), and transmitted
radiance were measured on and under an approximately
120m x 80m landfast level FYI patch (Figure 1B). The
measurements were performed along a 100 m transect and
across the entire patch. At the marker locations M0-M10,
plastic poles were put through drilled holes in the ice to ease
under-ice navigation and ensure correct colocation of the data.
Adjacent to the FYI patch was deformed MYI (Lange et al., 2019).

2.2 Snow Depth and Sea Ice Thickness

The surface topography of the FYI patch was measured with a
terrestrial laser scanner (VZ-400i, RIEGL, Horn, Austria). The
laser scanner was mounted on a tripod ~2 m above the surface.
Scan positions were distributed at the marker locations and along
the transition to the deformed ice spaced 10-40m apart
(Figure 1B). The individual scans were each registered to a
master scan position using three space-fixed cylindrical retro-
reflectors (RF1-3) in the RiSCAN Pro software. Subsequently, a
full point cloud was created with a mean horizontal resolution of
5 cm and a mean vertical accuracy of 2 cm caused by uncertainties
in scanner orientation. The point clouds for three different days
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BB Transflectance [%)]

FIGURE 1| (A) Location of the MAPLI18 campaign close to the Canadian Forces Station (CFS) Alert in the Lincoln Sea and the drift of the radiation station 2018R4

and the snow buoy 2018S69 close to the geographic North Pole during the AO18 campaign. (B) Map of the FYI patch during MAPLI18 displaying snow depth in m
derived from the terrestrial laser scanner as measured on 23 May (grey scale). Overlaid is the broadband (BB) transflectance in % (colour scale) measured by the ROV on
22 May. Circles indicate the marker locations MO to M10 (dark red), the access hole of the ROV in the ice (red), and the locations of the radiation station 2018R23

and the Snow Buoy 2018S63 (red). RF1-3 (green circles) are the reflectors used to process the laser scanner data. (C) Radiation station 2018R23 and Snow Buoy
2018863 as of May 5, 2018. (D) Radiation station 2018R4 and Snow Buoy 2018S69 as of August 20, 2018 (photo: Mario Hoppmann, AWI).

were each manually rotated for horizontal alignment with the
marker locations. Snow depth was calculated from the surface
topography by subtracting the height of the reflector center of
RF2 above the ice surface (Table 1). The snow depth could be
differentiated from the ice by assuring that neither the rod of
the reflector nor the tripod penetrated deep into the surface
scattering layer between ice and snow. Using the length of the
reflector rod allowed the extraction of the snow depth for
reference at this particular location within the RiSCAN Pro
software. Snow depths exceeding 0.6 m close to the deformed
ice area were removed as for higher snow loads the assumption
of level sea ice was questionable. More details on the surface
topography measurements and how snow depth was derived
can be found in the data repository doi:10.1594/PANGAEA.
932594.

Snow depth point measurements with a horizontal resolution
between 1 m and 3 m were obtained using a magnaprobe (Snow-
Hydro, Fairbanks, AK, United States, Sturm and Holmgren,
2018) with an accuracy of 1cm. The position of the
measurements was recorded with an integrated GPS with an
accuracy of +2.5m (Sturm and Holmgren, 2018). The

magnaprobe measurements were used to validate the snow
depths derived from the laser scanner. Laser scanner snow
depths were averaged around magnaprobe measurements.
Differences in modal snow depths between magnaprobe and
laser scanner were with 0-2 cm within the laser scanner accuracy.

Total ice thickness was measured with a ground-based
electromagnetic  induction sounding device (EM31-SH,
Geonics Limited, Mississauga, ON, Canada, Haas et al., 1997;
Haas et al., 2017). The EM31-SH measurements were compared
against measurements from other drill hole locations (not shown)
for proper calibration on both FYI and MYI following the
description from (Haas et al., 1997; Haas et al, 2017). The
EM31-SH was placed on a sledge and dragged across the ice
and has a vertical accuracy of 0.10 m. The ice thickness was then
calculated by subtracting the laser scanner snow depth from the
total ice thickness. The ice thickness was assumed to be level
indicated by underwater images (Figure 2A), small standard
deviations in ice thickness (Table 2), mean and modal
thickness agreeing to within +0.15 m which is close to £0.10 m
found by Rabenstein et al. (2010), multiple drillings and ice
investigations in the area, and by the area extent of at least
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TABLE 1 | Snow depth obtained in drill holes at the marker locations and with a laser scanner. Std is the first standard deviation of the mean snow depth and N the number of

measurements. The modes were read from histograms with 1 cm bin width.

Data Method Min Max

sub set [m] [m]

Marker 05 May Drill hole 0.07 0.46

Transect 09 May Laser 0.10 0.27
scanner

Patch 09 May Laser 0.09 0.31
scanner

Marker 12 May Laser 0.11 0.54
scanner

Transect 12 May Laser 0.1 0.51
scanner

Patch 12 May Laser 0.1 0.51
scanner

Marker 23 May Laser 0.21 0.60
scanner

Transect 23 May Laser 0.20 0.60
scanner

Patch 23 May Laser 0.20 0.59
scanner

Mean Std Median Mode N
[m] [m] [m] [m]
0.20 0.13 0.16 0.12 11
0.17 0.05 0.15 0.15 163
0.18 0.05 0.18 0.16 491
0.20 0.10 0.18 0.13 43
0.20 0.06 0.18 0.19 162
0.20 0.05 0.20 0.21 443
0.28 0.07 0.27 0.25 35
0.28 0.06 0.27 0.24 110
0.30 0.06 0.29 0.29 955

10.05.2011E8 .
Headingy 31310)

NARAAE A
Pog: 90 |

@ Ml/ ALFRED:WEGENER:INSTITUT

FIGURE 2 | (A) Underwater image of the level FY| patch on 10 May as extracted from a video taken by the ROV HD camera. (B) Underwater upward looking still
image at 55.6 m depth as taken by a 14.1-megapixel Tiger Shark camera (Imenco, Norway) attached to the ROV on 12 May.

TABLE 2 | Drill hole ice thickness and draft (in brackets) at the marker locations and EM31-SH ice thickness. Std is the first standard deviation of the respective mean and N
the number of measurements. The modes were read from histograms with 0.10 m bin width.

Data Method Min Max
sub set [m] [m]
Marker 05 May Drill hole 1.49 (1.37) 1.68 (1.58)
Transect 10 May EM31-SH 1.43 1.60
Transect 24 May EM31-SH 1.39 1.54
Patch 24 May EM31-SH 1.08 1.58

100 m in length (Figure 1B). We further assumed the thickness to
be constant during the study period because it did not vary by
more than 0.10 m across the whole patch (Table 2). In-situ snow
depth, ice thickness, draft, and freeboard were measured at drill
holes at the marker locations using a tape measure.

Mean Std Median Mode N
[m] [m] [m] [m]

1.57 (1.48) 0.07 (0.07) 1.57 (1.48) 1.57 (1.40) 11 (11)
1.54 0.05 1.55 1.60 110
1.45 0.04 1.46 1.50 56
1.35 0.10 1.37 1.50 246

2.3 Under-ice Radiation

Horizontal profiles of under-ice spectral radiance were measured
by a RAMSES-ARC hyper-spectral radiometer (320-950 nm,
TriOS Mess-und Datentechnik GmbH, Rastede, Germany).
The radiometer was mounted to an M500 ROV (Ocean
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Modules, Atvidaberg, Sweden, Katlein et al., 2017). The ROV was
lowered into the water through a 1.5 m x 1.5 m hole in the ice and
operated horizontally along the ice bottom. The hole and the
control system for the ROV were covered by a heated tent. To
take into account atmospheric variability, the transmitted
radiance was normalized by the incident downwelling planar
irradiance recorded at the surface by a RAMSES-ACC
radiometer. The ratio of transmitted radiance I7 (A1) and
incident irradiance Es(A) was defined as transflectance: ¢ (1) =
It (M)/Es (A) (Nicolaus and Katlein, 2013). The spectral resolution
of the radiometers was 3.3 nm, which was interpolated to a
common wavelength grid with 1 nm spacing (Nicolaus et al,
2010b). The analysis of the transflectance was limited to
wavelengths between 400 nm and 700 nm, ROV pitch and roll
within +10°, and depths shallower than 2.0 m below the sea level.
We manually removed some noisy spectra.

For under-ice navigation of the ROV an acoustic long baseline
positioning system (Pinpoint Linkquest, San Diego, CA,
United States) was used. Manual post-processing of the
position was required to remove distortion in positioning
probably caused by local sound speed differences. To correct
this distortion, the position of the ROV at the marker locations as
recorded by the positioning system and as viewed by the ROV
high definition zoom video camera (Surveyor WAHD, Bowtech,
Figure 2A) was manually aligned with the marker locations
measured by a handheld GPS at the surface to obtain scaling
factors for correcting the position (Figure 1B).

The opening angle of the radiance radiometer 3 was about 7°.
Based on this value, we determined 1.5 m as the approximate
footprint radius R of the area from which the radiometer detected
radiance through the surface based on R = D x tan (/2) (Katlein,
2012), with D as the distance from the radiometer to the surface.
It was determined by the mean snow depth, ice thickness, and
draft at the marker locations (Table 1 and Table 2). We assumed
a 1:1 radius-ice thickness relationship, conservative scattering,
and a diffuse light source. Following results from Petrich et al.
(2012), 50-60% of the photons reaching the radiometer would
originate from a 1.5-2.0 m radius. The footprint was then used to
colocate transflectance, snow depth, and ice thickness
measurements.

2.4 Continuous Radiation and Snow Depth

Measurements

Continuous time series measurements of transmitted and
incident irradiance were measured with RAMSES-ACC
radiometers mounted on the radiation stations 2018R23 from
5 to 21 May during MAPLI18 and on 2018R4 from 27 August to
18 September during AO18 (Figure 1). The radiometer that
measured the transmitted irradiance was hanging in the water
at a distance to the ice bottom of 0.5 m. During the same periods
time series of snow depth were measured by two Snow Buoys
(Nicolaus et al., 2021), 2018563 during MAPLI18 and 2018569
during AO18 (Figure 1). Each snow buoy consisted of four
ultrasonic snow pingers (Max Botix, Brainerd, MN,
United States) with an accuracy of 1 cm. In addition, a single
pinger was attached to the radiation station 2018R4 which was

Optical Snow Depth Retrieval
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FIGURE 3 | Spectral transflectance in % for three different snow depths

ds of 0.20 m (red), 0.27 m (blue), and 0.36 m (grey). NDls (Eq. 1) are given in
numbers to indicate the different slopes of the transflectance t; between
651 nm and 616 nm.

deployed 10-15 m away from the Snow Buoy 2018569. The snow
depth was calculated from the distance to the surface measured by
the pingers and the initial in-situ snow depth. Data gaps from the
2018R4 pinger were replaced by data from previous time stamps.
The temporal resolution for both radiation stations and snow
buoys were 1 hour.

2.5 Normalized Difference Indices

The distinct features caused by the snow depth in the spectral
shape of the transflectance was used as a non-invasive method to
retrieve snow depth (Figure 3). We assumed that the effect of
snow on the transflectance can be separated from the effect of the
ice because the ice was level and the thickness did not vary by
more than 0.10 m across the whole patch. Thus, in our dataset ice
thickness does not influence retrieved snow depths, however our
dataset only covers a small thickness variation to verify this. The
absorption by water and phytoplankton was neglected because
the visibility in the water was above 50 m (i.e., very clear water,
Figure 2B) and Lange et al. (2019) reported low in-ice
chlorophyll a biomass of 0.23mg m™> to 2.56 mg m™> in the
bottom and 1.42 + 0.62mg m > overall. Absorption by water
close to the ice bottom was measured by a hyperspectral
extinction sensor (VIPER-G2, TriOS, Rastede, Germany,
Katlein et al, 2017) attached to the ROV. On average
absorption was 0.06 m™' at 436 nm and 0.03 m™" at 620 nm on
12 May while on 22 May it was 0.07 m™" at 436 nm and 0.03 m™"
at 620 nm. The maximum distance between radiometer and ice
bottom based on the operational depth of the ROV and the mean
sea-ice draft was 0.62 m (Section 2.3 and Table 2). Neglecting
absorption by water resulted in relative errors ranging between
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1.9% and 4.4% in transflectance measurements. Katlein et al.
(2016) used a 3D model to investigate the effects of a spatially
inhomogeneous sea-ice cover and of water absorption on under-
ice radiation. They recommend to use radiance instead of
irradiance for spatial variability studies and to rather discard
measurements taken at greater distance to the ice bottom (e.g.,
>1.5m, Lange et al, 2016) then correcting measurements for
water absorption as this introduces unknown errors due to
unknown geometry that cannot be quantified and thus, no
gain in precision. We computed NDIs as described by Mundy
etal. (2007) using ROV-based transflectance ¢ s for all wavelength
pairs A; and A, between 400 nm and 700 nm:

ot (M) - (L)

NDI () = 700 + & ()

1)
tr was measured along the transect on May 12. The Pearson
correlation coefficients between NDIs and measured snow depth
were plotted for all wavelength pairs to construct a spectral
correlation surface (Figure 4A). The snow depth was also
measured along the transect on May 12. The NDIs with the
wavelength pairs A; and A, that showed the highest correlation
with measured snow depth were used to establish a linear
regression between NDIs and measured snow depth
(Figure 4B). The regression functions for different wavelength
pairs were then used to retrieve snow depth from other dates than
12 May using NDIs calculated from transflectance measurements.

2.6 Radiative Transfer Model

In addition to the NDI method, we applied a multiple exponential
regression model from the MATLAB™ curve fitting toolbox with
a non-linear least square Trust-Region algorithm (Sorensen,
1982) to approximate RT in sea ice. In this approach, the
spectral transflectance transmitted through a two-layer system
consisting of snow and sea ice decays exponentially with snow

depth d, and ice thickness d; described by the spectral snow and
sea ice extinction coefficients ks (1) and k; (1):

te (A, di, dy) = ip exp (— ki (A) di — k(1) dy) 2

The value iy = 0.35 was used which is the fraction of the
incident net short-wave radiation that is not reflected back at the
surface or absorbed within the snow under cloudy skies for white
bare ice by (Grenfell and Maykut, 1977). This approximation (Eq.
2) has been frequently used for large scale modeling, but
disregards effects of strong multiple scattering in snow and
ice. Extinction by in-ice biomass and absorption by water were
neglected as well as the effects of any impurities within the ice. In
a first step, measured ¢ r was fitted to measured d; and d; resulting
in retrieval of ks (1) and k; (). ROV-based ¢y, laser scanner d,
and EM31-SH d; used for the retrieval were measured at the
marker locations (Figure 1B) on 22, 23, and 24 May, respectively.
In a second step, the retrieved k(1) and k; (A) were fitted to
measurements of ¢ collected on other dates than 22 May to
inversely retrieve snow depth for other dates than 23 May.

3 RESULTS

3.1 Snow Depth and Sea Ice Thickness

We studied the snow stratigraphy close to the Snow Buoy
2018S63 and the radiation station 2018R23 on 12 May and at
the end of the transect (close to M10) on 22 May (Figures 1B,C).
We observed typical characteristics of snow on Arctic sea ice.
Closest to the snow-ice interface was a poorly bonded layer of
depth hoar underlying a wind slab layer of varying hardness.
Between them, we found a thin layer of melt forms or even an ice
lens. The topmost layer consisted of very soft, new snow.
However, for further analysis we assumed the snow being one
bulk layer.
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FIGURE 5 | Spectral snow ks (1) (A) and sea ice k; (1) (B) extinction coefficients as retrieved by inversion of a two-layer RT model. Transflectance, laser scanner
snow depth, and EM31-SH ice thickness used for the retrieval were measured at the marker locations on 22, 23, and 24 May, respectively. The broadband values (BB)

Snow dunes were present across the FYI patch which caused
spatial variability (Figure 1B). A wind-induced snow
redistribution event took place between 9 and 10 May, also
reported by Lange et al. (2019). This caused an increase in
mean and modal snow depth along the transect and across
the patch between 9 and 12 May (Table 1). Significant snow
fall occurred on 16, 23, and 24 May. This caused further
increases of mean and modal snow depth as evident on
23 May.

The mean standard deviation of the laser scanner snow depths
within a radius of 1.5m around every transflectance
measurement was 5 cm. Hence, we used it as a tolerance value
to evaluate the method performance that can be achieved using
optical measurements in this study.

The difference between mean EM31-SH ice thicknesses
along the transect measured on 10 and 24 May was within
the measurement error of 0.10m (Table 2). Modal ice
thicknesses measured at the drill holes at the marker
locations on 5 May and with the EM31-SH along the
transect on 10 and 24 May and across the patch on 24 May
were also within the error. Thus, we assume that the ice
thickness did not change significantly during the
observation period.

3.2 Normalized Difference Indices,
Radiative Transfer Model, and Extinction

Coefficients

Strong Pearson correlation coefficients (Rp) between NDIs and
snow depth displayed in the spectral correlation surface
indicated that the snow depth explained the majority of the
variability in the transflectance for the two wavelength pairs
651:616 nm and 440:403 nm (Figure 4A). The highest negative
correlation was found for the wavelength pair 651:616 nm and
the highest positive correlation for 440:403 nm. The snow
depth explained 69 and 78% of the variability in the
transflectance at those wavelengths along the transect,
respectively (Figure 4A). We used both wavelength pairs to
find the best snow depth retrieval using the NDI method.
(Figure 4B).

The spectral snow extinction coefficients retrieved from
inverse RT modeling decreased from 400nm to their
minimum at around 550nm and then increased to a
maximum at 661 nm (Figure 5A). The sea-ice extinction
coefficients remained nearly constant between 400 nm and
520nm at around 1.5m™', and increased above 550 nm to
their maximum value of 3.5 m™" at 700 nm (Figure 5B; Table 3).

Snow influences and attenuates radiation most efficiently at
longer wavelengths between 600 nm and 700 nm as expressed in
high spectral snow extinction coefficients (Figure 5B). The
extinction coefficients are also high between 400 nm and
450 nm indicating that snow also influences radiation at those
wavelengths. As the transflectance increases with wavelength
from 403 nm to 440 nm (Figure 3), correlation coefficients at
those wavelengths are positive while between 616 nm and 651 nm
the transflectance decreases with wavelength resulting in negative
correlation coefficients.

3.3 Spatial Variability of Measured and

Retrieved Snow Depths

The spatial variability in snow depth during MAPLI18 was well
reproduced using the NDI method (Figure 6). The magnitude of
the retrieved snow depths agreed with the direct snow depth
measurements (Table 4). On 9 May, the NDI method achieved
root mean square errors (RMSEs) between measured and
retrieved snow depths below or slightly exceeding the
tolerance of 5 cm (Table 4). The percentage of the direct snow
depth measurements that were +5 cm (tolerance) of the retrieved
snow depths is referred to as agreement and was between 65 and
77% on 9 May. The snow depth was overestimated but with
deviations between the modal snow depths, Amode, within the
tolerance. On 23 May, the achieved RMSEs were significantly
above the tolerance. The agreements were between 17 and 58%
and the snow depth was underestimated with Amode of 3
and 8 cm.

To summarize, the NDI method with the wavelength pairs
651:616 nm and 440:403 nm performed well in reproducing the
spatial variability and the magnitude of the measured snow depth
with a combined mean RMSE of 6.6 cm.
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TABLE 3 | Statistics on the spectral snow ks (1) and sea ice k; (1) extinction coefficients as inversely retrieved using a two-layer RT model. The transflectance, snow depth,
and ice thickness used for the retrieval were measured at the marker locations on 22, 23, and 24 May, respectively. N is the number of measurements used and BB are
the broadband values.

Extinction N Min Max Mean Median Std Mode BB
coefficient [m™] [m™] [m™] [m™] [m™] [m™] [m™]
ks (1) 27 9.9 14.4 11.2 10.9 1.1 10.4 10.9
ki (A) 27 1.5 3.5 1.9 1.7 0.5 1.6 1.7
—retrieved, NDI, ds =-0.58 NDI (651:616) - 0.04 retrieved, RT model
—retrieved, NDI, d_= 1.21 NDI (440:403) + 0.11
0.60 — K 0.60
T (A) i—measured, transect 09 May|(B) \—measured, patch 09 May| ~
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Q
g y
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FIGURE 6 | Measured snow depth (black) and retrieved snow depth using the NDI method (red, blue) and the RT model (grey) along the transect (A,C,E) and
across the patch (B,D,F). Note that for the patches the x-axis is time.

The spectral snow and sea-ice extinction coefficients
(Figure 5; Table 3) were implemented in the RT model (Eq.
2) together with measured transflectance to retrieve snow depth
and ice thickness. The resulting magnitudes and the spatial
variability of the retrieved snow depth agreed well with the
direct measurements (Figure 6; Table 5). The mean RMSE
was 5cm (Table 5). Agreements were between 64 and 72%.
Amode ranged from 0 to 2 cm and were within the tolerance.

Thus, the RT model performed better than the NDI method in
reproducing the spatial variability of the measured snow depth.

3.4 Temporal Variability of Measured and

Retrieved Snow Depths
Here, we applied the NDI method and the RT model to
continuous time series measurements of snow depth and
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TABLE 4 | Comparison of snow depth retrieval using the NDI method. The modes were read from histograms with 1 cm bin width. N is the number of measurements used.

Direct N Wavelength
measurements pair
[nm] +5
cm
Transect 09 May 143 — —
— 651:616 77
— 440:403 71
Patch 09 May 491 — -
— 651:616 71
— 440:408 65
Transect 23 May 110 — —
— 651:616 45
— 440:403 58
Patch 23 May 955 — —
— 651:616 17
— 440:4083 32
2018863 05—21 May hourly resolution 379 — —
daily mean 17 — —
hourly resolution — 651:616 59
daily mean — — 53
hourly resolution — 440:403 96
daily mean — — 100
2018869 27 Aug—18 Sep hourly resolution 515 — —
daily mean 23 - -
hourly resolution — 440:403 37
daily mean — — 35

2018R4 snow pinger 27 Aug— 18 Sep hourly resoluton 515 — -
daily mean 23 —
hourly resolution — 440:403 77
daily mean — — 83

In bold are the retrieved snow depths that are within the tolerance of +5 cm.

transmittance as obtained by Snow Buoys and radiation stations
during MAPLI18 (Figure 7) and AO18 (Figure 8).

Applying the NDI method with the wavelength pairs 651:616 nm
and 440:403 nm to the MAPLI18 data set resulted in RMSEs of 4.6
and 2.3 cm, agreements of 59 and 96%, and Amode of 5 and 0 cm,
respectively (Figures 7A,B; Table 4). The NDI method with 440:
403 nm was clearly better in reproducing the magnitude but also the
results with 651:616 nm were within the tolerance.

Using the RT model resulted in a RMSE of 6.8cm, an
agreement of 16%, and a Amode of 4 cm. Although the RMSE
was above the tolerance and the agreement low, the temporal
variability was well reproduced (Figure 7C).

Between 9 and 10 May a wind-induced snow-redistribution
event took place. This caused an increase in measured snow depth
early on 9 May, which was captured by the NDI method and the
RT model (Figures 7B,C). The subsequent decrease was however
not reproduced using the NDI method with 651:616 nm. The
decrease was measured at the same time as an increase in air
temperature from about —10°C to —4°C (Figure 7F).

The time series of snow depth retrieved using the NDI method
with 440:403 nm and the RT model shows a diurnal cycle on 7 May
and between 9 and 12 May (Figures 7B,C). This is attributed to the

Agreement

RMSE Min Max Mean Median Std Mode
[em] [m] [m] [m] [m] [m] [m]

+50%
- - 0.10 0.27 0.17 0.15 005 015
92 4.3 0.14 0.34 0.20 0.19 004 018
88 4.9 0.13 0.34 0.21 0.19 005 0.8
- - 0.09 0.31 0.18 0.18 005  0.16
91 4.7 0.13 0.42 0.20 0.19 004 021
88 5.4 0.13 0.42 0.21 0.20 005 021
- - 0.20 0.60 0.28 0.27 006 024
97 7.7 0.14 0.52 0.22 0.21 005 021
99 6.5 0.16 0.38 0.23 0.23 004 021
- - 0.20 0.59 0.30 0.29 006 029
98 11.0 0.08 0.53 0.21 0.20 004 021
99 8.2 0.13 0.85 0.24 0.22 007 021
- - 0.22 0.32 0.28 0.28 002 029
- - 0.22 0.30 0.27 0.28 002 030
100 4.6 0.20 0.29 0.23 0.24 0.01 0.24
100 4.4 0.21 0.25 0.23 0.24 0.01 0.25
100 2.3 0.18 0.30 0.26 0.27 002  0.29
100 2.0 0.18 0.28 0.26 0.27 0.03  0.29
- - 0.02 0.11 0.06 0.05 002 005
- - 0.03 0.10 0.06 0.06 002 005
10 10.9 0.02 0.65 0.13 0.10 009 0.1
0 8.8 0.08 0.33 0.13 0.10 007 0.1
- - 0.04 0.29 0.09 0.07 007 008
- - 0.05 0.26 0.10 0.07 007 006
50 75 0.02 0.65 0.13 0.10 009 0.1
48 4.0 0.08 0.33 0.13 0.10 007 0.1

daily variations in the transmitted irradiance and transmittance at
the wavelengths 440-500 nm which are part of the blue spectrum
(Figures 7D,E). Those variations occur because radiation at blue
wavelengths is scattered about 16 times more efficiently by air
molecules in the atmosphere than radiation at red wavelengths.
During sunset and sunrise, the solar zenith angle is highest and
radiation travels a greater distance through the atmosphere while
the radiation at blue wavelengths is scattered away. Thus, a diurnal
cycle in solar radiation at blue wavelengths exists, here clearly
affecting the snow depth retrieval using those wavelengths. The
diurnal cycle in transmitted irradiance was present in the entire
time series whereas diurnal variations in transmittance and
retrieved snow depth occurred only on the specific days.

The diurnal cycle was removed by calculating daily means
(Figures 7A-C). In general, comparing daily means resulted in
lower RMSEs using the NDI method, whereas using the RT
model it remained the same (Table 4 and Table 5). For the
wavelengths in the red part of the spectrum as with 651:616 nm,
the diurnal cycle was also present but less pronounced. Therefore,
it was not present in the retrieved snow depth (Figure 7A).

During AO18, the snow depth measured by the Snow Buoy
2018569 and the single pinger attached to the radiation station
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TABLE 5 | Comparison of snow depth retrieval using the RT model and the snow and sea ice extinction coefficients from Table 3. The modes were read from histograms

with 1 cm bin width. N is the number of measurements used.

Direct N Agreement [%]
measurements +5 cm +50%
Transect 09 May 110 — -
72 88
Transect 12 May 149 — —
64 87
Patch 09 May 209 — -
67 90
Patch 12 May 197 — —
68 89
2018S63 05—21 May hourly resolution 379 - —
daily mean 17 — —
hourly resolution - 16 99
daily mean — 12 100
2018869 27 Aug—18 Sep hourly 515 — —
resolution
daily mean 23 — -
hourly resolution — 82 51
daily mean — 78 43
2018R4 snow pinger 27 Aug— 18 Sep 515 — —
hourly resolution
daily mean 23 — —
hourly resolution — 70 68
daily mean — 78 70

In bold are the retrieved values within the tolerance of +5 cm.

2018R4 agreed until 14 September (Figure 8A). Then, the single pinger
recorded a sharp increase, which was not measured by the buoy.

For most of the time series, the snow depth retrieved using the NDI
method with 651:616 nm was significantly higher than the snow depth
measured by the buoy (mean) and by the single pinger (Figure 8A).
The NDI method was also unable to capture the increase recorded by
the pinger. Due to transmitted irradiance below 1 mW m™ for the
wavelengths in the red part of the spectrum the retrieved snow depth
was noisy (Figure 8A). The irradiance decreased further from 14
September onwards with the increase in snow depth. Similar results
were achieved by using the NDI method with other wavelength pairs
in the yellow/orange/red part of the spectrum (not shown). Because of
this, the results using 651:616 nm were excluded from further analyses
related to the temporal variability during AO18.

In contrast, the using 440:403 nm reproduced the increase and
the retrieved snow depth agreed better to the measurements
(Figure 8B). However, the retrieved snow depth was also
noisy at the same time as the transmitted irradiance for the
algorithms blue wavelengths became low (Figure 8D). RMSEs
between retrieved and both buoy and pinger snow depths were
above the tolerance (Table 4). The comparison to the pinger snow
depth was better than to the buoy. While comparing daily means
for the buoy led to similar results, the RMSE of 4 cm was within
the tolerance when comparing to the pinger daily means.

On average, the snow depths retrieved inversely with the RT
model agreed better than the snow depths from the NDI method

RMSE Min Max Mean Median Std Mode
[cm] [m] [m] [m] [m] [m] [m]
— 0.1 0.27 0.17 0.15 0.05 0.13
5.0 0.10 0.34 0.19 0.17 0.06 0.15
- 0.11 0.51 0.19 0.18 0.06 0.19
5.2 0.10 0.42 0.21 0.19 0.06 0.19
— 0.1 0.30 0.18 0.18 0.04 0.20
4.9 0.10 0.34 0.20 0.20 0.05 0.21
— 0.1 0.31 0.19 0.18 0.05 0.19
4.9 0.10 0.34 0.20 0.19 0.05 0.19
— 0.23 0.32 0.28 0.28 0.02 0.29
— 0.22 0.30 0.27 0.28 0.02 0.30
6.8 0.1 0.25 0.21 0.22 0.03 0.25
6.8 0.12 0.24 0.21 0.22 0.04 0.24
— 0.02 0.1 0.06 0.05 0.02 0.05
— 0.03 0.10 0.06 0.06 0.02 0.05
3.6 0.02 0.18 0.09 0.09 0.04 0.06
4.5 0.04 0.19 0.09 0.10 0.05 0.1
— 0.04 0.29 0.09 0.07 0.07 0.08
— 0.05 0.26 0.10 0.07 0.07 0.07
5.8 0.02 0.18 0.09 0.09 0.04 0.06
4.2 0.04 0.19 0.09 0.10 0.05 0.11

(Figure 8C; Table 5). The overall temporal variability was
reproduced and the RMSEs were 3.6 cm (buoy) and 5.8 cm
(pinger). However, the sudden increase measured by the
pinger was only partly captured and with a lower magnitude.
Comparing daily means from the buoy led to worse results, while
daily means from the pinger improved the RMSE.

To summarize, the magnitude of the mean snow depth measured
by the Snow Buoy 2018563 during MAPLI18 was well reproduced
using the NDI method with both wavelength pairs and the RT model.
However, the temporal variability using 440:403 nm in the NDI
method and the RT model was influenced by the diurnal cycle in
transmittance due the wavelengths in the blue part of the spectrum
that were used to retrieve the snow depths. In contrast, the temporal
variability during AO18 was well reproduced because no diurnal cycle
was observed. The performance of the NDI method with the
wavelengths in the red part of the spectrum, 651:616 nm, to this
time series was limited due to the low transmitted irradiance. The
overall performance of the NDI method and the RT model combined
was with mean RMSEs of 5.6 and 5.3 cm, respectively, comparable.

4 DISCUSSION

4.1 Accuracy of Snow Depth Retrieval
The total mean accuracy (RMSE) along spatial measurements and
for time series from both methods and the two locations is 5.6 cm
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FIGURE 7 | (A-C) Hourly mean snow depths measured by the Snow Buoy 2018S63 as obtained on FY! during MAPLI18 (solid black). Variations in the snow depth
of the four individual ultrasonic snow pingers are indicated by the respective grey dashed lines. The snow depths retrieved using the NDI method with the wavelength
pairs 651:616 nm [(A), red] and 440:403 nm [(B), blue] are overlaid. The NDIs were calculated from the 2018R23 transmittance. (C) Retrieved snow depths using the RT
model with the extinction coefficients from Figure 5 (grey). Corresponding daily means (circles) are overlaid. The tolerance of +5 cm is indicated by the respective
coloured shadings. (D) Transmitted irradiance in mW m~2 and (E) transmittance in % for the wavelengths of the NDI method and integrated from 400 to 700 nm as used

14 15

and with that slightly above the tolerance. The accuracies
achieved using the RT model are better than using the NDI
method for spatial scales but comparable for temporal scales
(Table 4 and Table 5). The lateral resolution using the NDI
method is on average less than 1 m owing the high-resolution
ROV and laser scanner measurements while using the RT model
it is 10 m attributed to the spacing between the marker locations
(Figure 1B).

In this study, the range in snow depth retrieval is dictated by
the range in measured snow depth which is between 0.02 and
0.60 m and, thus, covers a wide range (Table 4 and Table 5).
Extreme snow depths and variability can occur in troughs
between ridges, at ridge flanks, in form of sastrugi, and on
newly formed, thin ice (cracked features). The transflectance
under ridges is most likely quite low and noisy due to the
thick ice which is expected to make snow depth retrieval
difficult. However, this remains speculative as this was not

investigated. On the same token, the difficulty in retrieving
snow depth in form of sastrugi is explained by the extreme
snow depth variability across 10th of centimetres in horizontal
scales. As described in Section 2.3, the footprint radius of the
radiance radiometer on the surface is 1.5-2.0 m which hints to the
impossibility to retrieve snow depth of sastrugi correctly. We have
not attempt to retrieve snow depth on thin ice but expect that the
methods presented in this study are applicable and promising.
However, little is known about radiative transfer in thin ice which
might complicate the retrieval.

Compared to no snow depth information or vague visual
observations from a ship’s bridge as for example during
biological sampling with large nets towed behind a ship (e.g.,
Castellani et al., 2020), the accuracy achieved here appears
satisfying.

Our total mean accuracy of 5.6 cm compares with retrieved
snow depths using satellite and airborne products. Rostosky et al.
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FIGURE 8 | (A-C) Hourly mean snow depths measured by the Snow Buoy 2018S69 (solid black) as obtained on MY! during AO18. Variations in the snow depth

due to the four individual ultrasonic snow pingers are indicated by the respective grey dashed lines. The snow depth measured by the snow pinger attached to the
radiation station 2018R4 is indicated by the solid brown line. The snow depths retrieved using the NDI method with the wavelength pair 651:616 nm [(A), red] and 440:
403 nm [(B), blue] are overlaid. The NDIs were calculated from the 2018R4 transmittance. (C) Retrieved snow depths using the RT model with the extinction
coefficients from Figure 5 (grey). Corresponding daily means (circles) are overlaid. The tolerance of +5cm is indicated by the colored shadings. (D) Transmitted
and (E) transmittance in % for the wavelengths of the NDI method and integrated from 400 to 700 nm as used in the RT model.

(2018) present a RMSE of 3.7 cm using passive microwave on FYI
in spring. Guerreiro et al. (2016) and Lawrence et al. (2018) use
dual-band altimetry and retrieve mean RMSEs of 6.4 and 3.0 cm
to 5.0 cm, respectively. However, these satellite products do not
provide the same spatial resolution as our approach. Jutila et al.
(2021) obtained a RMSE of 6.9 cm using an airborne microwave
radar on level landfast FYI.

Once technology advances, autonomous platforms such as
AUVs and submarines equipped with radiometers might travel
many kilometers under the ice and measure transmitted
radiation. Our methods might provide an option to remotely
retrieve snow depth for regional or basin-wide scales covered
during such surveys. For many research questions, it would then
be sufficient to estimate whether an ice floe has a thin,
intermediate, or thick snow cover within the accuracy
achieved in this work. During those surveys, a wider range in
sea ice types, snow covers, and seasonal differences and
progressions in snow depth as well as in under-ice radiation
could be investigated. Such measurements could serve to further

develop and validate our methods and then provide a base for
more targeted Arctic surveys over different spatial and temporal
scales.

During MAPLI1S, the fast snow depth variations measured by the
buoy are probably unrealistic. The snow pack does not change so
quickly except during strong wind events (Lange et al., 2019), which
were not frequently observed. This might explain some discrepancies
between then measured and the retrieved snow depths.

During AO18, we found a large discrepancy of 10.9 cm (daily
mean 8.8 cm) between buoy measurements and the results from
the NDI method with 440:403 nm. This can be explained by
spatial variability in snow depth and the noise from 14 September
onwards (Figures 8B,D). The buoy was deployed 10-15 m away
from the under-ice irradiance radiometer which was closer to the
pinger. In contrast, the RT model results agree better with the
buoy than with the pinger snow depth because the RT model
captures only partly the sharp increase measured by the pinger.
Nonetheless, some discrepancies might also occur because we
compare optical to geometrical snow depth.
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4.2 NDI-Specific Comparison to Existing
Studies

Our two wavelength pairs for the NDI method are similar to
previous studies, reflecting their potential to retrieve snow depth.
In the Antarctic, Melbourne-Thomas et al. (2015), Arndt et al.
(2017), and Wongpan et al. (2018) found wavelength pairs in the
orange/red and blue part of the spectrum. In the Arctic, Mundy
etal. (2007) separated the influence of snow depth on the spectral
magnitude and distribution. They found strongest correlation
between their NDIs and snow depth at wavelengths less than
570 nm for the magnitude. However, they attribute snow depth
little influence on the distribution between 400 and 550 nm.
Nevertheless, our findings and the results from Wongpan et al.
(2018) confirm that the snow depth influences the under-ice
radiation also at wavelengths below 500 nm and supports the
application of the NDI method with 440:403 nm.

We find that wavelength pairs with spectral ranges larger than
30 nm perform better than those with lower ranges. For example, we
tested another wavelength pair with a spectral range lower than
20 nm that significantly overestimated the snow depth (not shown).
Further, Melbourne-Thomas et al. (2015) provide wavelength pairs
with spectral ranges of 3 and 4 nm. Those are likely too narrow to
resolve the spectral influence of snow depth, given that the spectral
resolution of the radiometer is only 3.3 nm.

4.3 Model-Specific Comparison to Existing

Studies

The two-layer RT model (Eq. 2) is idealized and theoretically only
valid in the absence of scattering and far away from boundaries
(Mobley, 1994). Those simplified conditions are rarely met in sea
ice (Light et al., 2004). However, this approximation is often used
for modelling approaches within sea ice. It gives already useful
information, as presented in this work, and is the easiest form of a
RT model (Grenfell and Maykut, 1977). Further, Arndt et al.
(2017) use this RT model in the Antarctic and find reliable
estimates of spectral snow and sea ice extinction coefficients.
This strengthens our confidence that this simple model is a
justified tool for our application.

The values of our spectral snow extinction coefficients obtained
during MAPLI18 agree with the lower ranges published by Warren
(1982) and Perovich (2007). They are very close to values presented
by McDonald et al. (2015) for landfast FYI near Resolute Passage,
Canada, in spring. Their shape is in agreement with Grenfell and
Maykut (1977) and McDonald et al. (2015). Our broadband
coefficient matches with the values from Mundy et al. (2005) and
McDonald et al. (2011) obtained also close to Resolute Passage during
spring. The sea ice extinction coefficients seem too high compared to
values stated by Grenfell and Maykut (1977), Perovich (1996), and
Light et al. (2008). However, they compare well to results from
Katlein et al. (2015, 2019). The overall agreement with literature
values suggests that our snow and sea ice extinction coefficients are
reliable estimates and justify their use to retrieve snow depth with the
RT model.

During AO18, the spectral extinction coefficients and thus, the
transmittance were likely influenced by a small melt pond in the

Optical Snow Depth Retrieval

vicinity (~2 m) of where the radiometer was hanging underneath
the bare ice (Figure 1D). This is supported by a footprint radius
on the surface of the radiometer of about 3 m. Melt-pond covered
MYT has clearly different optical properties than FYI. Assuming a
scattering coefficient of the melt water of zero is likely justified as
the ponds appear blue also after refreezing and thus, scattering
can be neglected (Lu et al., 2018). A typical broadband absorption
coefficient of 0.1 m ™" and the average melt pond depth of 0.3 m as
measured during AOI8 lead to a relative error of 3.1% in
transmittance that arises when neglecting the absorption
within the melt ponds. This small error and the well retrieved
snow depth using the RT model (Figure 8C; Table 5) led
conclude that besides the different optical properties of melt-
pond covered MYI compared to FYI, the MAPLI18 extinction
coefficients are suitable to apply also to the AO18 data set.

4.4 General Comparison to Existing Studies
The choice between radiance/transflectance and irradiance/
transmittance likely affects the method calibration of snow depth
retrieval. The opening angle of the radiometers influences the ability
to resolve small spatial scales of snow depth and to capture outlier
values. Transflectance is based on the much smaller opening angle of
7 of the radiance radiometer compared to the half sphere of the
irradiance radiometer. Mundy et al. (2007), McDonald et al. (2015),
Melbourne-Thomas et al. (2015), Arndt et al. (2017) and use
transmitted irradiance. Wongpan et al. (2018) use transmitted
radiance but do not account for atmospheric variations, which is
more accounted forwhen using transflectance. For the spatial
variability we use transflectance whereas for the temporal
variability we use transmittance measurements from the buoys.
This might be sufficient for the buoy measurements because we
do not aim to resolve spatial scales but reproduce the temporal
variability.

The methods calibrated with measurements collected at the
marker locations are expected to yield better results compared to
using non-marker measurements. The reasons for that assumption
are a shallower water column between radiometer and ice bottom and
with that less absorption by water and a stable well-known ROV
position. However, the NDI method is based on all measurements
along the transect, so also the non-marker measurements. Thus, we
conclude that our assumption of neglecting absorption by water and
water biomass during MAPLI1S is justified.

The performance seems to also depend on the variability of the
measured snow depth used to calibrate the methods. On 9 May,
the range in measured snow depths was in the mean 21 cm lower
than on 12 and 23 May (Table 1). The methods calibrated with
snow depths measured on 9 May did not perform as good as the
methods presented here (not shown). This suggests that if the
range in snow depth is limited in the calibration stage of the
methods, their ability to retrieve a larger variety of snow depths
will be modest.

4.5 Application to Sea Ice Research

Including Technological Aspects
In general, it is easier to measure the snow depth directly, e.g.,
using a magnaprobe, than measuring under-ice radiation.
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However, when measuring under-ice radiation using an
underwater platform coincident measurements of snow depth
are often not practical because they can also destruct the surface
which will impact subsequent under-ice radiation measurements,
especially when time series under the same ice area need to be
collected. Thus, the advantage of developing the two methods
presented in this study is to enable snow depth retrieval remotely
from under-ice radiation yielding co-localized, non-destructive
data of under-ice radiation and snow depth.

Little is known about the spatiotemporal distribution of snow
depth on sea ice on regional scales (Sturm and Massom, 2017). Hence,
a future aim is to retrieve high spatial coverage snow depth for large
regions of Arctic sea ice which is in particular necessary to improve the
description of snow processes in climate models (Webster et al., 2018)
and the validation of satellite products. A product derived from this
study could be probability density functions of snow depth that could
serve as input for, e.g., Icepack, the column physics package of the Los
Alamos sea ice model CICE (e.g., Zampieri et al., 2021). However, for
that to be feasible the gaps between local scale studies as presented here
and larger scales studied in models need to be minimized. One step
could be to apply the methods to all available under-ice surveys where
radiation was measured and retrieve snow depths for the different ice
types, and spatial and temporal scales covered therein. For example,
Katlein et al. (2019) provide radiation data for many ROV surveys in
the Arctic between 2011 and 2017. This would also help to further
monitor and assess changes of under-ice radiation, snow depth, and
their combined effects on the energy and mass balance of the sea ice in
the focus of climate change. However, measuring snow depth in-situ
for larger areas is neither practical nor appealing. This gap could be
closed once extensive AUV surveys with a focus on measuring under-
ice radiation from which snow depth can be retrieved can be
conducted regularly. During an AUV survey presented by Wulff
et al. (2016) measurements were collected along a short section of a
few kilometers in a couple of hours at the marginal ice zone in Fram
Strait. Possibilities for larger surveys will exist in the future, as
technology in AUV operations advances.

In this study, we retrieve snow depth on two ice types, at two
geographic locations, and during two seasons. FYI and melt-pond
covered ice are predicted to prevail in the future Arctic (e.g.
Maslanik et al., 2007; Perovich et al., 2009; Schroder et al., 2014).
Therefore, information on the snow depth for those ice types is
important to study the energy balance, especially prior to the melt
season (MAPLI18) and before and during freezing (AO18).

Biological studies would benefit from using our methods by
retrieving snow depth from the same data set used to estimate
biogeochemical properties. With that, interpretation of data
could be put in a broader context.

Chlorophyll a concentrations were successfully retrieved from
ice core scanning using hyperspectral cameras (e.g., Cimoli et al.,
2020). In this process, small sections of biomass containing ice
cores are cut and illuminated with different light sources.
Hyperspectral images of the through the ice section
transmitted light result in light spectra from which, e.g,
biomass absorption peaks can be investigated.

Such an optical set-up is in principal possible to perform on
sections of snow-covered ice. However, it might be logistically
challenging to retrieve an ice core with an undisturbed snow
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cover from the field. Instead, laboratory studies could be
envisioned using in the freezer grown sea ice and artificial
snow. Hyperspectral images could then be used to examine
the spectral effect of snow on the transmitted light.

Another method used to retrieve chlorophyll a concentrations
from under-ice radiation spectra is the principal component
analysis (e.g., Lange et al., 2016; Cimoli et al., 2020). In this
method, spectra are normalized to reduce the variability due to
the magnitude and to focus on the spectral shape (Craig et al.,
2012; Taylor et al., 2013). Several steps of statistical computations
described by Lange et al. (2016) result in empirical orthogonal
functions which modes characterize the variability in the spectra.
Within linear functions, those modes act as predictor variables to
retrieve chlorophyll a. In principle, this method could be used to
retrieve snow depth.

The NDI method could benefit from a multilinear regression (e.g.,
Lange et al., 2016) or machine learning approach to use instead of one
wavelength pair, several. This is expected to yield better results but the
simplicity of the NDI method as presented here has its advantages.
Radiometers with two wavelengths compared to hyperspectral
radiometers (e.g, TriOS) are cheaper. For example, the Ocean
Color Radiometer 504 or 507 manufactured by WET Labs, Inc.
Thus, the application of the NDI method could also reduce costs
and material for future deployments of autonomous stations.

4.6 Limitations

4.6.1 Atmospheric Influence

Optical measurements should be collected under overcast conditions
and at around noon. Clear sky conditions and changing cloud cover
and solar elevation lead to variations in the blue part of the spectrum.
This also affects the direction from which photons originate and the
distance they travel within the snow and sea ice.

The diurnal cycle during MAPLI18 is caused by variations of
incident irradiance in the blue part of the spectrum which is
reflected in the transmitted irradiance (Figure 7D). As evident in
the transmittance, the influence of atmospheric absorption is not
completely compensated for by normalizing the transmitted
irradiance with the incident irradiance (Figure 7E). For some
atmospheric conditions some variability persists under the ice
which seems to have been the case during 7 and 9 to 12 May. In
contrast, during AO18 a diurnal cycle is not present in the
transmittance and thus not in the retrieved snow depths
(Figure 8). Most likely, this is due to smaller daily solar
variations owing the higher latitude and the season. The
diurnal cycle is also not present in the retrieved snow depths
when using wavelengths in the red part of the spectrum as the
snow attenuates the incident irradiance very efficiently at those
wavelengths (Figure 7, Perovich, 2007). Here, the retrieval
depends more on the magnitude of the transmitted irradiance.

During AO18, substantial noise in the snow depth retrieved
using red wavelengths is attributed to irradiances below
1.0mWm™> and transmittance below 1% (Figure 8, Katlein
et al,, 2021). From 14 September onwards noise is also evident
in the snow depth retrieved using blue wavelengths (Figure 8B).
This corresponds to transmitted irradiance and transmittance
close to zero caused by the sharp increase in snow depth recorded
by the pinger.
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It seems that rapid and extensive variations in air temperature
affect the measured snow depth from the ultrasonic pingers of
Snow Buoy 2018563 even though the measurements are
temperature compensated (Figure 7, Nicolaus et al., 2021).

The limitations addressed here can be partly compensated for
by using daily means of radiation to retrieve snow depth. For
example, the period where the NDI method with the wavelength
pairs 440:403 nm yields reasonable results can be prolonged but it
is unclear for how long, e.g., towards winter (Figure 8B).

4.6.2 Influence of Other Constituents on the Extinction
of Solar Radiation

Besides snow depth and ice thickness, the magnitude and spectral
shape of the radiation are also determined by snow grain size,
wetness, and density, snow and ice temperature, snow
metamorphism (e.g., Warren, 1982; Perovich, 1996; Perovich
et al., 1998), particulates in snow (Warren, 1982) and ice (Light
etal., 2008), water (e.g., Baker and Smith, 1982) and in-ice biomass
(e.g., Mundy et al,, 2007). Especially the biomass has large effects
during spring bloom (Perovich et al., 1998). The optical properties
of snow can also be locally altered through flooding which changes
the physical and optical snow properties, leads subsequently to
refrozen snow ice and additional biomass introduced on the snow/
ice interface (Perovich, 1990; Arndt et al., 2017).

During MAPLI18, we observed typical snow characteristics
with metamorphic forms. Air temperatures were negative, thus,
most likely no further melt processes were initiated (Figure 7F).
Including information of the internal snow layers and their
optical properties as well as scattering may improve the snow
depth retrieval. However, we neglect the influences of the above
mentioned effects and achieve satisfying accuracies for the snow
depth retrieval by doing so. The calibration and results of the
methods also benefit from clear water, low in-ice chlorophyll a
(Lange et al., 2019), and level ice with constant thickness.

5 CONCLUSION

We apply two optical methods that successfully retrieve spatial
and temporal variations in snow depth on different ice types,
locations, and seasons with a combined mean RMSE of 5.6 cm.
The spectral effect of snow on the transflectance can be separated
from other components because the water was clear, in-ice
biomass was low, and the ice was level and had a constant
thickness. This makes it possible to establish relationships
between transflectance and snow depth.

The spatial variability and magnitude in snow depth on landfast
level FYI in the Lincoln Sea in spring 2018 (MAPLI18) can be
reproduced 1) by NDIs with the wavelength pairs 651:616 nm and
440:403 nm and 2) by an idealized two-layer RT model with a
nonlinear least square algorithm including inversely retrieved
spectral snow and sea ice extinction coefficients.

Both methods are less reliable in retrieving the temporal variability
of snow depth during MAPLI18 due to the influence of the diurnal
cycle in solar radiation at wavelengths in the blue part of the spectrum.
However, the magnitudes of the retrieved snow depths agree with the
measured time series, especially when comparing daily means.
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In contrast, the temporal variability on drifting, melt-pond
covered MYI in the Central Arctic during autumn 2018 (AO18)
can be reproduced by the methods using blue wavelengths. This is
because atmospheric variations in the blue part of the spectrum are
less pronounced here, likely owing the higher latitude and the
different season. The NDI method with wavelengths close to the
near-infrared produce noise in the retrieved snow depth because the
extinction of radiation by snow at those wavelengths is strong. This
can partly be compensated for when constraining to daily means.

In no regard is this work meant to replace in situ, airborne, or
satellite snow depth measurements and retrievals. The methods can
rather provide a step forward to retrieve snow depth from under-ice
hyperspectral measurements and serve as a close-range sensing tool
that can increase spatial and temporal coverage of local measurements
that can be applied across different regions. This can be particularly
useful in providing auxiliary data for remotely operated and
autonomous under-ice missions, where surface data are unavailable.
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