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The Arctic is no longer a region dominated by thick multi-year ice (MYI), but by thinner, more dynamic, first-year-ice (FYI). This shift towards a seasonal ice cover has consequences for the under-ice light field, as sea-ice and its snow cover are a major factor influencing radiative transfer and thus, biological activity within- and under the ice. This work describes in situ measurements of light transmission through different types of sea-ice (MYI and FYI) performed during two expeditions to the Chukchi sea in August 2018 and 2019, as well as a simple characterisation of the biological state of the ice microbial system. Our analysis shows that, in late summer, two different states of FYI exist in this region: 1) FYI in an enhanced state of decay, and 2) robust FYI, more likely to survive the melt season. The two FYI types have different average ice thicknesses: 0.74 ± 0.07 m (N = 9) and 0.93 ± 0.11 m (N = 9), different average values of transmittance: 0.15 ± 0.04 compared to 0.09 ± 0.02, and different ice extinction coefficients: 1.49 ± 0.28 and 1.12 ± 0.19 m−1. The measurements performed over MYI present different characteristics with a higher average ice thickness of 1.56 ± 0.12 m, lower transmittance (0.05 ± 0.01) with ice extinction coefficients of 1.24 ± 0.26 m−1 (N = 12). All ice types show consistently low salinity, chlorophyll a concentrations and nutrients, which may be linked to the timing of the measurements and the flushing of melt-water through the ice. With continued Arctic warming, the summer ice will continue to retreat, and the decayed variant of FYI, with a higher scattering of light, but a reduced thickness, leading to an overall higher light transmittance, may become a more relevant ice type. Our results suggest that in this scenario, more light would reach the ice interior and the upper-ocean.
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INTRODUCTION
The Arctic Ocean has been undergoing remarkable changes in the past decades. The most noticeable have been to the sea-ice cover (Stroeve and Notz, 2018; Meier et al., 2014; Comiso et al., 2008; Stroeve et al., 2012). Sea-ice extent has decreased in all seasons (Stroeve and Notz, 2018; Onarheim et al., 2018; Serreze et al., 2007, Stroeve et al., 2012), as well as its age and thickness (Lindsay and Schweiger, 2015; Maslanik et al., 1999; 2011; 2007; Renner et al., 2014). These changes have resulted in a shift of the sea-ice cover from thick, multi-year ice (MYI) to younger and thinner first-year ice (FYI) (Maslanik et al., 2011; 2007; Comiso, 2012). Additionally, observations show that the trend of snow depth, a major component in light transmission, has declined over recent years (Stroeve et al., 2020). The presence of melt ponds during late spring and summer also reduces the albedo of the ice and increases the amount of light transmitted to the water column (Perovich et al., 2002a; Light et al., 2008). The Chukchi and Beaufort seas are the parts of the Arctic Ocean at the forefront of this transition.
This transformation of the physical sea-ice environment, affects the partitioning of solar radiation passing through sea-ice. The result is a larger proportion of incoming solar radiation being able to reach the basal ice layer and upper ocean (Nicolaus et al., 2012). Increased transmission of solar radiation through sea-ice subsequently affects the heat and mass balance of the Arctic Ocean (Perovich et al., 2011; Nicolaus et al., 2012). Moreover, light is a crucial driver for sea-ice and ocean primary production (Mundy et al., 2009; Assmy et al., 2017). To study the growth of algae, and to understand how the sea-ice microbial community will adapt to a changing climate, it is essential to further advance in the field of radiative transfer through sea-ice (Pinkerton and Hayward, 2021). The absorption signature of ice algae on the spectral distribution of light under the ice, has been investigated during the last 3 decades (e.g., Legendre and Gosselin, 1991; Perovich, 1990; Mundy et al., 2007) and it has been used to develop algorithms to retrieve chlorophyll a (chl a) content in sea-ice, as proxy for biomass, based on under-ice light measurements. Normalised difference indices (NDI) have been used to retrieve chl a content in Antarctic pack ice in both summer (Melbourne-Thomas et al., 2015) and winter (Meiners et al., 2017), in Arctic pack ice (Lange et al., 2016), and in landfast sea-ice in both the Arctic (Mundy et al., 2007) and Antarctic (Wongpan et al., 2018). Recently, Castellani et al., 2020 used such algorithms to provide chl a estimates over large spatial scales derived (on the order of 10 km) with the same methodology in both the Arctic and the Antarctic.
Light transmission through Arctic sea-ice has been the subject of various studies through in situ observations, remote sensing, and modelling (e.g., Mundy et al., 2007; Light et al., 2008; Frey et al., 2011; Nicolaus et al., 2012; Katlein et al., 2019; Castellani et al., 2020; Stroeve et al., 2021; Pinkerton and Hayward 2021; Mundy et al., 2007; Light et al., 2008; Frey et al., 2011; Nicolaus et al., 2012; Katlein et al., 2019; Castellani et al., 2020; Stroeve et al., 2021; Pinkerton and Hayward, 2021). In situ optical measurements of under-ice light are performed using radiometers on static devices, as transect lines using remotely operated vehicles (ROV), or systems towed by ships (Lange et al., 2017; Massicotte et al., 2019; Castellani et al., 2020). These observations have been made in various regions across the Arctic Ocean, thus providing insight into the dynamics of the under-ice light field within different sea-ice regimes. However, it remains a challenge to conduct in situ field measurements of light transmission on a large scale in the Arctic due to logistical difficulties and financial constraints of sampling in high latitudes. Given that the characteristics of Arctic sea-ice are evolving, new observations, in present day, of sea-ice conditions are needed to constrain and improve parameterisations used for numerical models.
In this study, we discuss a set of sea-ice and snow measurements, under-ice light data, chl a and nutrient concentrations that were collected during two expeditions to the Chukchi Sea in August 2018 and August 2019, respectively. Late summer is a particularly interesting time to perform these measurements, as it represents a transition between the melting of the sea-ice and the autumn freeze-up. By late summer, the sea-ice and overlaying snow have undergone a series of melt-induced changes, including snow melt, the formation and subsequent drainage of melt ponds, reduction in bulk salinity, and the thinning of the sea-ice. These physical changes, coming from the surface, basal and lateral sea-ice melt processes, impact the light availability within and at the bottom of the sea-ice as well as in the water column. Quantifying how sea-ice melt will affect primary productivity within the sea-ice and water column remains a challenge (Gosselin et al., 1997; Lannuzel et al., 2020; Pinkerton et al., 2021).
The purpose of this study is to 1) better understand the differences in the light regime under ponded and unponded FYI and MYI, 2) provide evidence that will allow for better constraining of light attenuation parameterisations in numerical models, 3) to characterise the biological environment of late summer sea ice in the Chukchi Sea and 4) to provide the first NDI algorithm to retrieve in-ice chl a for this region and this season. The field campaigns and the measurements performed are described in sections The Arctic Cruises and Sea-Ice Stations, Light Measurements and Sea-Ice Properties, the spectral analysis tools employed are presented in Spectral Analysis followed by the Statistical Analysis and Normalised Difference Indices Algorithm sections Normalised Difference Indices Algorithm. The results of the analysis are presented in Results and discussed in Discussion.
OBSERVATIONS AND METHODOLOGY
In order to better understand the physical and optical properties of sea-ice in the Chukchi Sea region in August, a number of ice floes were visited and different measurements were performed. The observations, their measurements protocols and the methodology followed to analyse them are described in the following sections.
The Arctic Cruises and Sea-Ice Stations
All measurements presented in this study were attained during two Arctic expeditions to the Chukchi Sea, by the South Korean ice breaking research vessel Araon, from August 4 to August 26, 2018 and from August 3 to August 27, 2019. During 2018, two FYI floes were visited, each with extensive melt ponds (Figures 1A–C; Table 1). The first ice floe (station IS 2018-1) was composed of a mixture of level and deformed FYI covered by a thin layer of wet snow. The ponds sampled consisted of freshwater, and were in a refrozen state, with an ice lid. The second ice floe (station IS2018-2) also consisted of refrozen ponded FYI, but the ice was clear of snow.
[image: Figure 1]FIGURE 1 | Maps of the sea-ice concentration (in %) at 3.125 km resolution in the Chukchi Sea region (C,J), locations of the sea-ice stations (A, B, C, E, G, I and J) and measurement sites (D, F and H). Sea-ice concentration was retrieved from daily Advanced Microwave Scanning Radiometer 2 (AMSR2) satellite data using the ARTIST sea-ice algorithm (ASI 5) from University of Bremen (Spreen et al., 2008), and averaged for the ice camps duration (18–21 August 2018 and 12–16 August 2019). Sea-ice stations are shown as stars on the sea-ice concentration maps and pictures of the floes and measurements sites are shown above the maps.
TABLE 1 | Location of the ice floes visited during the ice camp and type of ice present at each location.
[image: Table 1]In 2019, more extensive measurements were performed on three different ice floes labelled IS2019-1, IS2019-2, and IS2019-3, respectively (Figures 1D–I). IS2019-1 was established on ponded MYI with a thin snow cover and the melt ponds sampled were freshwater ponds, with a newly formed ice lid. The second ice station (IS2019-2), was on a floe located 15 km in the south-west direction from IS2019-1, and consisted of level ponded FYI. As for IS2019-1, the snow cover was thin and wet. The last ice station (IS2019-3) was located near the edge of the ice pack and consisted of a mixture of level FYI and of deformed MYI, the latter covered by a thin layer of snow. In late summer, it can be particularly difficult to distinguish FYI from MYI using the salinity of the ice cores alone. Therefore, to accurately identify FYI from MYI, we use a suite of complementary information beyond salinity and temperature measurements of the ice cores. Our metrics include: 1) aerial photographic mosaics to identify different ice characteristics 2) in situ examination of surface features, such as the extent of weathering of ridges, as well as topographic evidence, such as undulating surface, which are tell-tale signs of MYI, and 3) the ice thickness and freeboard.
Light Measurements
During both years, under-ice hyperspectral measurements were performed using TriOS RAMSES Advanced Cosine Collector (SAMIP ACC-2) hyperspectral radiometers. The radiometers had an ultra-violet and visible coverage (from 190.8 to 735.2 nm) with a resolution of 2.2 nm in 2018, and a visible and near-infrared coverage (from 305.6 to 1,145.4 nm) with a resolution of 3.3 nm in 2019. The same type of sensor was used to measure incoming solar irradiance above the ice. Measurements of the incoming solar irradiance were performed coincidentally with the under-ice readings to ensure consistency. In all cases, the radiometers were levelled vertical and looking upward. In 2018, surface spectral albedo was collected for six different surface types of sea-ice. These were snow on sea-ice, bare-ice, open melt ponds, refreezing melt ponds, rough frozen melt ponds and smooth frozen melt ponds. Surface spectra were collected with an Analytical Spectral Devices–Field Spectrometer equipped with a remote cosine receptor to diffuse light. The instrument was set to report the average of 10 instrument measurements. On top of the instrument average, the reported value is the average ratio of three observational measurements of downwelling and upwelling solar radiation. Samples were collected at a minimum of 10 m apart.
During 2018, three sites were sampled on the first floe (IS2018-1, labelled 1–3), and two additional ones on the second floe (IS2018-2, labelled 4 and 5), for a total of 5 sites sampled. For each site, a 0.09 m diameter Kovacs core barrel was used to obtain the first core. The resultant hole was used to deploy the radiometer mounted on a “L arm” system (Wongpan et al., 2018). This system ensures that, under the ice, the radiometer is looking upright, and simultaneous X-Y tilt measurements guide the device to be level. The deployed radiometer was located at the end of the mechanical L arm, 1.05 m distance from the core hole. All measurements were performed at equal distance along a 180° circle arc, facing the direction of the Sun to avoid shadows. The sensor was as close as possible to the ice bottom and the surface of the ice in a range of 2 × 2 m, was kept pristine. All light measurements were performed six times per core before taking the average.
In 2019, a similar procedure to 2018 was followed with additional site manipulation experiments. These experiments were performed by conducting under-ice light measurements before and after removing the snow layer. The snow was removed by digging square shaped pits, with 0.50–1 m sides. These were dug at locations corresponding to the light measurements performed under the pristine surface. In total, 12 individual sites labelled from A to L, were visited across the three ice stations in which light transmission measurements were performed.
Sea-Ice Properties
The snow depth and grain size as well as ice thickness and freeboard were measured once per site. Snow depth was measured using a ruler during both campaigns and ice thickness and freeboard were measured at each core location using a measuring tape. In addition, during the 2019 campaign, the snow grain size was estimated using a 2 mm grid crystal card.
In order to deploy the L arm for under-ice light measurements, a hole was made by extracting an ice core. This core was used to measure the temperature and salinity profiles, as well as for nutrient sampling. Once extracted, the core was measured with a ruler and pictures were taken. The temperature of the ice was measured every 0.2 m using a wired digital thermometer probe (Traceable Digital Thermometer) and the core was cut in the field into 0.2 m sections from bottom, and placed in individual polyethylene bags. The ice cores were transported to the ship laboratory and melted without the addition of filtered sea water, in a dark room, at temperatures below 5°C. Once melted, the salinity was recorded for each ice core section using a calibrated portable conductivity meter (Thermo Scientific Orion Star A322) and nutrients concentrations (phosphate PO4, nitrite and nitrate NO2+NO3, ammonium NH4 and silicate SiO2) were measured onboard using a four-channel continuous auto-analyser by applying standard colorimetric methods (QuAAtro; Seal Analytical). Note that the nutrients sampling for each site was performed only during 2019. For 2018, nutrients concentrations were obtained from other cores representative of the whole ice stations. Using the measured temperature and salinity profiles, we calculated the brine fraction profiles based on the relationship provided by Cox and Weeks (1983) and the coefficients for F1(T) and F2(T) for temperatures between −2 and 0°C from Leppäranta and Manninen (1988), when possible, by assuming the absence of air in the ice cores.
To obtain chl a concentrations, during 2018, two ice core were extracted at site 1 and site 5, one ice core at sites 2–4, and during 2019, three ice cores were extracted at each site. All cores extracted for chl a analysis were coinciding with under-ice light measurements. For analysis of chl a concentration, the ice cores were cut in the field in two parts: bottom and rest of the core. Since the measurements were conducted in late summer, when low concentration of biomass are expected, the bottom part was taken as 0.2 m to guarantee enough biomass for detection. Both parts were placed in separate polyethylene bags, transported to the ship laboratory and melted at <5°C, in the dark, with the addition of filtered sea water. The melted samples were filtered for chl a measurement using 0.7 μm glass fibre filters (GF/F; 24 mm; Whatman). Chl a concentrations were measured onboard using a calibrated Turner design Trilogy fluorometer, after extraction with 90% acetone (Parsons et al., 1984).
Spectral Analysis
Transmittance and Extinction Coefficients
In this study, we focus on the Photosynthetic Active Radiation (PAR) part of the spectrum (400–700 nm). The PAR range is also the biologically active part of the spectrum. To analyse the amount of light transmitted through sea-ice and snow, we compute the transmittance Tr (spectral and wavelength-integrated) following (Nicolaus et al., 2010) as:
[image: image]
where Iui and Iai (both in mW m−2 nm−1) are respectively the under-ice irradiance and above-ice incoming solar irradiance. Thereafter, we refer as Trsnow and Trice, for the transmittance through pristine surfaces and post snow removal, respectively.
The ice extinction coefficients were computed using post snow removal transmittances and by using an inverted formulation of the exponential decay as presented in Grenfell and Maykut (1977) as:
[image: image]
where κi is the ice extinction coefficient, hi is the sea-ice thickness, h0 is the surface scattering layer (SSL) thickness, Trice is the wavelength-integrated measured transmittance, io is the bulk coefficient which parameterises the high extinction of incoming light which occurs at the surface and inside the SSL of sea ice (Grenfell and Maykut, 1977) and kBδz is the attenuation due to the presence of algal biomass in the sea-ice. The attenuation due to algae is given by kBδz with kB = a’ [image: image] C, a’ equal to 0.02 m2 (mg chl a−1), C the chl a concentration, and δz the thickness increment (Castellani et al., 2017). While this computation of the ice extinction coefficients is based on a simpler model than the one developed in Light et al., 2008 and Ehn et al., 2008, it importantly gives us the opportunity to compare the results with large-scale models for which simple representations are widely used. Melt ponds in this study are covered with a newly formed refrozen lid, with no SSL, so their extinction coefficients are expressed as:
[image: image]
where [image: image] is the melt pond’s albedo, κw is the extinction coefficient, and hw the depth of the pond water, respectively. As the water of the ponds was clear, we use κw = 0.14 m−1. Using the light measurements performed under pristine surfaces, snow extinction coefficients are computed following:
[image: image]
where κs is the snow extinction coefficient, hs the snow depth, [image: image] is the snow albedo and κi is the sea-ice extinction coefficient calculated using Eq. 3. Measurements without snow were not performed during 2018 thus, for the samples from this year, calculated ice extinction coefficients are only available for the melt ponds. Therefore, to compute the snow extinction coefficients for the 2018 unponded sites, we assume κi = 1 m−1, the mean of the 0.5–1.5 m−1 range presented by Grenfell and Maykut (1977). This value was also obtained by Lebrun (2019) based on under-ice irradiance observations performed in Baffin Bay during the GreenEdge campaign in 2015–1016.
Albedo and Extinction in the Surface Scattering Layer
During August 2018, albedo measurements were performed in parallel to the under-ice light measurements and covered different sea-ice surfaces (see Light Measurements). These measurements, obtained for overcast conditions, are used in Eqs 3, 4 to calculate the extinction coefficients for snow and for melt ponds. For the 2019 stations, there are no surface albedo measurements available. Instead, a single albedo value of 0.65 is chosen as representative of the conditions of the floes, e.g., ice covered by a thin layer of wet snow (Perovich et al., 2002a).
Following Grenfell and Maykut (1977), to calculate the ice extinction coefficient for unponded ice, we use the io parameter to account for the attenuation of light in the SSL. io represents the ratio of the downwelling irradiance at 0.1 m depth and at the surface, and the values used in our study depend on the physical characteristics of each site, on the weather conditions and on the state of the surface after snow removal. To assess the weather conditions (cloudy or clear sky) for the choice of the io value used in the calculation of the sea-ice extinction coefficients (see Transmittance and Extinction Coefficients), we use the ship’s 360-degree camera photographs of the sky obtained every 15 min. This methodology is different from the previous study from Katlein et al., 2019, where a fixed value of io was used. Furthermore, in Light et al. (2008, 2015) the ice was considered as a three-layer system consisting of the surface scattering and drained layers above the freeboard, and the interior of the ice below the freeboard. As our measurements were taken in late summer and the freeboard of the ice was below 0.1 m, the ice did not present a drained layer. Therefore, instead of using the “canonical” value of 0.1 m suggested by Maykut and Untersteiner (1971) for the SSL thickness, we consider the respective freeboard to be representative of the SSL thickness. In Supplementary Table S1, we show pictures of the pit surface and ice core for each point of measurement as well as the snow albedo and the associated io used to calculate the ice and snow extinction coefficient κi and κs. The io values used in the analysis are based on Grenfell and Maykut (1977) observations and are given in Supplementary Table S2.
Additionally, the layer of snow had a thickness of approximately 0.03 m, which is the canonical value for the snow SSL (Perovich, 2007). Based on this, we assume that the calculated κs represents the extinction of light in snow happening in the SSL. Therefore, the use of the constant io to parameterise the extinction in the snow is not needed.
Normalised Difference Indices Algorithm
A comparison between coincidence measurements of under-ice irradiance and chl a concentrations is used to develop an NDI algorithm (Mundy et al., 2007) for the Chukchi Sea in August. Values of integrated chl a lower than 0.1 mg m−2 are excluded from the analysis (Castellani et al., 2020) which results in a total of 18 coincident measurements of under-ice irradiance and integrated chl a used to develop the NDI algorithm. Spectra are interpolated at 1 nm wavelength resolution and the NDI is calculated for all possible wavelength combinations in the PAR range according to:
[image: image]
where Iui is the under-ice irradiance and λ1 and λ2 are for the wavelength pairing. Minimum distance between wavelengths is set as 5 nm. The NDI for each wavelength pair are correlated with the integrated chl a values and the resultant Pearson correlation coefficients are placed in a matrix to select the most significant wavelength pair. We then use a linear model to explore the relationship between predicted chl a from the NDI algorithm and integrated chl a from the ice cores.
Statistical Analysis
In order to statistically differentiate the light transmission through a range of MYI and FYI types, a statistical analysis is performed using the statistical functions from Python’s SciPy package (version 1.2.1). We verify the normality of the transmittance measurements and extinction coefficients for each ice group, by using the Shapiro-Wilk test (Shapiro and Wilk, 1965). This test is used to evaluate how likely the data was drawn from a Gaussian distribution. When a comparison between groups is performed in this study, we use the two-samples independent Students’s t-test to assess whether the two groups are significantly different with a significance level of 0.05.
RESULTS
The measurements and subsequent analysis are described in the following sub-sections from snow and sea-ice physical properties, to their optical properties and characterisation of the biological state of the sea-ice during the two cruises.
Sea-Ice Thickness, Physical Properties and Snow Cover
The FYI (both ponded and unponded) sampled on IS2018-1 (Figure 1B) had a thickness ranging between 0.7 and 1.25 m. The snow cover when present was wet and melting with depths of approximately 0.03 m. On IS2018-2 (Figure 1A), the FYI thickness ranged between 0.40 and 0.88 m with similar snow conditions as the first floe (IS2018-1). The two melt ponds sampled (each on a different ice floe) were 0.58 and 0.30 m deep, overlying a sea ice of 0.40 and 0.60 m thickness, respectively and both had a refrozen lid of ∼0.1 m. The salinity profiles (Figure 2A, left panel, purple lines) from the ice cores extracted at the unponded FYI sites show an increasing salinity with depth, ranging from a minimum of 0.4 at the surface to a maximum of 2.3 at the bottom of the core. For the ponded FYI, this range extended from 0.4 at the surface to 1.7 at the bottom of the core. As for the temperature profiles (Figure 2A, middle panel), overall, they show a slight decrease with depth; with surface temperatures around −1°C and bottom temperatures just lower than −2°C. For ponded and unponded FYI sites, the brine fraction profiles are constants with depth with the volume of brine remaining below the threshold of permeability of 5%. Note that during the 2018 campaign, no detailed visual inspection of the ice cores was performed.
[image: Figure 2]FIGURE 2 | Physical properties and typical core pictures of sea ice for all sites. (A) Salinity, temperature (°C), and brine volume fraction profiles for the 2018 and 2019 sea-ice sites as a function of depth (m) in purple (2018 unponded and ponded FYI), blue (2019 unponded and ponded MYI), orange (FYI-1) and red (FYI-2). (B) Typical core pictures collected for unponded and ponded MYI, unponded FYI-1 and FYI-2, respectively.
The sites on IS2019-1 were MYI with a sea-ice thickness ranging between 0.78 and 1.70 m. The snow was melting and had a depth between 0.03 and 0.04 m. The snow grain size was approximately 0.5 mm. Sites on IS2019-2 were FYI with a thickness ranging from 0.77 to 0.92 m and the snow cover was very similar to the one found on IS2019-1. Finally, on IS2019-3, which was near the ice edge, the sea-ice thickness of the MYI ranged between 1.50 and 1.60 m while the FYI thickness ranged between 0.63 and 1.17 m. For all sites and floes, between the snow and the sea-ice surface, a loose granular layer, part of the sea ice, was present and made up of larger, transparent crystals that were generally embedded to the sea-ice surface. This layer forms part of SSL on top of the sea ice. In fact, as for our measurements, the SSL is often found to have a very granular structure (Grenfell and Maykut, 1977; Light et al., 2008).
Based on a comprehensive analysis of the sea-ice thickness, physical properties and core pictures, we are able to identify four different groups among the sea-ice sites sampled during 2019.
The first group consist of all the MYI samples (sites A, B, C and J, Table 2), for which the ice cores are made mostly of columnar ice (Figure 2B, upper core), with the thickness of the SSL ranging between 0.03 and 0.1 m. The salinity profiles (Figure 2A, left panel, blue lines) are fresh and show an increase in salinity with depth from below 0.025 to ∼2.5 followed by a decrease at the bottom resulting in an inverted C-shape. The temperature of the MYI cores decreases with depth from ∼0°C at the surface to between −0.35 and −1°C at the bottom of the cores. For the brine fraction (for which we assumed that no air was present), for most MYI sites, it is above the volume threshold of 5% above which, sea ice becomes permeable (Golden et al., 1998) but below 40% brine fraction (Figure 2A, right panel), without a strong increase near the middle of the core. One site displays a brine fraction near ∼53% between 0.6 and 0.8 m depth before decreasing towards the bottom (<25%).
TABLE 2 | Sites visited at each ice station in both years with, for each site: number of light measurements taken, sea-ice condition and groups (MYI, FYI-1, FYI-2, and melt ponds), snow depth (m), ice thickness (m), calculated average ice salinity (measurements with a conductivity meter Thermo Scientific Orion Star A322) and average ice temperature (°C).
[image: Table 2]Based on the characteristics of the FYI samples, they can be split into two groups: FYI-1 and FYI-2. FYI-1 sites (sites F, I, and K, Figures 1F–H and Table 2) have a thickness ranging between 0.63 and 0.85 m and the ice cores’ structure consists of large pores and channels (Figure 2B) saturated with meltwater. As the freeboard measured 0.01–0.02 m, the SSL was considered as thin but present. For two of the three FYI-1 sites, the vertical salinity profiles (Figure 2A) show an increasing salinity with depth from ∼0.1 at the surface to ∼0.4 at the bottom. Furthermore, the temperature profiles (Figure 2A, middle panel, orange lines) show temperatures near 0°C which points to an advanced stage of melt. Due to the strong level of decay, the extracted ice was particularly porous, suggesting a high air volume (after extraction) and a large loss of brines. Sea-ice density was not measured in this study, and thus, the volume of air present is unknown which prevents us from calculating brine volume fraction for this group. We consider that this group represents FYI that has undergone extreme melt and displays low structural integrity (decayed ice).
FYI-2 (sites G, H, and L, Figures 1F–H and Table 2) cores, have a sea-ice thickness ranging between 0.84 and 1.17 m. In this group, the ice cores consist of a different structure than that of FYI-1. They are composed of a SSL of 0.03–0.04 m and clear, columnar ice for the rest of the core. The salinity profiles show an increasing salinity with depth from 0.1–0.8 to 1.9–2.9 (Figure 2A, red lines) and a slight decrease towards the bottom. Temperatures mostly decrease with depth from ∼0°C to between −0.5 and −1°C. Brine volume fraction increases from the surface until approximately the middle of the cores with a maximum of ∼40% and decreases towards the bottom of the cores.
The last group corresponds to ponded MYI (sites D and E, Figure 1D and Table 2). Sea-ice thickness under the melt ponds ranges between 0.78 and 1 m, and the depth of meltwater within each pond is between 0.28 and 0.40 m, with a refrozen lid of 0.03–0.08 m. The water of the two ponds has a salinity of 0.78 and 0.53, respectively. The sea-ice temperature and salinity below the meltwater (Figure 2A, left and middle panels) respectively decreases and increases with depth; with temperatures near 0°C at the surface, reaching around -1°C at the sea ice/ocean interface and salinities close to 0.5 at the surface and reaching 2 at the bottom interface.
Optical Properties
Transmittance
We analyse the spectral transmittance as a function of wavelength for 1) the pristine snow-covered ice (and refrozen melt ponds) and 2) snow-free ice (where snow was removed) over all groups (Figure 4). Note that for the MYI measurements the weather was cloudy with high-altitude clouds which cleared before ponded MYI measurements and the visibility was high. The weather conditions for the FYI measurements were clear with very little high-altitude clouds.
Spectrally resolved transmittance varies between ice types. For both MYI and FYI-2, the transmittance is almost constant up to 500 nm and then decreases to 0 for wavelengths above 700 nm, in both pristine and snow-free cases. Similarly, FYI-1 decreases from 400 to 700 nm, but instead of falling towards ∼0 as for MYI and FYI-2, the spectral transmittance remains at a low level of ∼0.1 between 750 and 850 nm. Melt ponds show a marked increase from 300 nm with a peak at 400 nm and then similarly decrease to 700 nm. For the snow-free MYI (Figure 3A), the peak transmittance ranges between 0.06 and 0.09 (∼380 nm) while for ponded MYI (Figure 3B), the peak transmittance ranges from 0.3 to 0.4. The average peak transmittance is 0.21 and 0.11 for respectively, FYI-1 and FYI-2 (Figures 3D,E). The effect of a snow-cover, though in our case only a few centimetres thin, is also noticeable for all wavelengths, but stronger in the range 300–600 nm (Figures 3A,D,E). As expected, melt ponds, on both FYI and MYI, result in larger transmittances due to much thinner sea ice and the presence of melt water (Nicolaus et al., 2012), with large similarities between the two. The above- and under-ice (average and standard deviation) spectral irradiance for all sites (Supplementary Figure S1) illustrate similar features as the transmittance with a lower under-ice average peak transmittance of 55 mW m−2 s−1 for FYI-2 compared to the average peak transmittance of 101 mW m−2 s−1 for FYI-1 with a similar above-ice solar incoming irradiance (peak of ∼530 mW m−2 s−1 at 479 nm). The mean and standard deviation values of wavelength-integrated transmittances when snow is removed (Figure 4A and Table 3) also highlight differences between sea-ice types with 0.154 ± 0.039 (N = 9) for FYI-1, 0.086 ± 0.017 (N = 9) for FYI-2, 0.048 ± 0.011 (N = 12) for the MYI and 0.241 ± 0.038 (N = 6) for the MYI melt ponds. In comparison, the transmittances through pristine surfaces (Figure 4B) remain mostly below 0.05 for MYI, and around 0.05 for FYI-1 and -2 with the exception of the two sites that were not covered by snow (site K and L on IS2019-3, Figure 1H).
[image: Figure 3]FIGURE 3 | Spectral transmittance for different ice conditions: snow covered ice, snow-free ice and ponded ice, in both 2018 and 2019. For each category, the data are combined alongside the average and standard deviation. (A) MYI, with snow (grey) and snow-free (blue). (B) Melt ponds (MP), for FYI 2018 (purple) and MYI 2019 (blue). (C) FYI from 2018, with snow (grey). (D) FYI group 1 (FYI-1), with snow (grey) and snow-free (orange). (E) FYI group 2 (FYI-2), with snow (grey) and snow-free (red).
[image: Figure 4]FIGURE 4 | Wavelength-integrated transmittance through snow-free sea ice (A) and pristine surfaces (B) as function of sea-ice thickness. MYI cores are in blue squares, FYI from 2018 in purple circles, FYI-1 cores in orange circles, FYI-2 cores in red circles and melt pond cores in purple triangles (FYI/2018) and blue triangles (MYI/2019). The grey square corresponds to core C3, and was not considered during the analysis as it was too close to a melt pond.
TABLE 3 | Nutrients and chl a concentrations sampled for each site. The sites have been sorted according to the year and group. For the chl a, an integrated value is also given for each core. “0” means a neglibible concentration or below the detection limit.
[image: Table 3]Extinction Coefficients
The range of ice extinction coefficients varies for each group (Figure 5). For FYI-1, κi ranges between 1.10 and 1.93 m−1 (1.49 ± 0.28 m−1 (N = 9), Figure 5A) while for FYI-2, κi ranges between 0.73 and 1.33 m−1 (1.12 ± 0.19 m−1 (N = 9), Figure 5B). MYI cores display a large range of κi between 0.59 and 1.58 m−1 (1.24 ± 0.26 m−1 (N = 12), Figure 5C) as well as melt ponds with κi varying from 0.66 to 1.30 m−1 (0.91 ± 0.21 m−1 (N = 6), Figure 5D) for MYI ponds and between 1.44 and 2.24 m−1, with an average of 1.84 m−1 (N = 4), for FYI ponds. Data from 2019 core 3 at site C is excluded from this analysis because the core was situated very close to a melt pond (within 2 m), and thus the light coming through the melt pond contaminated the readings. Data from core 1 at site H shows a very small extinction coefficient but is not excluded from the analysis. The pictures of the ice cores (Figures 5E–H) are shown alongside the extinction coefficient’s sub-figures and allow to associate each group with the according typical core from the group. The average ice extinction coefficients for the decayed FYI-1 are higher than both the average ice extinction coefficients for FYI-2 and MYI (see Table 4). The values derived for the sea-ice extinction coefficients are also a function of the io values, and of the SSL thickness. These are individually selected for each site according to the freeboard, the inspection of the surface of the pit and the top layer of each ice core (see Supplementary Table S1 and Albedo and Extinction in the Surface Scattering Layer). Student’s t-tests (Table 5) show that FYI-1 and FYI-2 average ice extinction coefficients are significantly different with a p-value of 0.006, while the difference is not significant between FYI-1 and the MYI group as well as between FYI-2 and the MYI group with p-values > 0.05.
[image: Figure 5]FIGURE 5 | Sea-ice extinction coefficients as function of the sea-ice thickness. (A) FYI-1 in orange. (B) FYI-2 in red. (C) MYI in blue. (D) Melt ponds (MP) in purple (FYI) and light blue (MYI). Representative pictures of the ice cores for each group are displayed as (E) FYI-1, (F) FYI-2, (G) MYI and (H) MYI MP.
TABLE 4 | Average and standard deviation for the transmittance and the ice extinction coefficient (in m−1) for each group. The number of measurements is given as (N = X).
[image: Table 4]TABLE 5 | Results of the Student’s t-tests (t-score, p-value) performed between the different groups (FYI-1, FYI-2, and MYI) for transmittance and ice extinction coefficients.
[image: Table 5]The snow extinction coefficients [image: image] (Figures 6A,B), for FYI in 2018, vary from 18 to 37.1 m−1. For 2019, snow extinction coefficients vary from 2.7 to 13.5 m−1 for MYI, from 13.4 to 22.3 m−1 for FYI-1, and from 22.9 to 30.1 m−1 for FYI-2. We note that the numbers of snow measurements are reduced, preventing us from calculating averages. It is also interesting to note that the snow cover is rather thin and uniform (from 0.03 to 0.04 m), contrasting with the high variability encountered in the calculated snow extinction coefficients (Figure 6A). The snow grain size varies from 0.5 to 1.4 mm (Figure 6B). While the smallest and biggest grains are coincident with MYI sites, intermediate values of 0.8 and 1.0 mm are found for FYI sites.
[image: Figure 6]FIGURE 6 | Snow extinction coefficients as a function of the snow depth (A) and the snow grain size (B). FYI sites in 2018 are represented with a purple triangle, FYI group 1 and FYI group 2 in orange and red respectively with a circle and MYI sites with a blue square.
Chl a Concentration and Nutrients
Chl a concentrations for the bottom 0.2 m of the ice cores vary from 0.06 to 0.37 mg m−3 for MYI cores, from 0.05 to 0.14 mg m−3 for melt ponds on FYI and MYI, from 0.12 to 0.4 mg m−3 for FYI-1 and from 0.04 to 0.25 mg m−3 for FYI-2 (Figures 7A,B). The chl a concentrations in the rest of the cores are lower for FYI-1 (from 0.05 to 0.14 mg m−3) and FYI-2 (from 0.03 to 0.06 mg m−3), with the exception of site L (FYI-2, IS2019-3, Figure 1H), for which the rest of the core concentrations are about the same as in the bottom 0.2 m (0.23–0.24 mg m−3). For some cores within MYI, concentrations are higher in the upper part of the core compared with the bottom (Figure 7B; Table 3). Average integrated chl a concentrations (Figure 8A and Table 3) for FYI-1 and FYI-2 are 0.08 and 0.11 mg m−2 respectively, the last being similar to the average concentration of 0.12 mg m−2 from the 2018 FYI. For FYI-1, the integrated chl a concentrations slightly decrease with the increasing under-ice irradiance. The average concentration is higher for MYI (0.24 mg m−2, Figure 8A) without an effect on the under-ice irradiance and lower for the melt ponds (0.048 mg m−2, Figure 8B) for both FYI in 2018 and MYI in 2019. The light attenuation factors due to the chl a (kBδz, see Sea-Ice Properties) are similar for all the sites and vary from 0.993 (MYI) to 0.998 (FYI-1 and melt pond sites).
[image: Figure 7]FIGURE 7 | Chl a concentration (mg m−3) for the bottom 0.2 m (dark colour) and the rest of the core (light colour) for: (A) sites in 2018, and (B) sites in 2019. The colours separate the different ice conditions: blue for MYI, green and lighter blue for the MPs (FYI in 2018 and MYI in 2019), purple for FYI in 2018, yellow for FYI-1 and red for FYI-2. The crosses in both panels represents the ice core thickness (m). Note: there is no chl a concentration for the rest of the second core of site 5 in 2018 due to part of the core being lost during coring.
[image: Figure 8]FIGURE 8 | Integrated chl a concentration over the whole ice column for each site for (A) unponded ice and (B) melt ponds, as a function of the wavelength-integrated irradiance for unaltered sites. Note the different under-ice irradiance (x-axis) and chl a concentration (y-axis) limits for the melt ponds in (b).
For the NDI algorithm, the correlation matrix results in the highest correlation being near the second chl a absorption peak (∼670 nm) for the wavelengths 665 and 670 nm (Figure 9A), thus resulting in the predicted chl a being calculated as:
[image: image]
[image: Figure 9]FIGURE 9 | NDI’s correlation matrix for the all wavelength pairs (A) and predicted chl a concentration as a function of the NDI (B).
The comparison between predicted and measured chl a shows that NDI wavelength pairs (Figure 9A) explain only 51% (Figure 9B) of the total variability (R2 = 0.51) in algal biomass. This is mainly due to the high heterogeneity of the surface of summer sea-ice that has undergone several melting and refreezing events, and to the very low biomass present. Previous studies have shown that also snow correlates with wavelengths close to the second algal absorption peak (e.g., Mundy et al., 2007; Wongpan et al., 2018; Mundy et al., 2007; Wongpan et al., 2018). However, in the present case we can exclude the effect of snow because of the advanced stage of melting of the surface and because the thin snow layer present was very uniform between the sampling sites (Lange et al., 2016). However, these measurements still include the effect of the snow surrounding the snow-free sites.
For IS2018-1, small concentrations of all nutrients are found in the bottom 0.2 m of the cores with 0.06, 0.01, 0.98 and 0.4 μmol L−1 of phosphate, nitrite + nitrate, ammonium and silicate, respectively (Table 3). In the rest of the cores, concentrations are also small, never exceeding 1 μmol L−1 compared to values on average above 20 mmol m−2 reported by Yun et al., 2016 during spring and summer for the Northern Chukchi Sea. For IS2018-2, nitrite + nitrate concentrations are negligible for the whole core and below 0.65 μmol L−1 for other nutrients. For the 2019 campaign, overall, values of nutrients are often below detection limit. This is true especially for silicate and nitrite + nitrate. Ammonium is present in small concentrations in the bottom of the ice cores with a maximum of 0.3, 0.2, 0.2 and 0.07 μmol L−1 for MYI, ponded MYI, FYI-1 and FYI-2 respectively. No phosphate is found in FYI-1 while small concentrations (below 0.1 μmol L−1) are measured in FYI-2 and MYI especially in the top of the cores.
DISCUSSION
In this section, we discuss the results of our study, compare our data with data from previous studies and open the discussion for the future of Arctic sea-ice in the Chukchi Sea region.
Physical Properties and Sea-Ice Conditions
The thickness of the sea-ice types we encountered fall within the range of previously observed thicknesses of 0.1–2.45 m (average of 0.95 m) for this season and region such as reported by Wang et al., 2021 during multiple cruises in the Chukchi Sea performed in August between 2008 and 2016. Arrigo et al., 2012 reported increasing sea-ice thickness values in early summer 2010–2011 in the Chukchi Sea from 0.77 m near the ice edge, to an average of 1.21 m 120 km away from the ice edge, in agreement with our measurements. While Wang et al., 2021 documented sea ice that was a mix of MYI and FYI, they did not report any decayed sea ice of the kind we came across. Frantz et al., 2019, on the other hand, report rotten sea ice found during July, at a lower latitude of 71.29°N, on their survey of shore-fast ice near Barrow, Alaska. The late stage of sea-ice decay they describe in their study is very similar to the state of the FYI-1 type we encountered with temperatures of the ice near 0°C along the whole profile and salinities lower than 2. Compared to the earlier study of Melnikov et al., 2002, at similar latitudes of 75°–80°N and longitudes of 165°E to 150°E, but later in the season, the ice we sampled was warmer and less saline, pointing to a further evolved seasonal melting stage than in the past. The low salinity found in group FYI-1 is likely due to the advanced state of melting through numerous previous flushing events, with high desalinization during the brine release process. As the ice from FYI-2 cores was sampled in sites located 2–30 m from FYI-1 sites, we have to assume that ambient melting conditions for FYI-1 and FYI-2 were similar. The physical characteristics from FYI-1 suggest that the permeability is higher than for FYI-2, leading to a more porous and thus weaker internal structure. This points to the importance of the history of the ice, as ice forming in very cold conditions (e.g., leads opening in winter) might result in less brines released in the water, leading to larger, in number and size, brine pockets that might render the ice more porous. We suggest that its properties and overall lower integrity, decrease the potential survival of FYI-1 for the rest of the melting season compared to FYI-2.
Optical Properties
Light Transmission Through Sea ice and Snow
Both FYI groups show a larger range of transmittances and higher transmittance values compared to the MYI group. Average transmittance values for snow-free FYI-1 and FYI-2 are different by almost a factor of two (0.154 and 0.086) and the MYI group has an average snow-free transmittance almost two times smaller (0.048) than FYI-2. Student’s T-tests performed between groups show that their transmittances are all significantly different with p-values lower or equal to 0.001 (Table 5). The differences between groups are reduced when the transmittance is measured with snow being present (Figure 4B), which highlights the crucial role of snow in the transmission of light through sea-ice. For FYI-1 ice cores, we document a light transmission approaching that of the melt ponds. This indicates that, if more of the FYI would attain the state of decay of FYI-1 during late summer, a higher amount of light may be capable of reaching the interior of the ice and the upper-ocean. The melt pond group has average transmittances five times higher than for unponded MYI, a consequence of the structure (sea ice, meltwater and ice lid) of the melt ponds observed in this study. The average transmittances through ponded FYI in 2018 are the same as through ponded MYI in 2019 which suggest that the presence of the melt ponds dominates over the ice structure. Interestingly, the transmittance remains positive for FYI-1 while it falls to 0 for FYI-2 in the wavelength range 750–850 nm. This feature could be an indicator of the presence of FYI-1 but more observations are needed to reduce the uncertainties. Further work needs to be performed to better understand the contribution of each component of the melt ponds (refrozen cap, fresh water, sea ice) to the light transmission especially in view of the expected future increase in the fraction of ponded ice. The transmittance values obtained in the present study agree well with the previous study of Light et al., 2008, on bare MYI, conducted in the same region and season, characterised by similar ice thicknesses (0.8–2 m). Light et al., 2008 also report transmittances in the range of 0.05–0.25 for FYI. This interval is well comprehensive of the values for FYI-1 and FYI-2 presented in this study. Our values for MYI fall below this range, whereas values for melt ponds are at the upper limit. Our results clearly show the dependency of light transmittance on thickness and surface characteristics as previously shown by Katlein et al., 2015. The smaller ice thickness characterising FYI-1 leads to larger transmittance values than for other sea-ice types. Accordingly, melt ponds largely increase light transmittance through sea-ice. Nicolaus et al., 2012 show lower transmittance values than ours for all ice types (FYI, MYI, melt ponds). Such differences are most likely due to the larger ice thickness sampled (1.5–3 m), to the large scale covered, and to the regions where measurements were taken, which extend further North. Compared to large scale studies, our results for light transmission agree with those shown in Katlein et al., 2019, but remain on the lower range compared to those of Castellani et al., 2020. The latter study, however, includes very thin ice and brush ice that is responsible for higher transmittance values.
Extinction Coefficients
While sea-ice and snow albedo have been widely observed and studied (Grenfell and Maykut, 1977; Perovich et al., 2002; Pirazzini et al., 2006), there are fewer extinction coefficients studies due to the added complexity of the light transmission measurements and the number of parameters to account for. In this study, we retrieve ice extinction coefficients by using an inverted formulation of the exponential decay as presented in Grenfell and Maykut (1977). This approach depends on assumptions regarding the optical structure of the ice if, as is the case here, no depth-dependent measurements of light transmission inside the ice layered structure can be made. In particular, the characteristics of the SSL, and related parameters such as its bulk extinction coefficient io, need to be based on assumptions, if they cannot be addressed by dedicated in situ studies. Following Grenfell and Maykut (1977), we assume the SSL bulk extinction coefficient value to be dependent on the physical characteristics, weather and ice surface conditions. We use under-ice light measurements after snow removal to calculate ice extinction coefficients. In this case, the light measurements under the ice are impacted by the light through the snow-free ice, plus the light penetrating through the remaining snow on the ice around the region of snow-free ice. The effect of the diameter of a snow pit can have a relevant impact on the total transmission of the light (from Nicolaus et al., 2010; Nicolaus et al., 2010) as measured under the pit (Supplementary Figure S1). Even a large snow pit of 6 m in diameter only allows for 80% of the incoming light to pass through snow-free ice (for an ice thickness of 1.5 m), while the remaining fraction is still affected by the snow cover outside of the pit. As we are unable to quantify this effect on the measurements we performed (due to the variations in solar angle and the anisotropy of the ice, see e.g., Katlein et al., 2014), we consider the “snow-free ice” transmittances, and the resulting variables we calculated, as lower estimates.
The calculated ice extinction coefficients values are in the range of those derived in Grenfell and Maykut (1977). The difference between the two FYI groups is noticeable. The porous structure of FYI-1 cores, leads to a larger ice extinction coefficient κi as a consequence of a higher scattering within the ice when compared to the clearer, more columnar ice found in FYI-2 (1.49 m−1 compared to 1.12 m−1). However, the smaller thickness of the decayed FYI-1 cores allows for more light to reach the upper ocean still. This shows that resulting under-ice light is the interplay of thickness and internal structure, similar to what is shown in Katlein et al., 2021, for topographic elements such as ridges. For the MYI group cores, the average ice extinction coefficient κi is 1.24 m−1, which is higher than the κi of 0.8 m−1 calculated by Light et al., 2008 for melting MYI during the Surface Heat Budget of the Arctic Ocean (SHEBA) field experiment in 1998. On the other hand, our values are in the range of the total extinction coefficients κi of 1.1–1.5 m−1 presented in Perovich, (1996) for MYI. It is important to note that the io values, used in both our study and Light et al., 2008 to compute the ice extinction coefficients, are different due to the different surface conditions, which makes it difficult to directly compare the two io-dependant ice extinction coefficient, κi. The studies of Katlein et al., 2019 and Castellani et al., 2020 present bulk extinction coefficients e.g., they include the effect of snow on top. However, we can compare our results with their summer values (no snow). Our values for all ice classes are lower than the value for August of 1.576 m−1 presented by Castellani et al., 2020 and the modal peak for summer around 2 m−1 presented by Katlein et al., 2019. These values are closer to the general value for sea ice (κi = 1.5 m−1) used in numerical models that adopt the Grenfell and Maykut (1977) light transmission parameterisations. Our results, thus, in agreement with Light et al., 2008, suggest that a lower value of light extinction coefficient should be used, especially in summer when the ice is in a melting stage.
It also shows the importance of using extinction coefficients controlled by the inner ice properties, including the temperature, salinity and thickness of the sea ice. While this is provided in complex radiative transfer approaches such as in Bailey et al., 2020, many models (e.g., Castellani et al., 2017; Castellani et al., 2017) and satellite derived light transmission estimates, as in Stroeve et al. (2020), depend on simple light transmission parameterisations and use fixed bulk extinction coefficients. Especially, the representation of thin ice within those applications is of crucial importance to estimate the under-ice light scape and subsequent implications for the ecosystems.
Based on the derived ice extinction coefficients κi, we retrieve snow extinction coefficients κs for some cores. We found a large range of values ranging from 2.72 to 37.1 m−1). Large ranges for κs, were also observed before e.g., Mundy et al. (2005) found snow extinction coefficients in the PAR wavelength range that were between 5 and 25 m−1 during boreal spring in land-fast FYI in the Canadian Arctic Archipelago and Perovich (1996) reports values of integrated extinction coefficients for snow in the Antarctic between 4.3 and 40 m−1. The lowest snow extinction coefficient calculated in our study is almost two times higher than the average extinction coefficient for the sea-ice from FYI-1. This is because snow is a material made of multiple snow grains of small sizes which causes multiple air/ice interfaces making it a highly scattering medium in the visible part of the spectrum (Warren, 1982). It is important to note that the snow extinction coefficients are calculated based on the ice extinction coefficients and part of the large range of values can be accounted for by the uncertainties inherent in the calculations.
Chl a and Nutrients Concentrations in August
Chl a concentrations are variable between ice types and stations, and are generally higher for MYI, in agreement with previous studies (Melnikov et al., 2002). Values reported here agree with previous studies conducted in the same region and season (Gradinger et al., 2005; 2010). Chl a values in summer sea ice are often below 1 mg m−2 in most regions of the Arctic and reflect the end of the growing season. Light levels under the ice, indeed, are far above the threshold values for algal growth reported in literature (Horner and Shrader, 1982; Gradinger et al., 1991; Mock and Gradinger, 1999) thus, excluding light as a limiting factor. The nutrients concentrations obtained in our study remain very low, pointing to a nutrient-limited system. In addition, the ice sampled for this study is highly permeable and in melting stage, thus brines might have been lost during flushing events and also during the extraction of ice cores.
Our data set allowed to retrieve the first NDI algorithm for the Chukchi region in summer, that could be lately applied to any type of hyperspectral measurements collected in the future. The NDI algorithm, however, explains only part of the variability, thus more detailed studies should be conducted to increase the samples size and improve the algorithm. We investigated the NDI when using transmittance values instead of under-ice irradiance, as in Wongpan et al. (2020). However, the values of the Pearson correlation coefficients where lower than in the case of the NDI based on irradiance, as well as the resulting R2 when comparing predicted and measured chl a values. We calculated NDI using only the measurements from sites when the snow was removed. Without snow, the correlation increases and explains up to ∼60% of the total variability. However, the removal of snow causes also an alteration of the SSL which in turn, affects the under-ice light spectra, so the risk of using this set of measurements is to introduce a signal coming from the altered SSL instead than from chl a concentrations, especially in the case of low biomass. A second reason to exclude the NDI algorithm based on this data set is that the development of an NDI algorithm should support the retrieval of in-ice chl a from remote measurements (e.g., ROV, radiation buoys, SUIT; see e.g., Castellani et al., 2020), so when a manipulation of the environment is not possible. Thus, we believe that the NDI developed for a pristine environment, despite its lower correlation, is still a more reliable choice to be applied to hyperspectral data sets in further studies. We investigated correlation also based on the area under the curve approach (see e.g., Cimoli et al., 2020; Melbourne-Thomas et al., 2015; Cimoli et al., 2020; Melbourne-Thomas et al., 2015), however the R2 value was lower than 0.5 so we did not consider it in the present study. Whereas other studies found a higher correlation around the first (∼430 nm) chl a absorption peak (see e.g., Castellani et al., 2020; Melbourne-Thomas et al., 2015; Wongpan et al., 2018; Castellani et al., 2020; Melbourne-Thomas et al., 2015; Wongpan et al., 2018), the study by Lange et al. (2016), focusing on summer Arctic sea ice, also found a high correlation around the second absorption peak. The same correlation peak was used by Wongpan et al. (2020) in the case of the Saroma-ko Lagoon, when only a thin snow cover was present. Previous studies have shown that snow also correlates with wavelengths close to the second algal absorption peak (e.g., Mundy et al., 2007; Wongpan et al., 2018; Mundy et al., 2007; Wongpan et al., 2018). However, in the present case, we can exclude the effect of snow because of the advanced melting stage of the surface and because the very thin snow layer present was uniform between the sampling sites (Lange et al., 2016).
Future Arctic Sea-Ice Conditions in the Chukchi Sea
Wang et al. (2018) have shown, using the fifth phase of the Coupled Model Intercomparison Project CMIP5 (Meehl et al., 2009) simulations over a 30 years average trend, that the Chukchi Sea could see a diminution of between 20 and 36 days of sea-ice cover for the period 2015–2044 with later freeze-up and earlier break-up of the ice pack. However, these estimates have been superseded by the output of models from CMIP6 (Eyring et al., 2015). These show that the Arctic will be ice-free in September before the year 2050 and considering all four emission scenarios (Notz, 2020). As Arctic sea-ice transitions to a seasonal ice cover, thin and decaying FYI (as FYI-1 in our study) will also become a more common ice type, with it being present first in the lower latitude regions, but progressing northwards as the season unfolds. Under FYI-1 type conditions, we would expect an increase of light transmitted to the water column, even though there is a covering of sea ice. Large changes are expected to happen in summer, however an increase in light transmission through ice in earlier seasons, especially spring, will also have consequences for ecosystems (e.g., earlier sea-ice algae and phytoplankton bloom, decoupling of primary and secondary production (Lannuzel et al., 2020)).
CONCLUSION
The analysis performed in this study supports the notion that, as the Arctic Ocean transitions towards a seasonal sea-ice regime, we see an increase in under-ice light. The Chukchi Sea region is at the forefront of this change as only its northern regions are still experiencing sea-ice in late summer. Our results show that the ice still present in late summer is composed of a mixture of multi-year ice and first-year ice. A portion of the latter sea ice is in a very degraded stage, resulting in more light under the ice and a high likelihood that this ice will melt completely before the beginning of freeze up, especially given the later autumn freeze-up in this region in recent years (e.g., Stroeve and Notz, 2018). While our study focuses on late summer under-ice light transmission, we expect that the ice and thus, the under-ice light field has changed in other seasons as well. Specifically, the time of ice formation and growth may result in different physical and optical properties, with consequences for light transmission. While the chl a concentrations from our measurements are very low for all ice types due to the late season sampled, the potential predominance of decayed FYI, rises questions on the survival of the habitat for algae and thus on future primary production. Despite the low chl a values, we were able to develop an algorithm that can be used in future studies to obtain large scale estimates of algae biomass within the ice, based on non-invasive under-ice light measurements. This will allow a better understanding of the physical-biological coupling in this region. The strong difference between the two FYI groups in terms of structure and optical characteristics, calls for more detailed future investigations of the dependence of the optically and biologically relevant properties of sea-ice growth history. Comprehensive observations are needed to progress with new model parameterisations that can capture the evolving properties of the ice and can be used to validate more complex radiative transfer approaches. One step forward could be the use of distinct coefficients for light transmission in modeling applications that account for the different ice type. This will require a quantification of the spatial and temporal distribution of the different ice types (which remains a challenge). Given our fast trajectory towards a seasonal Arctic sea-ice cover, further knowledge of the evolutive characteristics of the ice are needed to obtain an accurate projection of the future Arctic Ocean and its ecosystem.
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