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Abstract. Uncertainties in sea-ice density lead to high uncertainties in ice thickness retrieval from its freeboard. During the

MOSAiC expedition, we observed the first-year ice (FYI) freeboard increase by 0.02 m while its thickness decreased by

0.5 m during the Arctic melt season in June–July 2020. Over the same period, the FYI density decreased from 910 kg m−3 to

880 kg m−3, and the sea-ice air fraction increased from 1 % to 6 %, due to air voids expansion controlled by internal melt. This

increase in air volume substantially affected FYI density and freeboard. Due to differences in sea-ice thermodynamic state5

(such as salinity and temperature), the air volume expansion is less pronounced in second-year ice (SYI) and has a smaller

impact on the density evolution of SYI and ridges. We validated our discrete measurements of FYI density from coring using

co-located ice topography from underwater sonar and an airborne laser scanner. Despite decreasing ice thickness, a similar

counter-intuitive increasing ice freeboard was observed for the entire 0.9 km2 MOSAiC ice floe, with a stronger freeboard

increase for FYI than for less saline SYI. The surrounding 50 km2 area experienced a slightly lower 0.01 m ice freeboard10

increase in July 2020, despite comparable half-meter melt rates obtained from ice mass balance buoys. The decreasing draft

to thickness ratio from 0.92 to 0.87 observed FYI complicates the retrieval of ice thickness from satellite altimeters during the

summer melt season and underlines the importance of considering density changes in retrieval algorithms.

1 Introduction

The ultimate goal of mass balance observations of Arctic sea ice is to produce reliable ice thickness measurements throughout15

the year. Unless sea-ice thickness is directly measured using ice coring, ice mass balance buoys, or ground-based electro-

magnetic sounding, it relies on remote methods such as airborne or satellite laser (ICESat) and radar (Sentinel-3, CryoSat-2)

altimeters (Paul et al., 2018), airborne electromagnetic sounding (Haas et al., 1997), moored upward-looking sonars (Sumata

et al., 2023), and underwater sonars mounted on submarines (Lyon, 1961), autonomous underwater vehicles (AUV), or re-

motely operated vehicles (ROV). Except for electromagnetic sounding, these remote techniques estimate either the snow or20
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sea-ice freeboard (height above the waterline) or the ice draft (height below the waterline). To convert draft or freeboard to sea-

ice thickness, they require information on the snow depth and density of both snow and sea ice. Generally, draft measurement

from upward-looking sonar reconstructs sea-ice thickness more accurately than freeboard deduced by satellite altimeters since

a larger portion of the thickness is measured directly (Mahoney et al., 2015). While satellite altimeters allow for basin-wide

studies by measuring the freeboard of snow and sea ice along profiles of the satellite’s orbit across the Arctic Ocean, ice mass25

balance buoys, moored upward-looking sonars, and electromagnetic sounding all require local ground, aerial, or underwater

surveys with limited spatial and temporal coverage (Haas et al., 1997; Webster et al., 2022; von Albedyll et al., 2022).

Sea-ice and snow density, as well as snow thickness, play an important role in aerial and satellite altimetry (Dawson et al.,

2022), but they are rarely, if ever, measured directly from remote platforms. While the snow and ice densities estimated from in

situ historical measurements are assumed to be constant for certain ice types—including first-year ice (FYI), second-year ice30

(SYI), and multiyear ice (MYI)—snow depth relies on observational climatology, models, or passive microwave observations

(Zhou et al., 2021). Inaccuracies in the assumed snow and sea-ice density can lead to substantial errors in the estimated ice

thickness (Alexandrov et al., 2010; Landy et al., 2020). For example, typical ice density variations of 882–917 kg m−3 can

result in variations in sea-ice thickness estimates up to 0.7 m (Kern et al., 2015). The most commonly used sea-ice density data

sets for remote sensing purposes, e.g., Alexandrov et al. (2010), have several limitations, including temporal restrictions that35

prevent them from representing the seasonality of sea-ice density in spaceborne ice thickness products. If sea ice with a typical

thickness of 1.5 m (Sumata et al., 2023) has its initial density of 920 kg m−3 decreasing to 875 kg m−3 during the melting

season (Worby et al., 2008), its hydrostatic balance is altered, and the ratio of the freeboard to thickness is expected to decline.

This implies that if the ice density transition occurs at a faster rate than the thickness change, the first 0.5 m of its thickness

reduction is not detectable in freeboard measurements, as the change in density will counteract the impact of ice melt on the40

freeboard. Recent advancements have led to the development of new experimental sea-ice freeboard and thickness products

from satellite radar altimetry during the Arctic melt season (Dawson et al., 2022; Landy et al., 2022). Landy et al. (2020)

estimated potential systematic bias in CryoSat-2-derived sea-ice thickness from various sources of uncertainty, including 16 %

and 12 % bias from ice density for FYI and MYI, respectively. Currently, remote sensing ice thickness products often use

constant ice density because (1) bulk sea-ice density measurements require challenging in situ discrete sampling, and (2) past45

studies hypothesise that bulk ice density has a minor impact on ice freeboard and thickness retrieval. However, Kern et al. (2015)

noted that sea-ice density is as important as snow depth for using radar altimetry to retrieve sea-ice thickness. Therefore, there

is a need to extend accurate sea-ice density data to the entire year so that the seasonal evolution can be realistically accounted

for in remotely-sensed ice thickness products.

There are several direct and indirect methods to estimate sea-ice density (Hutchings et al., 2015). It can be directly measured50

by hydrostatic weighing with 0.1–1.3 % error (Nakawo, 1983) or by the mass/volume method with 3–8 % error (Hutchings

et al., 2015), which consists of sizing and weighing extracted ice core sections. However, these measurements are rarely per-

formed at the ice in situ temperatures, as this is not practical and subject to errors from the non-stationary ice temperature and,

particularly during the melt season, brine losses from warm sea-ice sections. Assuming sea ice is in hydrostatic equilibrium,
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sea-ice density can be indirectly derived from measurements of snow depth, ice freeboard, and draft. The freeboard and draft55

can be measured directly using in situ field measurements or various combinations of remote methods mentioned earlier.

The bulk density of Arctic and Antarctic FYI varies seasonally, ranging from above 910 kg −3 in winter to below 900 kg m−3

in summer (Wang et al., 2020; Fons et al., 2023). Timco and Frederking (1996) estimated the typical range of bulk FYI density

to be 840–910 kg m−3 with 900–940 kg m−3 for the density below the waterline. Alexandrov et al. (2010) used ice freeboard

and thickness measurements to estimate FYI density of 917±36 kg m−3 from data collected in the Eurasian Russian Arctic60

during February–May of 1980–1988. Jutila et al. (2022) combined airborne snow depth, ice freeboard, and ice thickness

measurements collected in the western Arctic Ocean in April 2017–2019 to estimate densities of 925±18 kg m−3 for FYI,

899±17 kg m−3 for SYI, and 902±19 kg m−3 for MYI. Based on the field measurements from Worby et al. (2008), Fons

et al. (2023) reported the seasonality of Antarctic FYI density, which increases from 900 kg m−3 in autumn to 920 kg m−3

in winter, and decreases from 915 kg m−3 in spring toward 875 kg m−3 in summer. Using the mass/volume method, Wang65

et al. (2020) estimated FYI and MYI densities in August to be 793±74 kg m−3 and 810±49 kg m−3, respectively. Frantz et al.

(2019) documented a strong decrease in sea-ice density down to 600 kg m−3 as sea ice in Alaska became rotten and melted

completely. Most observations show that bulk FYI density outside of melt season is similar to pure ice density of 917 kg m−3,

while SYI is significantly lighter. Only Frantz et al. (2019), Wang et al. (2020) and Fons et al. (2023) estimated sea-ice density

during the melt season, revealing a large range of values substantially lower than those from winter observations.70

Sea-ice density depends on the volumetric fractions of ice, air, and liquid brine. Changes in the air fraction have a greater

impact on sea-ice density than changes in brine or ice volume due to the 10 times larger density difference between air and pure

ice compared to that between pure ice and brine. Volumetric fractions of brine and air are usually estimated from measurements

of bulk sea-ice salinity, density, and temperature (Cox and Weeks, 1983; Leppäranta and Manninen, 1988). Since the air volume

fraction is typically much smaller than the brine volume fraction, it is often neglected in models predicting salinity evolution and75

brine and ice volume (Griewank and Notz, 2013). During the ice growth phase, the bulk brine fraction of columnar/congelation

sea ice is usually below 5 % (Griewank and Notz, 2013) and the air volume fraction below the waterline is usually less than

2 % (Nakawo, 1983; Crabeck et al., 2016). During the freezing period, the temporal and spatial variability of sea-ice density is

quite low due to the small variability of both the bulk air and brine fractions. In winter, desalination is mainly governed by the

convective exchange of cold, dense brine with fresher seawater (gravity drainage). In summer, the vertical percolation of fresh80

surface meltwater through the permeable ice matrix (flushing) controls ice desalination (Griewank and Notz, 2013). Warming

drives significant thermodynamic changes that alter the ice, brine, and air volume fractions. Recent Arctic observations show

that bulk FYI salinity during the melt season is usually 1–2, with a bulk temperature around -0.8°C (Wang et al., 2020).

Considering gas-free sea ice in winter with a negative temperature gradient from -15°C at the surface to -1.8°C at the bottom,

which warms to an isothermal profile of -0.8°C in summer with a salinity of 2, its bulk density should increase from 921 kg m−385

to 929 kg m−3 due to the increase of brine volume reaching 12 % (Leppäranta and Manninen, 1988). Meanwhile, if we account

for an air volume fraction of 5–15%, the bulk ice density should fall within the range of 780–880 kg m−3 following Leppäranta

and Manninen (1988). Given that small changes in air volume fraction produce large changes in sea-ice bulk density, it is

questionable to neglect the impact of air volume fraction on bulk ice density in ice thickness retrieval products. Recent work
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indicates that gas exists in sea ice in the dissolved state in brine and in the gaseous phase as air bubbles (Light et al., 2003;90

Zhou et al., 2013; Moreau et al., 2014; Crabeck et al., 2016, 2019). The distribution of the main atmospheric gases in sea

ice is controlled primarily by physical processes such as (1) the initial gas entrapment at the ice-seawater and ice-atmosphere

interfaces during ice formation, (2) the potential phase change from dissolved within brine to gaseous in air bubbles or vice

versa, that may take place in the brine medium, and (3) brine and bubble transport within sea ice and across the ice-atmosphere

and ice-seawater interfaces. Crabeck et al. (2019) and Light et al. (2003), using thin sections of sea ice, observed the shrinking95

of gas inclusions upon cooling and expanding during warming, suggesting that temperature exerts a strong control on the gas

volume fraction.

Snow plays a crucial role in both the thermodynamics and hydrostatic balance of sea ice. During freezing, snow load

depresses the freeboard, while the snowmelt in spring allows for a rebound. In the Arctic, snowmelt can also lead to the

formation of melt ponds (Webster et al., 2022). The areal fraction, depth, and drainage of surface melt ponds significantly100

affect the sea-ice hydrostatic balance. Initially, when melt ponds form from melting snow, the meltwater typically cannot

percolate through the impermeable sea ice below, so it loads the ice similarly to snow and reduces the freeboard (Landy et al.,

2014). However, after the onset of flushing, when the sea-ice column is completely permeable, the melt ponds begin to drain

towards sea level, and the freeboard isostatically rebounds, usually reducing the ratio of freeboard to thickness. Additionally,

meltwater drainage can lead to the formation of under-ice meltwater layers, which can substantially increase the temperature of105

sea ice (Salganik et al., 2023c), affecting its brine and air volume, and can also decrease the water density (Smith et al., 2023).

In this study, we present observations of the temporal evolution of sea-ice density, with a focus on its rapid changes during

the melt season. We demonstrate how summer changes in sea ice impact the accuracy of ice thickness retrieval from freeboard

measurements. We validate our density measurements using freeboard and draft measurements from ice coring, along with

co-located underwater sonar and airborne laser scanner surveys. We assess the representativeness of the summer freeboard110

evolution with airborne freeboard measurements and validate sea-ice thickness evolution using ice mass balance buoy data.

This comparison is made between 1 km2 MOSAiC Central Observatory ice floe and observations from a surrounding area of

approximately 50 km2. Additionally, we analyse how the sea-ice density is controlled by its air volume and the corresponding

temperature evolution. We present seasonal sea-ice density measurements for different ice types and examine how the observed

seasonality relates to atmospheric and oceanic environmental forcing.115

2 Methods

The MOSAiC Central Observatory (CO1), settled on an approximately 3 km by 4 km ice floe, drifted across the central Arctic

from 4 October 2019 for a period of 10 months (Nicolaus et al., 2022). It followed the Transpolar Drift until it reached the ice

edge in Fram Strait and broke apart on 31 July 2020 (Fig. 1a), with an area of 0.9 km2 remaining during summer (CO2, Fig.

1b). We use observations from 23 FYI and 18 SYI coring events to obtain the temporal evolution of draft, freeboard, density,120

salinity, and temperature of the main unponded ice types at the FYI and SYI coring sites and several ridges (Fig. 1b). To

validate and extrapolate coring measurements of ice draft and freeboard to a larger area, we use ice draft measurements from

4
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Figure 1. Panel (a) shows an overview map of the study area with drift of the MOSAiC ice floe for coring observations from 4 May to 29

July 2020. Panel (b) shows the locations of first-year ice (FYI) and second-year ice (SYI), coring sites, and ROV sonar surveys on an optical

aerial image of Central Observatory (CO2) from 22 July from Neckel et al. (2023). Panel (c) shows the contour plot of first-year ice density

evolution from hydrostatic weighing with bulk density values for each coring event shown in blue and grey shaded areas representing snow

or surface scattering layer thickness. Displayed bathymetric data in (a) are from ETOPO2 (National Geophysical Data Center, 2006), and

displayed ice edges in (a) are derived from the AMSR-2 sea-ice concentration (SIC) product for thresholds of 15 % and 80 % on 29 July

2020 (Spreen et al., 2008).

ROV multibeam sonar (Salganik et al., 2023f) and freeboard measurements from airborne laser scanner (ALS, Hutter et al.

(2023b). To validate ice melt rates obtained from ice coring and multibeam sonar, we use observations from ice mass balance

buoys installed at the CO1 and at the Distributed Network (DN), covering a 40 km radius around it (Lei et al., 2022).125

2.1 Ice coring and ice mass balance buoys

Drilling through the ice, e.g., for ice coring, is the only type of direct measurement that provides both sea-ice freeboard and

thickness, while ice mass balance buoys (IMBs) can separately measure ice surface and bottom melt. At each coring site

(Fig. 1b), ice cores were extracted using Kovacs Mark II and III Core Barrels; 72.5 mm diameter core barrels were used for

density measurement and 90 mm diameter core barrels for temperature and salinity cores. To minimize spatial variability,130

FYI and SYI cores were collected within a 130 m distance. However, each core is slightly different and cannot be interpreted

as a continuous in-situ time series. One coring event each week yielded a total of 20–30 cores for FYI and SYI sites. After

extraction, the freeboard and draft of the cores were measured directly on-site. One temperature profile was made per coring

event immediately after the core was extracted, where 4 mm wide holes were drilled into the core with a 0.05 m vertical

resolution. The temperature was measured by inserting the probe of a Testo 720 thermometer into the holes and allowing the135

temperature to stabilize. After extraction, the density and salinity cores were immediately packed in plastic bags and transported

into the ship’s freezer room at a temperature of -15°C. Density measurements (Fig. 1c) were performed by sectioning one core

per event into 0.04–0.06 m long pieces in a cold lab, followed by hydrostatic density measurements by weighing ice sections

in air and kerosene (Pustogvar and Kulyakhtin, 2016). The practical salinity of each melted piece was measured with a YSI 30

conductivity meter. The accuracy of sea-ice salinity measurements significantly affects density measurements due to potential140
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Figure 2. Comparison of sea-ice air volume fraction (a) and bulk density (b) estimated with the two formulations considering disconnected

and connected air and brine pockets given in Cox and Weeks (1983).

brine losses. For the hydrostatic method, the error of density measurements from brine loss is limited by 2 % (Pustogvar and

Kulyakhtin, 2016).

The relative brine volume of each section was calculated following Cox and Weeks (1983) and Leppäranta and Manninen

(1988) for in situ conditions using the ice temperature profile measured in the field. The relative air volume υ′a at laboratory

temperature T = Tlab was estimated as follows:145

υ′a = 1− ρ

ρi
+ ρSi

F2(T )
F1(T )

, (1)

where ρ is the sea-ice density measured in the lab, ρi is the pure ice density, Si is the measured sea-ice salinity, F1 and F2

are temperature-dependent coefficients calculated from Cox and Weeks (1983) and Leppäranta and Manninen (1988). This

formulation assumes that air bubbles and brine are disconnected and is a conservative (i.e., minimal) estimation of the air

volume fraction, since cooling the ice to laboratory temperature squeezes the air volume due to the expansion of liquid brine150

to ice during freezing. Reconstructing the air volume fraction at in-situ temperature using the connected formulation in Cox

and Weeks (1983) accounts for internal phase changes, particularly the volume of air voids created by the increase in brine

volume, which is denser than ice, during warming. This reconstructed air volume fraction at in-situ temperature shows a

similar seasonal trend but gives 18±7 % larger FYI air volume estimates compared to laboratory temperature (Fig. 2a). The

connected formulation also gives 5±4 kg m−3 lower FYI density values (Fig. 2b). In the following section, we present the155

conservative estimate of air volume fraction measured directly in the cold room. This is because reconstructing the air volume

fraction involves significant error propagation from temperature measurements and brine volume fraction estimates at warmer

temperatures, as previously highlighted by Leppäranta and Manninen (1988). Sea-ice density ρsi at in situ temperature T = Ti

and disconnected air and brine pockets was calculated as:

ρsi = (1− υ′a)
ρiF1(T )

F1(T )− ρiSiF2(T )
(2)160

The estimate of sea-ice density from the measurements of ice freeboard and draft, snow thickness and density is referred to

here as the effective sea-ice density. Here we used density measurements of snow and surface scattering layer (SSL)—which
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is deteriorated granular melting ice similar to large-grained melting snow—from Macfarlane et al. (2023). Given the measured

ice thickness hi, ice draft di, snow/SSL thickness hsn, snow/SSL density ρsn, and seawater density ρsw, the effective sea-ice

density can be found as:165

ρsi,eff =
ρswdi − ρsnhsn

hi
(3)

The accumulation of surface meltwater in ponds also impacts the effective sea-ice density by adding extra weight from meltwa-

ter, which replaces the lighter sea ice, and by removing the weight of snow or SSL. To estimate sea-ice density while accounting

for the impact of surface melt ponds on the hydrostatic balance of an ice floe, we use the near-daily measurements of melt pond

areal fraction and depth from Webster et al. (2022) for CO2, as well as melt pond depth reconstructed from aerial photographs170

using photogrammetry from Fuchs et al. (2024) for the ROV sonar site (Fig. 1b). The method for incorporating melt ponds and

their drainage into sea-ice density estimates is described in Section 2.3.

To study the spatial variability of sea-ice melt, we used non-destructive temperature measurements from IMB buoys. These

buoys, which operate with internal heating cycles, allow for precise identification of snow-ice and ice-water interfaces (Jackson

et al., 2013). We employed two types of IMB buoys: 13 SIMBA buoys (Lei et al., 2022) and 5 DTC buoys (Salganik et al.,175

2023a). The study included direct measurements of sea-ice melt from 18 and 7 IMBs, operating from 22 June to 15 and 28 July,

respectively. Two IMBs were located within CO2, ten in CO1, and the remaining at DN. Approximately 20 % of IMBs were

installed in level FYI, while the other 80 % were located in level or deformed SYI. We also used IMBs to estimate under-ice

water temperature and density outside of coring sites, where water temperature was measured directly.

2.2 Airborne Laser Scanner and Remotely Operated underwater Vehicle180

Helicopter-based Airborne Laser Scanner (ALS) Riegl VQ-580 provides values of snow, snow-free ice, or melt pond freeboard

with kilometer-scale areal coverage, a spatial resolution of 0.5 m, an accuracy of 0.025 m, and an elevation uncertainty of

0.05 m. Freeboard conversion from ALS elevation measurements was performed using an automated open water detection

scheme using differences in open water reflectance (Hutter et al., 2023b). In this study, we used nine ALS surveys conducted

on 21 March, 8 and 23 April, 10 May, 30 June, 4, 7, 17, and 22 July 2020. These surveys covered 0.5–0.9 km2 of CO2, with the185

total scanned areas of 75, 49, 57, 58, 49, 5.4, 3.2, 4.7, and 43 km2, respectively. To calculate ice freeboard from snow freeboard

measured by ALS, we used snow and SSL thickness measurements from near-daily Magnaprobe transects at the CO2 (Webster

et al., 2022). In spring, we applied the average transect snow thickness for CO2 and the full ALS scan scale, while for the level

FYI site scanned by sonar, we used the average transect snow thickness for level ice as derived by Itkin et al. (2023). ALS

does not provide freeboard measurements of melt ponds, which were located right below the helicopter during surveys and190

accounted for 3–8 % of the scanned area. The freeboard of these melt ponds was estimated by assuming it was equal to the

freeboard of the melt pond edges, using linear interpolation.

Multibeam sonar (DT101, Imagenex, Canada) mounted on a remotely operated vehicle (ROV; M500, Ocean Modules,

Sweden; after Katlein et al. (2017)) provides measurements of ice draft over an area approximately 350 m by 200 m (Fig. 1b),

with 0.05 m vertical accuracy and 0.5 m horizontal resolution (Coppolaro, 2018). Surveys were conducted in a grid pattern with195
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a line spacing of 20–25 m. Seven surveys at a depth of 20 m with nearly 100 % overlap were performed during the melt season

(from 24 June to 28 July 2020), near the floe edge of the CO2 ice floe. In this study, we focus on the FYI part of sonar surveys

that was not affected by false bottoms (Salganik et al., 2023c). To account for the time difference of 1–3 days between ALS

and ROV surveys in summer, we linearly interpolated ALS freeboard and ROV draft measurements to align them temporally

and compute the bulk sea-ice density.200

Kilometer scale ALS surveys include areas with different ice types, and notably ridges. Ridges occupy a substantial fraction

of the ice pack (Melling and Riedel, 1996), affecting the mass and hydrostatic balance of sea ice (Salganik et al., 2023e). Based

on measured snow freeboard, we classified ALS observations into two classes: non-ridged sea ice, referred to here as level

ice, and ridged sea ice, in order to compare ALS freeboard evolution of different ice types and to remove freeboard biases

caused by the spatial variability of the ridge areal fraction. For summer observations, characterized by thin snow (Webster205

et al., 2022), we identified ridges using a 0.35 m threshold above the modal snow freeboard. The snow freeboard threshold

corresponds to the sail width of a ridge, investigated by both ALS and ROV sonar on 30 June. The estimated average ratio

of the keel and sail width was 2.7 from the co-located ridge surface and bottom topography, which aligns with the ratio of 3

reported by Strub-Klein and Sudom (2012). For spring observations with substantially thicker snow (Itkin et al., 2023), we

used a 0.5 m threshold above the modal snow freeboard following Ricker et al. (2023).210

2.3 Melt ponds

We distinguish the surface topography of ice covered with melt ponds (ponded) and not covered with melt ponds (unponded).

Ponded areas are initially undrained but may become drained, when meltwater is partially or completely transferred from the

melt pond to the ocean (Eicken et al., 2002). Unponded ice located next to drained melt ponds is also referred to here as

drained. The uplift of sea ice following melt pond drainage can be described analytically with the parameterization from Landy215

et al. (2014). For drained melt ponds, there is a noticeable difference between the freeboard of ponded ice and the unponded

ice around it. This difference depends on whether melt ponds are deep enough to retain some meltwater after drainage, which

happens when the initial melt pond depth hmp exceeds the freeboard of drained unponded ice surrounding the drained melt

pond. For shallow melt ponds with zero melt pond depth after drainage, the freeboard of drained unponded ice fbd,up can be

found as:220

fbd,up = hi −
ρsi(hi − amphmp) + ρsnhsn(1− amp)

ρsw
, (4)

where amp is the melt pond fraction. The freeboard of ponded areas after pond drainage is fbd,up−hmp. For melt ponds deeper

than freeboard of unponded ice, the unponded ice freeboard equals:

fbd,up,deep =
(ρsw − ρsi)(hi − amphmp)− ρsnhsn(1− amp)

ρsw(1− amp)
(5)

The freeboard of sea ice before melt pond drainage can be found as:225

fbud =
(ρsw − ρsi)(hi − amphmp)− ρsnhsn(1− amp)

ρsw
(6)
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For undrained ponds, we assume that the freeboard is the same for both ponded and unponded areas. For ponded and drained

ice with deep ponds, we assume a zero melt pond freeboard. For drained melt ponds, the effective sea-ice density depends

on whether the freeboard of ponded areas is considered. For each scenario (drained or undrained) and ice type (ponded or

unponded), the effective sea-ice density can be found from the corresponding freeboard value using Eq. (3). If the freeboard230

of both ponded and unponded areas fbi is measured, for the meltwater density ρmw, the effective sea-ice density can be found

as:

ρsi,eff =
ρswdi − ρsnhsn(1− amp)− ρmwhmpamp

(di + fbi)(1− amp) + (di + fbi −hmp)amp
(7)

This equation allows to estimate the effective sea-ice density based on the measurements of snow/SSL/melt pond freeboard

from ALS, ice draft from sonar, snow thickness from transect, melt pond depth and area from photogrammetry, and snow235

density from snow pits.

3 Results

We present observations of temporal evolution of ice thickness and freeboard, sea-ice density, and air and brine volume during

melt season through spring and summer. We validate density measurements from hydrostatic weighing using various measure-

ments of ice freeboard and draft, including ice coring and comparison to co-located ALS and ROV sonar surveys. We further240

upscale freeboard measurements using ALS surveys, and we validate sea-ice melt measurements using data from IMB buoys.

Finally, we present the seasonal evolution of sea-ice physical parameters for undeformed first- and second-year ice and ridges.

3.1 Temporal evolution of snow and ice thickness and freeboard during melt season

The melt season was characterized by a rapid decrease in ice thickness, starting in late June. All observing platforms (i.e., FYI

coring, ROV sonar, and IMBs) showed an ice draft of around 1.4 m in late June, which fell below 1 m by the end of July (Fig.245

3e). Level ice thickness decreased by 0.51 m from 22 June to 29 July at the FYI coring site, by 0.56 m at the FYI ROV sonar

site, and by 0.67±0.20 m at IMBs at DN in a 40 km radius around the main ice floe (Fig. 3d). Thicker ice types, such as SYI

and ridges, experienced more rapid melt than FYI, with total ice melt measured as 0.93 m and 1.77 m, respectively, by ROV

sonar between 24 June and 28 July (Fig. 3d). Additionally, FYI coring site was affected by the presence of false bottoms, which

led to reduced ice melt (Salganik et al., 2023c; Raphael et al., 2024). While all observing platforms agreed on the magnitude250

and timing of the melt, there were minor differences in the recorded values.

Despite the decrease in ice thickness during late June and July, the ice freeboard increased at both FYI coring and FYI ROV

sites (Fig. 3a), and across the entire CO2 floe (Fig. 3b). At the FYI coring site, the ice freeboard was initially 0.13±0.04 m on

22 June and increased to 0.14–0.15 m during 6–29 July. Similarly, ALS measurements at FYI ROV site between 30 June and

22 July showed a 0.02 m ice freeboard increase and a 0.01 m snow freeboard decrease (Fig. 4a–d). The ALS measurements255

on 4 July, which deviated from other values, were considered uncertain and not used for sea-ice density retrieval. At the FYI

coring site, the freeboard increased rapidly to 0.22±0.05 m during a melt pond drainage event on 13 July (Fig. 3a).
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Figure 3. Panels (a), (b) and (c) show freeboard evolution of various ice types for small-scale (FYI coring and ROV sites), floe-scale (CO2)

and large-scale (ALS full survey), respectively. Panel (d) shows accumulated ice melt measured by coring, ice mass balance buoys (IMB),

and ROV underwater sonar for ridge, first-year ice (FYI) and second-year ice (SYI) after 24 June. Panel (e) shows ice draft measured by FYI

coring, ROV sonar, and estimated from IMB measurements of snow and ice thickness, assuming hydrostatic equilibrium.

Figure 4. Snow or surface scattering layer freeboard from airborne laser scanner (a–d) and ice draft from underwater sonar surveys (e–h) for

selected dates covering the first-year ice area of sonar surveys marked in purple on Fig. 1b. Contour plot colours follow recommendations of

scientifically derived colour maps (Crameri et al., 2020).

For the CO2 ice floe from June to July, the areal fractions of level FYI, level SYI, and ridge sails were 31 %, 57 %, and

12 %, respectively. On May 10, the pre-melt ice freeboard measured by ALS was 0.12±0.11 m for level FYI and 0.20±0.15 m

for level SYI (Fig. 3b). The pre-melt level ice freeboard on 10 May for CO2 and the full ALS scan were 0.17±0.14 m and260

0.15±0.12 m, respectively (Fig. 3b,c). From ALS surveys on 30 June and 22 July, the CO2 ice freeboard increased by 0.029 m,

with a 0.036 m increase for level FYI and no change for level SYI. For the full ALS coverage, the ice freeboard of both
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ridges and level ice decreased by 0.008 m, while the freeboard of level ice increased by 0.014 m (Fig. 3c). Sea-ice freeboard

evolution from May to July was consistent across different scales from FYI coring and ROV sonar sites (0.014 km2) to ALS

CO2 (0.9 km2) and ALS full coverage (40–50 km2), with overall minor changes in ice freeboard during July (Fig. 3a–c).265

The pre-melt snow thickness in April–May was 0.16–0.18 m for coring and snow pit observations at FYI coring site, while

the bulk pre-melt snow density was 300±3 kg m−3 at FYI coring site and 293±48 kg m−3 for the whole CO1. Snow began to

melt on 10 May, leaving only SSL on level ice by 4 July, according to IMB observations. Snow or SSL thickness at FYI coring

site linearly decreased from 0.08–0.10 m on 22 June to 0.07 m on 4 July. On 4–29 July, SSL thickness was 0.05–0.07 m at both

FYI coring site and the level ice part of the transect (Webster et al. (2022), Fig. 3a). During the melt season in June–July, the270

bulk snow or SSL density was 390±60 kg m−3 at coring sites (Macfarlane et al., 2023).

3.2 Temporal evolution of sea-ice density during melt season

A strong decrease in bulk FYI density was recorded by all observing platforms during the summer melt. Discrete measurements

of bulk sea-ice density based on hydrostatic weighing at the FYI coring site gradually decreased from 910 kg m−3 on 22 June

to 880 kg m−3 on 29 July, with a pre-melt density of 912±2 kg m−3 during 15 coring events from 14 November to 4 May275

(Fig. 5b). The effective density estimates from the measured freeboard and draft at FYI coring site showed a similar decrease in

summer, from 909 kg m−3 on 22 June to 860 kg m−3 on 29 July, with a pre-melt density of 918±33 kg m−3 and a drop in bulk

ice density during a melt pond drainage event. A combination of ALS freeboard and ROV sonar draft measurements produces a

mean effective FYI density with a pre-melt value of 926±4 kg m−3 in March–May, which decreased to 912 kg m−3 on 30 June

and further to 890 kg m−3 on 17 July and 884 kg m−3 on 22 July (Fig. 5b). The pre-melt estimates of density are calculated280

using four freeboard measurements from ALS scans in March–May (Fig. 5a) and ice draft measured by ROV on 30 June

assuming ice growth and melt in March–May from IMB level ice measurements, with a thickness difference of 0.07–0.24 m

from 30 June FYI thickness of 1.52 m (Fig. 5d). The effective ice density, derived from Eq. (7) to account for melt ponds at FYI

ROV site, was computed using an average melt pond depth of 0.07–0.10 m and an areal coverage of 0.21–0.24. The effective

ice density considering melt pond extent decreased from 906 kg m−3 on 22 June to 882 kg m−3 and 876 kg m−3 on 17 and 22285

July, respectively.

3.3 Temporal evolution of air and brine volume during melt season

The estimate of FYI brine volume, obtained using coring measurements of ice salinity and temperature, increased from 6±1 %

in December–June (15 cores) to 19±4 % in July (4 cores). Both air volume fractions derived from discrete measurements

of ice density using hydrostatic weighing and effective density from freeboard measurements using Eq. (1) showed a strong290

increase from May to July (Fig. 5c). FYI air fraction, obtained using hydrostatic weighing, increased from 1.4±0.3 % in

December–June (15 cores) to 3.4–6.3 % in July (4 cores). FYI air volume had, on average, 2.5 times larger effect on bulk FYI

density than brine volume. While discrete measurements from hydrostatic weighing density showed a slight decrease during the

melt pond drainage event, the air volume fraction from in-situ freeboard density showed an increase. SYI air volume doubled,

from 1.0±0.2 % in the cold season (October to May) to 2.0±0.2 % in July.295
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Figure 5. Summer evolution of first-year ice (FYI) snow and ice freeboard (a), bulk density (b), brine and air volume (c) and draft (d) from

density and freeboard measurements from FYI coring and a combination of co-located airborne-laser scanner (ALS) freeboard and ROV

sonar draft measurements at FYI ROV site. Density measurements (yellow lines) were made using hydrostatic weighing, while freeboard

measurements (blue lines) at the coring site were made using thickness tape. Error bars represent one standard deviation of weekly measure-

ments in summer or of all pre-melt weekly measurements. Dotted blue line in (b) represents sea-ice density estimate corrected for coring

freeboard measurements performed in unponded areas as described in Section 4.4.

Previous studies have argued that ice coring can lead to substantial brine loss during the ice core extraction, particularly in

permeable sea ice, which can produce an artificial increase in air volume fraction. Here, the air volume fraction computed from

the effective ice density using in situ freeboard measurements shows a similar trend to the air volume fraction computed from

bulk ice density using the hydrostatic weighing after ice core extraction. The agreement between the air volume estimates from

in situ freeboard measurement and from the extracted ice cores confirms that the increase of air volume during the melt period300

is not linked to brine loss during ice core extraction.

3.4 Seasonal evolution of sea-ice physical parameters

The freezing season was characterized by a strong decrease in bulk sea-ice temperature, from -2°C in October to -12°C in

March (Fig. 6d). As the FYI thickened from 0.4 m in October to 2.0 m in March, the ice freeboard increased from 0.03 m to

0.24 m, while the snow layer depth above FYI was quite steady, ranging from 0.08 m to 0.12 m (Fig. 6a,c,e). In spring, the305

snow layer became thicker, reaching 0.21 m in early May. Most of this snow layer melted within the following month, reducing

to 0.05 m by the end of June. Throughout the winter, the sea ice slowly underwent desalination, with the process accelerating in

early June, resulting in a bulk ice salinity close to 1 by the end of July (Fig. 6b). The SYI followed a similar cycle but exhibited

lower bulk ice salinity and brine volume fraction (Fig. 6b,f). SYI experienced a gradual increase in freeboard during winter

and spring, with comparable ice and snow thickness, and with unchanging freeboard in June and July (Fig. 6a,c,e).310

We observed a strong seasonality in the air volume of FYI and a weaker seasonality for SYI. At the beginning of the growing

season (end of October), the mean air volume fraction of FYI was 3.9 %. It quickly decreased to below 2 % by early December

as the ice cover cooled and became mostly impermeable, with the mean brine volume fraction dropping below 5 % (Golden
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Figure 6. Annual evolution of snow thickness (a), bulk sea-ice salinity (b), freeboard (c), temperature (d), thickness (e), brine volume (f),

density (g), and air volume (h) for level first-year ice (FYI), level second-year ice (SYI) and ridges from the coring observations during

MOSAiC in 2019–2020.

et al., 1998). The rapid decrease of FYI air fraction, from 3.9 % on 4 November to 1.8 % on 18 November, occurred within

two weeks, at an average rate of -1.1 % per week (Fig. 6h). During the same period, the bulk FYI density increased from315

893±10 kg m−3 to 908±8 kg m−3 (Fig. 6g). Throughout the winter, the ice column remained mostly impermeable, except for

the warm bottom layer, and the mean air volume stayed below 2 % (Fig. 6f,h). The bulk FYI density remained stable around

912 kg m−3. At the end of May, the ice column became isothermal and fully permeable, with a brine volume fraction largely

above the 5 % threshold (Fig. 6f). As the ice warmed and the brine volume fraction increased, the mean air volume fraction

tripled in the ice column, reaching a mean value of 6.3 %. Simultaneously, the bulk ice density dropped below 880 kg m−3.320

Ice coring conducted in August–September 2020 at the MOSAiC CO3 (the same geographical location as CO2 in winter,

Nicolaus et al. (2022)) with a thickness of 1.7±0.3 m, showed a bulk air volume of 3.7±0.3 % and a bulk sea-ice density of

894±4 kg m−3 for four unponded and two ponded level ice cores.

SYI air volume was stable during the freezing period and doubled from 1.0±0.2 % in the cold season (October to May) to

2.0±0.2 % in the summer in July (Fig. 6h). Consequently, the bulk SYI density decreased from 912±2 kg m−3 in October–May325

to 905±2 kg m−3 in June–July. Unlike FYI, which experienced a gradual temperature increase in July, SYI slightly cooled

during this period. The observed decrease in bulk SYI temperature at the coring site by around 1°C in mid-July was not fully

representative according to IMB temperature measurements (Fig. 7a). Four different ridges were sampled from 22 April to 5

May and from 10 to 27 July. The air fraction in these ridges was 2.1–2.8 % in April–May and 3.2–3.5 % in July, exhibiting a

similar decreasing density trend to FYI (Fig. 6g).330

The maximum ice thickness of FYI and SYI, as measured by IMBs, was 1.75 m and 1.94 m, respectively (Fig. 3e). This

relatively small difference in thickness is because SYI at CO1 was formed in December 2018 and had a mean thickness of
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Figure 7. First-year ice (FYI) and second-year ice (SYI) bulk temperature from coring sites and ice mass balance buoys (IMBs) (a) and

vertical profiles of FYI air volume (b) and density (d) during summer.

0.7–1.0 m by October 2019 (Krumpen et al., 2020). Additionally, the low-salinity residual surface layer at the SYI coring

site was typically 0.6–0.8 m thick (Salganik et al., 2023c). This indicates that 60–70 % of the pre-melt SYI thickness was

formed during 2019–2020, sharing similar physical properties with FYI. We focused on FYI physical properties due to the less335

extensive sampling of SYI. This includes large spatial variability in ice thickness at SYI coring and sonar sites (Fig. 6e) and

non-representative SYI temperatures during the melt season (Fig. 7a). The SYI thickness at the coring site ranged from 2.0 to

2.6 m, with no clear decreasing trend during the melt season. Therefore, SYI density estimates from hydrostatic weighing were

validated only using ALS ice freeboard estimates at CO2. Observations of increasing SYI freeboard at CO2 suggest a similar

decreasing trend in bulk densities for both SYI and FYI (Fig. 3b). For a constant sea-ice density, the average ice thickness340

decrease of 0.67 m measured by IMBs would typically result in a 0.07 m decrease in freeboard. However, both FYI and SYI at

CO2 experienced similar ice freeboard increases of 0.02 m and 0.01 m, respectively, suggesting similar changes in their bulk

densities and air volume fractions.

4 Discussion

4.1 Comparison of methods for sea-ice density estimation345

Our observed seasonal variability of FYI density closely matches the Antarctic FYI density estimates from Fons et al. (2023),

derived from ship-based measurements from Worby et al. (2008), with summer and winter density values of 875 kg m−3 and

920 kg m−3, respectively. The FYI density estimates for February–May by Alexandrov et al. (2010), based on in-situ freeboard

and draft measurements, indicated similar values of 917±36 kg m−3. The FYI and SYI estimates from April by Jutila et al.

(2022) were 925±18 kg m−3 and 899±17 kg m−3, respectively, showing better agreement for FYI but larger discrepancies350

for SYI. Unlike our observations, which showed similar FYI and SYI thickness (Fig. 6b), Jutila et al. (2022) observed SYI to
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be 3.2–4.5 m thick, 3–6 times thicker than adjacent FYI. Our airborne pre-melt FYI density estimates of 926±4 kg m−3 were

higher than our ground-based measurements but identical to the airborne estimates by Jutila et al. (2022) (Fig. 5b).

Nearly all methods of measuring sea-ice density have their disadvantages and limitations. Ideally, hydrostatic weighing

should be performed at in situ temperatures, but such measurements are time-consuming, weather-dependent, and may suffer355

from larger brine losses when sectioning warm ice. The hydrostatic weighing method used in this study provides the highest

accuracy (Fig. 5b), as low laboratory temperatures limit brine loss during ice sectioning, and kerosene coating minimizes

brine losses at the interface of core sections by occupying the emptied brine volume (Pustogvar and Kulyakhtin, 2016). Past

studies have argued that ice coring leads to substantial brine loss during ice core extraction, particularly in permeable sea ice

(Notz, 2005; Hutchings et al., 2015). This brine loss can artificially increase the air volume fraction and underestimate bulk360

ice density. In our study, the bulk ice density and the air volume fraction, computed from bulk ice density deduced in situ from

ice freeboard and ice thickness measurements, show a similar trend to those computed from the hydrostatic method. However,

the average pre-melt bulk density from hydrostatic weighing was 6 kg m−3 lower than from direct measurements of snow and

ice freeboard and thickness (Fig. 5b), which may be considered assuming 0.6 % brine volume loss or considering ice surface

roughness, described in Section 4.4. During June–July, FYI density was equal or slightly larger than the effective FYI density365

at coring and ROV sites, indicating no impact of brine loss on hydrostatic weighing density measurements during the melt

season. During the same period, the decrease in bulk FYI density was 30 kg m−3 from weighing, 26–49 kg m−3 based on

coring freeboard data, and by 28–30 kg m−3 from co-located ALS and ROV observations (Fig. 5b).

Estimates of effective sea-ice density from ice freeboard and thickness are not influenced by brine losses but typically exhibit

much larger spatial variability of 10–30 kg m−3 than observations from sea-ice weighing (Alexandrov et al., 2010; Jutila et al.,370

2022). Winter observations (14 coring events) using the weighing showed a bulk FYI density standard deviation of 2 kg m−3

(i.e. 912±2 kg m−3) while ice freeboard measurements at the coring site gave a standard deviation of 33 kg m−3 (i.e. density of

920±33 kg m−3), despite the freeboard being an average value of around 20–30 cores taken weekly, covering an area of around

10 m by 10 m (Fig. 5b). This is likely related to the large spatial variability of ice freeboard and draft (Fig. 6b), rather than the

spatial variability of in-situ sea-ice density, as sea ice cannot bend to account for meter-scale deviations from its hydrostatic375

balance (Fuchs et al., 2024). Indeed, the standard deviation of bulk FYI and SYI density collected in Nansen Basin in November

2022 using hydrostatic weighing was only 5 kg m−3 for 9 FYI and 7 SYI cores located 5 m from each other (Salganik et al.,

2023b). This supports the notion of small meter-scale spatial variability in sea-ice density, despite much larger variability in

the effective sea-ice density. Bulk sea-ice density depends on sea ice’s thermodynamic state (i.e., temperature, salinity), which

determines the volume fraction of ice, brine, and air, and has lower spatial variability than ice thickness and freeboard, which380

are used to estimate effective ice density. Similarly, ALS observations revealed large meter-scale spatial variability in the SSL

freeboard (Fig. 8a,d) despite small spatial variability in the SSL thickness (Webster et al., 2022). We estimated the small-scale

spatial distribution of the effective sea-ice density using Eq. (3) smoothing the data from the ALS freeboard and ROV sonar

draft over a 10 m window (as for coring). The results showed significant spatial variability, ranging from 15 to 32 kg m−3 (Fig.

8). We demonstrated that hydrostatic weighing is one of the most reliable and affordable methods for measuring sea-ice density.385

Unlike other methods, it does not rely on the assumption that gravity and buoyancy forces acting on sea ice are in hydrostatic
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Figure 8. Contour plot of snow freeboard from airborne laser scanner (a, d), contour plot of effective sea-ice density (b, e) and histogram of

effective sea-ice density (c, f) for co-located draft from sonar and freeboard from ALS for 30 June and 22 July. The effective sea-ice density

was estimated using Eq. (3) from freeboard and draft values, smoothed using two-dimensional convolution with a 10 m wide window.

equilibrium. Our measurements of sea-ice freeboard and draft indicate that this equilibrium is not locally satisfied, resulting

in one order of magnitude greater spatial variability in sea-ice density for methods based on this assumption compared to the

direct density measurements from hydrostatic weighing. For future studies, it is beneficial to sample sea ice with representative

temperature and thickness evolution, which can pose a challenge for SYI and MYI.390

4.2 Importance of sea-ice density evolution for ice thickness retrieval

The results of the full seasonal evolution of snow and ice thickness and freeboard, and bulk sea-ice density confirmed previous

findings (Alexandrov et al., 2010) that during the growth, the ice freeboard is primarily influenced by the increase in ice

thickness (Fig. 6c,e). In the spring, when sea ice reaches a steady state, the freeboard is controlled by the snow load (Fig. 6a,c).

From May to the end of June, the observed increase in sea-ice freeboard was mainly due to a decrease in snow thickness. IMBs395

recorded 0.16 m of snowmelt during this period, with no ice melt occurring before 15 June.

While a decrease in freeboard during ice melt is expected, detailed observations during the melt season revealed an in-

crease in sea-ice freeboard despite significant ice melt. Since most of the snow layer melted before early July, this freeboard

increase is attributed to a reduction in bulk ice density, which enhances sea-ice buoyancy. This was confirmed by ice freeboard

measurements at FYI and SYI coring sites, along with a combination of ALS measurements of snow freeboard and transect400

measurements of snow and SSL thickness for both level FYI and SYI within CO2. Ice melt was validated using the thickness
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measurements at the FYI coring site, sonar draft measurements of FYI and SYI, and IMB measurements of FYI and SYI

thickness within DN.

The ice thickness estimates from the CryoSat-2 radar altimeter, with 80-km resolution, indicated a 0.62 m ice melt from

22 June to 23 July around the CO2 location, closely matching the 0.64 m ice melt measured by IMBs for the same period.405

However, CryoSat-2 also overestimated sea-ice melt by 1.5 m in May–June 2022 and detected an ice melt onset one month

earlier than actual (Landy et al., 2022), while IMBs measured only 0.06 m ice melt before 22 June and no melt before 15

June. Additionally, the snow freeboard for ALS full survey decreased by 0.14 m in May–June and by 0.05 m in July. This

suggests that CryoSat-2 cannot penetrate through the moist snow and SSL starting from the onset of snow melt. Incorporating

a physics-based parameterization of sea-ice density and SSL thickness could enhance the accuracy of altimetry measurements.410

4.3 Geochemistry of air volume evolution

The bulk density of sea ice is determined by the volume fractions of its constituent phases: ice, brine, and air. Among these,

the air volume has the most significant impact on the bulk density and buoyancy. However, mathematical models of FYI often

neglect the air volume fraction, based on the premise that the brine volume fraction is significantly larger than the air volume

fraction (Griewank and Notz, 2013). While this assumption can be valid, treating the air volume fraction as constant and415

negligible can lead to significant errors in estimating bulk ice density. Air has a very low density (1 kg m−3) compared to

other media (1000 kg m−3 for water and 917 kg m−3 for pure ice), so even small variations in the air volume fraction can

lead to substantial changes in bulk ice density. As illustrated in Fig. 5b and Fig. 7c, the observed decrease in bulk FYI density

during the melt season corresponds to an increase in air volume fraction throughout the ice column. The air volume fraction

in columnar ice exceeded 4 %, reaching over 10 % in the sea-ice surface layer above the waterline (Fig. 9a and Fig. 7). This420

increase is synchronized with the rise in the brine volume fraction as the ice warms, indicating a strong link between the air

volume fraction and the thermodynamic state of sea ice (Fig. 6). The ice above the waterline shows a systematic enrichment

in the air volume fraction compared to the ice below the waterline (Fig. 9a,d) and for FYI, this appears decoupled from the

thermodynamic state of sea ice, as the air volume is not correlated with the brine volume (Fig. 9b,c). This observation aligns

with previous studies indicating that the air volume fraction in the upper ice layer is controlled by the formation of granular ice,425

snow ice, and superimposed ice. Frazil ice, which traps gas directly from the atmosphere during its formation, contains more

gas than columnar ice (Tsurikov, 1979; Perovich and Gow, 1996; Cole et al., 2004; Zhou et al., 2013; Crabeck et al., 2016).

Additionally, the random crystal alignment in frazil ice also reduces the efficiency of drainage processes that expel dissolved

gases (Golden et al., 1998). As sea ice grows, the air volume fraction in the surface layers increases due to the formation of

snow ice and superimposed ice, which trap air bubbles inherited from the overlying porous snow cover (Cole et al., 2004;430

Crabeck et al., 2016). During the melt period, the ice above the freeboard becomes enriched in air as brine is drained and

replaced by air. During the melt, as shown in Fig. 9a,b, the increase in air volume fraction is more pronounced in the ice above

the freeboard, especially in the heavily desalinized ice layer (small plain red dots in Fig. 9b). This is because the flushing

process leaves the previously brine-filled pockets in the ice layer above the waterline filled with air (Perovich and Gow, 1996).
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Figure 9. First-year ice (FYI) and second-year ice (SYI) air volume distribution (a, d), and the relationship between the air volume fraction

and the brine volume fraction (b, e) and temperature (c, f). The dashed lines in (b) and (e) represent the volume of air formed due to a 10 %

density difference between pure ice and brine during melt. The diameters of the circles in panels (b) and (e) are proportional to the ice sample

salinity; smaller circles indicate lower salinity.

In columnar ice below the freeboard, the air volume fraction shows a clear relationship with the brine volume fraction and435

temperature (Fig. 6 and Fig. 9b,c,d). Bubbles in columnar ice are often enclosed in brine inclusions (Light et al., 2003), so it is

not surprising that their volumes are linked. Biogeochemical work on the aqueous-gaseous equilibrium in sea ice (Zhou et al.,

2013; Moreau et al., 2014; Crabeck et al., 2019) suggests that the air volume depends on the potential phase change (from

dissolved within brine to gaseous in air bubbles) that takes place in the brine medium. Observations indicate that gas inclusions

shrink or disappear as brine cools (Light et al., 2003; Crabeck et al., 2019). Our observations reveal that during the coldest440

months (October to May), the air volume fraction decreased and stayed well below 2 % in FYI and SYI (Fig. 6c). As the brine

inclusions shrink under cooling, the air bubbles contained within them also shrink under the compressive force of the freezing

pressure present in a closed pocket (Crabeck et al., 2019). This freezing pressure results from the gradual volume expansion

linked to the transformation of liquid water to solid ice in closed brine pockets as temperatures fall, which compresses the

trapped bubble and pushes gas into the solution. By the end of winter, brine solutions are heavily concentrated with dissolved445

gas (Zhou et al., 2013; Crabeck et al., 2016, 2019).

As the ice warms and the brine volume fraction increases, the air volume fraction also increases (Fig. 6, Fig. 9b,c). Previous

studies have reported that columnar sea ice is typically depleted in air volume fraction, with gas volume less than 2 %, and

that most air voids are found in the ice above the waterline—because below the freeboard, these voids would be filled with

underlying seawater or meltwater (Tsurikov, 1979). However, our observations reveal a notable increase in air volume in450

columnar ice even below the freeboard as the ice warmed and became fully permeable (Fig. 7). A similar increase in air

volume fraction during the melting period has also been reported by Wang et al. (2020). Light et al. (2003) observed that

warming brine inclusions lead to bubble enlargement, while Crabeck et al. (2019) reported the appearance of new bubbles in
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brine due to nucleation during warming. They related these bubbles’ enlargement and nucleation to internal melt within the

brine pockets. In our dataset, the increase in air volume fraction in columnar ice below the freeboard is particularly significant455

when the ice temperature is above -2°C (Fig. 9c,d). Above -2°C, the ice undergoes a heavy internal melt, characterised by

the gradual transformation of ice into liquid brine. Tsurikov (1979) and Perovich and Gow (1996) suggested that the density

difference of 10 % between ice and liquid during melting would result in the formation of voids filled with water vapour in

sea ice. For every 1 ml of ice that melts into brine, approximately 0.1 ml of voids is created due to the density difference.

In SYI, the increase in air volume fraction closely follows this relationship (i.e., dotted line in Fig. 9e), and the increase is460

especially strong at the onset of pure ice melt close to 0°C (Fig. 9f). For FYI, our observations show that the increase in air

volume is significantly higher than the 10 % increase associated with ice melting (Fig. 9b). Crabeck et al. (2019) explained

that voids formed by internal ice melt create a vacuum in the brine pockets, causing dissolved gases heavily concentrated in

the liquid brine to nucleate into new bubbles and migrate to the gas phase, thus enlarging the bubble volume. This process is

typical of FYI, which is more enriched in dissolved solutes (i.e., salt and dissolved gases) than SYI, which is depleted in salts465

and other solutes. Additionally, drained brine pockets can become filled with air even below the freeboard, as shown in Fig. 9

(smallest red circles), the most desalinized layers have the highest air volume fraction. Finally, it is important to note that while

salts are efficiently rejected downward by brine drainage and flushing, gas tends to remain in the ice. Once gas nucleates into

air bubbles, these bubbles are either trapped in the ice or move upward by buoyancy, leading to the accumulation of bubbles

throughout the season.470

We demonstrated that the seasonal evolution of sea-ice density is controlled by the temperature-dependent evolution of its

air volume. As ice warms, the air volume within the ice column increases, reducing sea-ice density (Fig. 6d,g). Conversely,

warming also increases brine volume, which slightly counteracts this effect by increasing sea-ice density. However, the impact

of air on density is roughly 10 times greater than that of brine. This, a 4.8 % increase in air volume during winter-to-summer

transitions has the same effect on density as a 43 % decrease in brine volume. During the melt season, changes in sea-ice475

density may have a more significant impact on ice freeboard than changes in ice thickness, complicating the interpretation of

ice melt from altimetry data.

4.4 Accounting for melt pond drainage

The presence of melt ponds complicates ice thickness retrieval from the freeboard measurements by introducing uncertainties

related to the unknown depth of melt ponds (Landy et al., 2022). Freeboard measurements, including those obtained from ice480

coring, are often conducted in areas not covered by melt ponds. Before melt pond drainage, these ponds increase the effective

sea-ice density and lower the freeboard by adding hydraulic head (water height above sea level) (Eicken et al., 2002). After

melt pond drainage, while the average effective sea-ice density and freeboard remain unchanged, unponded areas around melt

ponds experience an uplift (Fuchs et al., 2024). In this section, we investigate the effect of melt ponds and their drainage on the

freeboard of ponded and unponded ice. Our goal is to evaluate the biases in sea-ice density estimates from coring freeboard485

measurements.
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We observed an increase in FYI freeboard of 0.07 m at the coring site between 6–13 July. This increase occurred right

after the drainage of melt ponds on 11–13 July (Webster et al., 2022) and the initial appearance of under-ice meltwater layers

(Salganik et al., 2023c). The estimated effective sea-ice density, derived from the coring freeboard, decreased by 8 %, corre-

sponding to a change in freeboard due to a 0.08 m3/m2 loss of meltwater unit volume (Fig. 5a,b). Salganik et al. (2023c), using490

underwater sonar surveys near the FYI coring site, estimated that under-ice meltwater had an areal coverage of 20 % and a

thickness of around 0.5 m. The rapid transfer of this meltwater volume from surface ponds to under-ice layers resulted in a

0.1 m3/m2 decrease in meltwater unit volume. This estimate aligns with the observed ice freeboard uplift from coring, as well

as the 0.1 m difference between the sonar draft change and the corresponding ice melt from coring during 6–13 July (Fig. 5a,d).

Transect measurements provide near-daily data on melt pond depth and coverage, although the hydraulic head of melt ponds495

is usually unknown. Fuchs et al. (2024) used photogrammetry to obtain melt pond depth and freeboard data from three scans

on 30 June, 17 and 22 July. These measurements indicated nearly constant melt pond coverage of 22–24 %, with melt pond

depth of 0.23±0.28 m, 0.17±0.16 m, and 0.18±0.21 m, and melt pond freeboard of 0.13 m, 0.06 m, and 0.02 m, respectively,

suggesting gradual melt pond drainage in July. Transects on 10 July showed a similar melt pond depth of 0.16±0.11 m and

areal fraction of 20 %, just before the drainage event on 11–13 July (Webster et al., 2022).500

To assess the impact of melt ponds on sea-ice density estimates, we combined data on melt pond fraction and depth from

the transects with the ice thickness and density from the FYI coring site. The presence of undrained melt ponds had a minor

effect on ice freeboard. Eq. (6) indicates that undrained melt ponds result in an increase in the effective sea-ice density of

2–6 kg m−3. Following melt pond drainage, Eq. (4) and (5) suggest no change in the effective sea-ice density for combined

ponded and unponded areas with substantially different freeboard values. Meanwhile, the estimated increase in freeboard for505

unponded areas surrounding drained melt ponds was 0.03–0.04 m. This leads to a decrease in effective sea-ice density from

902–907 kg m−3 for undrained ponds to around 880 kg m−3 for drained melt ponds (Fig. 5b). The estimated 15–23 kg m−3

difference in effective sea-ice density for all and only unponded ice areas is significant, as ice coring was conducted in unponded

areas. This bias towards coring in unponded areas at some distance from the melt ponds, to avoid artificial drainage, may explain

the lower values of sea-ice density estimated from coring freeboard and draft measurements observed after melt pond drainage.510

We cannot fully account for the 0.07 m ice uplift observed at FYI coring site, which could be attributed to substantial meter-

scale spatial variability in sea-ice freeboard (Fig. 8a,d). On a larger scale, pond drainage likely caused a 0.03 m ice uplift for

CO2 (Fig. 3b) and a 0.05 m uplift for the full ALS scan (Fig. 3c), aligning with our analytical estimates. The varying times

of pond drainage across different ponds (Webster et al., 2022) complicate the analysis of hydrostatic balance at the floe scale.

Eq. (4) indicates that the effective sea-ice density for areas with drained melt ponds is higher than for pre-melt sea ice without515

melt ponds. This effect, due to the higher effective density for uneven surfaces, may partially explain why freeboard and draft

measurements yield slightly higher sea-ice density than hydrostatic weighing throughout the year (Fig. 5b).

In this section, we evaluated the potential effect of both drained and undrained melt ponds on estimates of the effective

sea-ice density. Considering the presence of melt ponds helps reduce biases in freeboard measurements conducted partially

(like ALS) or fully (like coring) at sea ice without melt ponds. We also demonstrated that melt pond drainage causes an uplift520

of unponded ice, observable on different scales. The magnitude of this uplift can be described analytically, although small-

20

https://doi.org/10.5194/egusphere-2024-2398
Preprint. Discussion started: 10 September 2024
c© Author(s) 2024. CC BY 4.0 License.



scale freeboard observations from coring are subject to significant spatial variability, making measurements of such uplift less

accurate.

4.5 Impact of ridges and snow thickness spatial variability

The presence of ice ridges can significantly affect snow freeboard values, primarily due to the thicker snow that accumulates525

above deformed ice (Itkin et al., 2023). For instance, in May, the ALS snow freeboard was 0.16 m larger at a heavily deformed

CO2 area compared to a smoother surrounding area (Fig. 5b,c). To improve the intercomparison of freeboard evolution using

different methods, we categorized all ALS freeboard measurements into level ice and ridge classes, using a threshold derived

from the co-located observations of a ridge freeboard and draft from ALS and sonar. In the summer, we found that the CO2 had

an areal fraction of ridge keels of 32±5 %, which was larger than the 22±4 % ridge keel fraction for the full ALS scans (with530

3 times smaller areal fraction of ridge sails). Similarly, Itkin et al. (2023) estimated a ridge keel fraction ranging from 22 %

to 45 % for CO1 using electromagnetic sounding during winter and spring. The summer evolution of ridge freeboard is more

complex than of level ice (Salganik et al., 2023e), partially due to delayed snow melt. Although ridges were undersampled

compared to level ice (with only four sampling events), the temporal evolution of ridge density was similar to FYI (Fig. 6g),

as well as the freeboard evolution of both ridge and level ice during melt season (Fig. 3b,c). Ridges may have a smaller air535

fraction increase than FYI (Fig. 6f) as they were substantially colder than level ice in summer (Lange et al., 2023). The main

importance of ridges for ice thickness retrieval from snow freeboard measurements lies in their ability to increase surface

roughness, which leads to the accumulation of substantially thicker snow above them (Itkin et al., 2023). This complicates

the upscaling of ice thickness retrieval from snow freeboard, as snow thickness can vary significantly in areas with different

ridge fractions. Therefore, the pre-melt estimates of ice thickness from ALS snow freeboard measurements outside of CO1 are540

uncertain, as snow thickness was only measured within CO1 and CO2, which have unrepresentative ridge fractions.

Snow thickness is a major source of uncertainty for estimates of sea-ice density derived from airborne snow freeboard

measurements outside of the melt period (Landy et al., 2020; Jutila et al., 2022). The spatial variability of snow thickness can

be as large as the variability of sea-ice freeboard with different densities. While our summer observations are characterized by

a thin and homogeneous SSL (Webster et al., 2022), snow thickness in winter and spring shows large spatial variability due to545

the differences in surface roughness among various types of ice. Itkin et al. (2023), using transect measurements, demonstrated

that the CO2 area, with approximately equal areal fractions of level ice, deformed ice, and ridges, had average snow thicknesses

of 0.16 m, 0.26 m, and 0.40 m, respectively, in early May, with standard deviations ranging from 0.12 m to 0.20 m. In early

May, snow depth measurements from IMBs showed 0.16±0.02 m for level FYI (3 buoys) and 0.23±0.07 m for level SYI (10

buoys). Snow depth at coring sites in January–May averaged 0.13±0.04 m for 8 FYI coring events and 0.14±0.03 m for 4550

SYI coring events (Fig. 6a). These measurements illustrate the substantial spatial variability of snow thickness above level ice

within CO1, obtained using various methods. Eq. (3) indicates that the uncertainty in sea-ice density is 5–10 kg m−3 per 0.01 m

of snow for a known snow freeboard and 1–3 kg m−3 per 0.01 m of snow for a known ice freeboard. The observed seasonal

variability of FYI density, which ranges around 30–60 kg m−3 (Fig. 5b), corresponds to snow thickness estimate uncertainties
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of 0.04–0.08 m. These uncertainties are comparable to standard deviations of snow thickness measured by IMBs, coring, and555

transect.

Snow thickness can also vary on a kilometer scale. ALS measurements in April–May showed 0.12–0.17 m larger snow

freeboard values and 1.5 times larger ridge areal fraction at CO2 compared to the surrounding area (Fig. 3b,c), despite com-

parable ice thickness from IMBs and electromagnetic sounding (von Albedyll et al., 2022). Our estimate of the areal ridge

fraction—32 % for CO2 and 22 % for the full ALS scans—assuming 2 m level ice thickness from IMBs and a typical ridge560

thickness of 6 m (Strub-Klein and Sudom, 2012) would explain only a 0.03 m difference in the average snow freeboard between

CO2 and the ALS full scans, with the remaining freeboard difference attributed to variations in snow thickness. For level ice,

the ALS snow freeboard was 0.10–0.14 m larger for CO2, which is comparable to the absolute values of the observed level

ice freeboard. This indicates significant uncertainties in sea-ice density estimates using pre-melt snow freeboard measurements

due to substantial spatial variability of snow thickness on different scales, unless such measurements are co-located with snow565

measurements, as in Jutila et al. (2022). Moreover, snow thickness uncertainties cannot be simply mitigated by using larger

spatial coverage. On kilometer scales, snow thickness also strongly depends on sea-ice roughness and ridge fraction.

5 Conclusions

In this study, we use weekly observations of first- and second-year ice density from hydrostatic weighing. During the melt

season, the bulk density of first-year ice decreased from 910 kg m−3 to 880 kg m−3, while the bulk density of second-year ice570

showed a smaller decline from 912 kg m−3 to 905 kg m−3. The observed seasonal changes in sea-ice density were primarily

due to the rapid increase of air volume fraction during the melt season. For first-year ice, the bulk air volume fraction rose

from 1 % to 6 %, and for second-year ice, it increased from 1 % to 2 %. Our seasonal dataset indicates that the previous

assumption that columnar sea ice below the freeboard has a depleted air volume fraction (i.e., less than 2 %) is no longer valid.

The substantial increase in air volume fraction across the whole ice column during the melt season significantly affects sea-ice575

buoyancy and its freeboard. The increase in air volume is strongly related to two factors: (1) internal melt, which creates voids,

enlarges bubbles, and nucleates new bubbles, and (2) the replacement of liquid brine by air in drained inclusions.

The measurements of first-year ice density were validated using weekly ice freeboard and draft measurements from ice

coring, as well as co-located snow freeboard measurements from an airborne laser scanner and ice draft measurements from

underwater sonar. Both methods showed a comparable decreasing trend in first-year ice density, similar to the direct density580

measurements from hydrostatic weighing. The estimates of pre-melt first-year ice density in March–May from co-located laser

scanner and sonar measurements were higher, at 926±4 kg m−3, compared to 912±2 kg m−3 from weighing. This discrepancy

may be attributed to the uncertainties in snow thickness for estimates using scanner measurements, the effect from ice surface

roughness, or potential brine losses during weighing.

The decrease in sea-ice density during melt season leads to non-decreasing values of its freeboard, which complicates esti-585

mates of sea-ice melt from altimetry measurements. During June–July, we measured the total melt of level ice to be 0.6–0.7 m

using ice coring, underwater sonar, and ice mass balance buoys. Despite the absence of snow above level ice in July, this ice
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loss was accompanied by an increase in first-year ice freeboard of 0.02 m at the coring site and at the area of the co-located

laser scanner and underwater sonar observations. For the whole 0.9 km2 investigated ice floe, the level ice freeboard also in-

creased by 0.03 m, while the freeboard of the surrounding 50–60 km2 experienced an increase of 0.01 m in level ice areas.590

Our study underscores the necessity to account for seasonal changes in sea-ice density, particularly the air volume fraction, for

more accurate ice thickness retrievals.

Data availability. All datasets used in this study are publicly available. The FYI, SYI, and ridge salinity, temperature, and density are

available in Oggier et al. (2023a, b); Salganik et al. (2024, 2023d), the airborne laser scanner measurements can be found in Hutter et al.

(2023a), the multibeam sonar data can be found in Katlein et al. (2022), the Magnaprobe snow and melt pond depth measurements can be595

found in Itkin et al. (2021), the snow density data can be found in Macfarlane et al. (2021), the ice mass balance buoy data can be found in Lei

et al. (2021) and Salganik et al. (2023a), the helicopter-borne RGB orthomosaics can be found in Neckel et al. (2023), melt pond bathymetry

is available in Fuchs and Birnbaum (2024), and the core hydrographic data can be found in Schulz et al. (2023).

Author contributions. ES and OC contributed to the design of the study. ES, NH, and NF collected and processed the field data. ES and OC

undertook the statistical analyses and interpreted the results. ES and OC prepared the manuscript with contributions from all co-authors.600

Competing interests. The authors declare that no competing interests are present.

Acknowledgements. The work carried out and the data used in this paper are part of the international Multidisciplinary drifting Observa-

tory for the Study of the Arctic Climate (MOSAiC) with the tag MOSAiC20192020. We thank all persons involved in the expedition of

the Research Vessel Polarstern (Alfred-Wegener-Institut Helmholtz-Zentrum für Polar- und Meeresforschung, 2017) during MOSAiC in

2019–2020 (Project_ID: AWI_PS122_00) as listed in Nixdorf et al. (2021). We especially acknowledge Mats A. Granskog, Marcel Nicolaus605

and Donald Perovich for their efforts in coordinating the sea-ice physics work during MOSAiC. We are also grateful to Marcel Nicolaus for

his efforts in coordinating the ROV work during MOSAiC, and to Christian Katlein for processing ROV multibeam sonar data.

Evgenii Salganik and Jack Landy were supported by Research Council of Norway project INTERAAC (grant no. 328957). Odile Crabeck

was supported by the FRS-FNRS (Research Credit MOSAiC J.0051.20 and Research Project Sea Ice Spray - T.0061.23). Odile Crabeck was

also supported by the FRS-FNRS Fellowship (grant 1.B.103.21F) and GreenFeedBack (Greenhouse gas fluxes and earth system feedbacks)610

funded by the European Union’s HORIZON research and innovation program under grant agreement No. 101056921. ROV operations were

jointly supported by UKRI Natural Environment Research Council (NERC) and the German Federal Ministry of Education and Research

(BMBF) through the Diatom ARCTIC project (BMBF grant no. 03F0810A). Data processing as well as the position of Nils Hutter was

funded by German Federal Ministry of Education and Research (BMBF) project IceSense — Remote Sensing of the Seasonal Evolution of

Climate-relevant Sea Ice Properties (03F0866A). Nils Hutter was partially funded by the Cooperative Institute for Climate, Ocean, & Ecosys-615

tem Studies (CICOES) under NOAA Cooperative Agreement NA20OAR4320271, Contribution No. 2023-1311. Niels Fuchs acknowledges

23

https://doi.org/10.5194/egusphere-2024-2398
Preprint. Discussion started: 10 September 2024
c© Author(s) 2024. CC BY 4.0 License.



funding from the BMBF project NiceLABpro (03F0867A) and from the Deutsche Forschungsgemeinschaft under Germany’s Excellence

Strategy (EXC 2037; CLICCS – Climate, Climatic Change, and Society; project no. 390683824). Philipp Anhaus was supported by BMBF

through the Diatom ARCTIC project (BMBF grant no. 03F0810A) and the IceScan project (BMBF grant no. 03F0916A). Views and opin-

ions expressed are however those of the author(s) only and do not necessarily reflect those of the European Union or CINEA. Neither the620

European Union nor the granting authority can be held responsible for them.

24

https://doi.org/10.5194/egusphere-2024-2398
Preprint. Discussion started: 10 September 2024
c© Author(s) 2024. CC BY 4.0 License.



References

Alexandrov, V., Sandven, S., Wahlin, J., and Johannessen, O. M.: The relation between sea ice thickness and freeboard in the Arctic, The

Cryosphere, 4, 373–380, https://doi.org/10.5194/tc-4-373-2010, 2010.

Cole, D. M., Eicken, H., Frey, K., and Shapiro, L. H.: Observations of banding in first-year Arctic sea ice, Journal of Geophysical Research:625

Oceans, 109, https://doi.org/10.1029/2003jc001993, 2004.

Coppolaro, V.: Sea ice underside three-dimensional topography and draft measurements with an upward-looking multibeam sonar mounted

on a remotely operated vehicle, Master’s thesis, University of Florence, https://doi.org/10.13140/RG.2.2.34572.95362, 2018.

Cox, G. F. N. and Weeks, W. F.: Equations for Determining the Gas and Brine Volumes in Sea-Ice Samples, Journal of Glaciology, 29,

306–316, https://doi.org/10.3189/S0022143000008364, 1983.630

Crabeck, O., Galley, R., Delille, B., Else, B., Geilfus, N.-X., Lemes, M., Des Roches, M., Francus, P., Tison, J.-L., and Rysgaard, S.: Imaging

air volume fraction in sea ice using non-destructive X-ray tomography, The Cryosphere, 10, 1125–1145, https://doi.org/10.5194/tc-10-

1125-2016, 2016.

Crabeck, O., Galley, R. J., Mercury, L., Delille, B., Tison, J.-L., and Rysgaard, S.: Evidence of Freezing Pressure in Sea Ice Dis-

crete Brine Inclusions and Its Impact on Aqueous-Gaseous Equilibrium, Journal of Geophysical Research: Oceans, 124, 1660–1678,635

https://doi.org/10.1029/2018JC014597, 2019.

Crameri, F., Shephard, G. E., and Heron, P. J.: The misuse of colour in science communication, Nature Communications, 11,

https://doi.org/10.1038/s41467-020-19160-7, 2020.

Dawson, G., Landy, J., Tsamados, M., Komarov, A. S., Howell, S., Heorton, H., and Krumpen, T.: A 10-year record of Arctic summer sea

ice freeboard from CryoSat-2, Remote Sensing of Environment, 268, 112 744, https://doi.org/10.1016/j.rse.2021.112744, 2022.640

Eicken, H., Krouse, H. R., Kadko, D., and Perovich, D. K.: Tracer studies of pathways and rates of meltwater transport through Arctic

summer sea ice, Journal of Geophysical Research: Oceans, 107, https://doi.org/10.1029/2000jc000583, 2002.

Fons, S., Kurtz, N., and Bagnardi, M.: A decade-plus of Antarctic sea ice thickness and volume estimates from CryoSat-2 using a physical

model and waveform fitting, The Cryosphere, 17, 2487–2508, https://doi.org/10.5194/tc-17-2487-2023, 2023.

Frantz, C. M., Light, B., Farley, S. M., Carpenter, S., Lieblappen, R., Courville, Z., Orellana, M. V., and Junge, K.: Physical and optical645

characteristics of heavily melted “rotten” Arctic sea ice, The Cryosphere, 13, 775–793, https://doi.org/10.5194/tc-13-775-2019, 2019.

Fuchs, N. and Birnbaum, G.: Melt pond bathymetry of the MOSAiC floe derived by photogrammetry - spatially fully resolved pond depth

maps of an Arctic sea ice floe, https://doi.org/10.1594/PANGAEA.964520, 2024.

Fuchs, N., von Albedyll, L., Birnbaum, G., Linhardt, F., Oppelt, N., and Haas, C.: Sea ice melt pond bathymetry reconstructed from aerial

photographs using photogrammetry: a new method applied to MOSAiC data, The Cryosphere, 18, 2991–3015, https://doi.org/10.5194/tc-650

18-2991-2024, 2024.

Golden, K. M., Ackley, S. F., and Lytle, V. I.: The Percolation Phase Transition in Sea Ice, Science, 282, 2238–2241,

https://doi.org/10.1126/science.282.5397.2238, 1998.

Griewank, P. J. and Notz, D.: Insights into brine dynamics and sea ice desalination from a 1-D model study of gravity drainage, Journal of

Geophysical Research: Oceans, 118, 3370–3386, https://doi.org/10.1002/jgrc.20247, 2013.655

Haas, C., Gerland, S., Eicken, H., and Miller, H.: Comparison of sea-ice thickness measurements under summer and winter conditions in the

Arctic using a small electromagnetic induction device, GEOPHYSICS, 62, 749–757, https://doi.org/10.1190/1.1444184, 1997.

25

https://doi.org/10.5194/egusphere-2024-2398
Preprint. Discussion started: 10 September 2024
c© Author(s) 2024. CC BY 4.0 License.



Hutchings, J. K., Heil, P., Lecomte, O., Stevens, R., Steer, A., and Lieser, J. L.: Comparing methods of measuring sea-ice density in the East

Antarctic, Annals of Glaciology, 56, 77–82, https://doi.org/10.3189/2015AoG69A814, 2015.

Hutter, N., Hendricks, S., Jutila, A., Birnbaum, G., von Albedyll, L., Ricker, R., and Haas, C.: Merged grids of sea-ice or snow freeboard660

from helicopter-borne laser scanner during the MOSAiC expedition, version 1, https://doi.org/10.1594/PANGAEA.950896, 2023a.

Hutter, N., Hendricks, S., Jutila, A., Ricker, R., von Albedyll, L., Birnbaum, G., and Haas, C.: Digital elevation models of the sea-ice surface

from airborne laser scanning during MOSAiC, Scientific Data, 10, https://doi.org/10.1038/s41597-023-02565-6, 2023b.

Itkin, P., Webster, M., Hendricks, S., Oggier, M., Jaggi, M., Ricker, R., Arndt, S., Divine, D. V., von Albedyll, L., Raphael, I.,

Rohde, J., and Liston, G. E.: Magnaprobe snow and melt pond depth measurements from the 2019-2020 MOSAiC expedition,665

https://doi.org/10.1594/PANGAEA.937781, 2021.

Itkin, P., Hendricks, S., Webster, M., von Albedyll, L., Arndt, S., Divine, D., Jaggi, M., Oggier, M., Raphael, I., Ricker, R., Rohde, J.,

Schneebeli, M., and Liston, G. E.: Sea ice and snow characteristics from year-long transects at the MOSAiC Central Observatory, Ele-

menta: Science of the Anthropocene, 11, https://doi.org/10.1525/elementa.2022.00048, 2023.

Jackson, K., Wilkinson, J., Maksym, T., Meldrum, D., Beckers, J., Haas, C., and Mackenzie, D.: A Novel and Low-Cost Sea Ice Mass670

Balance Buoy, Journal of Atmospheric and Oceanic Technology, 30, 2676–2688, https://doi.org/10.1175/jtech-d-13-00058.1, 2013.

Jutila, A., Hendricks, S., Ricker, R., von Albedyll, L., Krumpen, T., and Haas, C.: Retrieval and parameterisation of sea-ice bulk density from

airborne multi-sensor measurements, The Cryosphere, 16, 259–275, https://doi.org/10.5194/tc-16-259-2022, 2022.

Katlein, C., Schiller, M., Belter, H. J., Coppolaro, V., Wenslandt, D., and Nicolaus, M.: A New Remotely Operated Sensor Platform for

Interdisciplinary Observations under Sea Ice, Frontiers in Marine Science, 4, https://doi.org/10.3389/fmars.2017.00281, 2017.675

Katlein, C., Anhaus, P., Arndt, S., Krampe, D., Lange, B. A., Matero, I., Regnery, J., Rohde, J., Schiller, M., and Nicolaus, M.: Sea-ice draft

during the MOSAiC expedition 2019/20, https://doi.org/10.1594/PANGAEA.945846, 2022.

Kern, S., Khvorostovsky, K., Skourup, H., Rinne, E., Parsakhoo, Z. S., Djepa, V., Wadhams, P., and Sandven, S.: The impact of snow depth,

snow density and ice density on sea ice thickness retrieval from satellite radar altimetry: results from the ESA-CCI Sea Ice ECV Project

Round Robin Exercise, The Cryosphere, 9, 37–52, https://doi.org/10.5194/tc-9-37-2015, 2015.680

Krumpen, T., Birrien, F., Kauker, F., Rackow, T., von Albedyll, L., Angelopoulos, M., Belter, H. J., Bessonov, V., Damm, E., Dethloff, K.,

Haapala, J., Haas, C., Harris, C., Hendricks, S., Hoelemann, J., Hoppmann, M., Kaleschke, L., Karcher, M., Kolabutin, N., Lei, R., Lenz,

J., Morgenstern, A., Nicolaus, M., Nixdorf, U., Petrovsky, T., Rabe, B., Rabenstein, L., Rex, M., Ricker, R., Rohde, J., Shimanchuk, E.,

Singha, S., Smolyanitsky, V., Sokolov, V., Stanton, T., Timofeeva, A., Tsamados, M., and Watkins, D.: The MOSAiC ice floe: sediment-

laden survivor from the Siberian shelf, The Cryosphere, 14, 2173–2187, https://doi.org/10.5194/tc-14-2173-2020, 2020.685

Landy, J., Ehn, J., Shields, M., and Barber, D.: Surface and melt pond evolution on landfast first-year sea ice in the Canadian Arctic

Archipelago, Journal of Geophysical Research: Oceans, 119, 3054–3075, https://doi.org/10.1002/2013jc009617, 2014.

Landy, J. C., Petty, A. A., Tsamados, M., and Stroeve, J. C.: Sea Ice Roughness Overlooked as a Key Source of Uncertainty in CryoSat-2 Ice

Freeboard Retrievals, Journal of Geophysical Research: Oceans, 125, https://doi.org/10.1029/2019jc015820, 2020.

Landy, J. C., Dawson, G. J., Tsamados, M., Bushuk, M., Stroeve, J. C., Howell, S. E. L., Krumpen, T., Babb, D. G., Komarov, A. S.,690

Heorton, H. D. B. S., Belter, H. J., and Aksenov, Y.: A year-round satellite sea-ice thickness record from CryoSat-2, Nature, 609, 517–

522, https://doi.org/10.1038/s41586-022-05058-5, 2022.

Lange, B. A., Salganik, E., Macfarlane, A., Schneebeli, M., Høyland, K., Gardner, J., Müller, O., Divine, D. V., Kohlbach, D., Katlein, C.,

and Granskog, M. A.: Snowmelt contribution to Arctic first-year ice ridge mass balance and rapid consolidation during summer melt,

Elem Sci Anth, 11, https://doi.org/10.1525/elementa.2022.00037, 2023.695

26

https://doi.org/10.5194/egusphere-2024-2398
Preprint. Discussion started: 10 September 2024
c© Author(s) 2024. CC BY 4.0 License.



Lei, R., Cheng, B., Hoppmann, M., and Zuo, G.: Snow depth and sea ice thickness derived from the measurements of SIMBA buoys deployed

in the Arctic Ocean during the Legs 1a, 1, and 3 of the MOSAiC campaign in 2019-2020, https://doi.org/10.1594/PANGAEA.938244,

2021.

Lei, R., Cheng, B., Hoppmann, M., Zhang, F., Zuo, G., Hutchings, J. K., Lin, L., Lan, M., Wang, H., Regnery, J., Krumpen, T., Haapala, J.,

Rabe, B., Perovich, D. K., and Nicolaus, M.: Seasonality and timing of sea ice mass balance and heat fluxes in the Arctic transpolar drift700

during 2019–2020, Elementa: Science of the Anthropocene, 10, https://doi.org/10.1525/elementa.2021.000089, 000089, 2022.

Leppäranta, M. and Manninen, T.: The brine and gas content of sea ice with attention to low salinities and high temperatures, http://hdl.

handle.net/1834/23905, 1988.

Light, B., Maykut, G. A., and Grenfell, T. C.: Effects of temperature on the microstructure of first-year Arctic sea ice, Journal of Geophysical

Research: Oceans, 108, n/a–n/a, https://doi.org/10.1029/2001jc000887, 2003.705

Lyon, W.: DIVISION OF OCEANOGRAPHY AND METEOROLOGY: OCEAN AND SEA-ICE RESEARCH IN THE ARCTIC

OCEAN VIA SUBMARINE*, Transactions of the New York Academy of Sciences, 23, 662–674, https://doi.org/10.1111/j.2164-

0947.1961.tb01400.x, 1961.

Macfarlane, A. R., Schneebeli, M., Dadic, R., Wagner, D. N., Arndt, S., Clemens-Sewall, D., Hämmerle, S., Hannula, H.-R., Jaggi,

M., Kolabutin, N., Krampe, D., Lehning, M., Matero, I., Nicolaus, M., Oggier, M., Pirazzini, R., Polashenski, C., Raphael,710

I., Regnery, J., Shimanchuck, E., Smith, M. M., and Tavri, A.: Snowpit raw data collected during the MOSAiC expedition,

https://doi.org/10.1594/PANGAEA.935934, 2021.

Macfarlane, A. R., Schneebeli, M., Dadic, R., Tavri, A., Immerz, A., Polashenski, C., Krampe, D., Clemens-Sewall, D., Wagner, D. N.,

Perovich, D. K., Henna-Reetta, H., Raphael, I., Matero, I., Regnery, J., Smith, M. M., Nicolaus, M., Jaggi, M., Oggier, M., Webster,

M. A., Lehning, M., Kolabutin, N., Itkin, P., Naderpour, R., Pirazzini, R., Hämmerle, S., Arndt, S., and Fons, S.: A Database of Snow on715

Sea Ice in the Central Arctic Collected during the MOSAiC expedition, Scientific Data, 10, https://doi.org/10.1038/s41597-023-02273-1,

2023.

Mahoney, A. R., Eicken, H., Fukamachi, Y., Ohshima, K. I., Simizu, D., Kambhamettu, C., Rohith, M., Hendricks, S., and Jones, J.: Taking a

look at both sides of the ice: comparison of ice thickness and drift speed as observed from moored, airborne and shore-based instruments

near Barrow, Alaska, Annals of Glaciology, 56, 363–372, https://doi.org/10.3189/2015aog69a565, 2015.720

Melling, H. and Riedel, D. A.: Development of seasonal pack ice in the Beaufort Sea during the winter of 1991–1992: A view from below,

Journal of Geophysical Research: Oceans, 101, 11 975–11 991, https://doi.org/10.1029/96jc00284, 1996.

Moreau, S., Vancoppenolle, M., Zhou, J., Tison, J.-L., Delille, B., and Goosse, H.: Modelling argon dynamics in first-year sea ice, Ocean

Modelling, 73, 1–18, https://doi.org/10.1016/j.ocemod.2013.10.004, 2014.

Nakawo, M.: Measurements on Air Porosity of Sea Ice, Annals of Glaciology, 4, 204–208, https://doi.org/10.3189/S0260305500005486,725

1983.

National Geophysical Data Center: ETOPO2v2 2-minute Global Relief Model, https://doi.org/10.7289/V5J1012Q, 2006.

Neckel, N., Fuchs, N., Birnbaum, G., Hutter, N., Jutila, A., Buth, L., von Albedyll, L., Ricker, R., and Haas, C.: Helicopter-borne RGB

orthomosaics and photogrammetric Digital Elevation Models from the MOSAiC Expedition, https://doi.org/10.1594/PANGAEA.949433,

2023.730

Nicolaus, M., Perovich, D. K., Spreen, G., Granskog, M. A., von Albedyll, L., Angelopoulos, M., Anhaus, P., Arndt, S., Belter, H. J.,

Bessonov, V., Birnbaum, G., Brauchle, J., Calmer, R., Cardellach, E., Cheng, B., Clemens-Sewall, D., Dadic, R., Damm, E., de Boer, G.,

Demir, O., Dethloff, K., Divine, D. V., Fong, A. A., Fons, S., Frey, M. M., Fuchs, N., Gabarró, C., Gerland, S., Goessling, H. F., Gradinger,

27

https://doi.org/10.5194/egusphere-2024-2398
Preprint. Discussion started: 10 September 2024
c© Author(s) 2024. CC BY 4.0 License.



R., Haapala, J., Haas, C., Hamilton, J., Hannula, H.-R., Hendricks, S., Herber, A., Heuzé, C., Hoppmann, M., Høyland, K. V., Huntemann,

M., Hutchings, J. K., Hwang, B., Itkin, P., Jacobi, H.-W., Jaggi, M., Jutila, A., Kaleschke, L., Katlein, C., Kolabutin, N., Krampe, D.,735

Kristensen, S. S., Krumpen, T., Kurtz, N., Lampert, A., Lange, B. A., Lei, R., Light, B., Linhardt, F., Liston, G. E., Loose, B., Macfarlane,

A. R., Mahmud, M., Matero, I. O., Maus, S., Morgenstern, A., Naderpour, R., Nandan, V., Niubom, A., Oggier, M., Oppelt, N., Pätzold,

F., Perron, C., Petrovsky, T., Pirazzini, R., Polashenski, C., Rabe, B., Raphael, I. A., Regnery, J., Rex, M., Ricker, R., Riemann-Campe,

K., Rinke, A., Rohde, J., Salganik, E., Scharien, R. K., Schiller, M., Schneebeli, M., Semmling, M., Shimanchuk, E., Shupe, M. D., Smith,

M. M., Smolyanitsky, V., Sokolov, V., Stanton, T., Stroeve, J., Thielke, L., Timofeeva, A., Tonboe, R. T., Tavri, A., Tsamados, M., Wagner,740

D. N., Watkins, D., Webster, M., and Wendisch, M.: Overview of the MOSAiC expedition: snow and sea ice, Elementa: Science of the

Anthropocene, 10, https://doi.org/10.1525/elementa.2021.000046, 000046, 2022.

Nixdorf, U., Dethloff, K., Rex, M., Shupe, M., Sommerfeld, A., Perovich, D. K., Nicolaus, M., Heuzé, C., Rabe, B., Loose, B., Damm, E.,

Gradinger, R., Fong, A., Maslowski, W., Rinke, A., Kwok, R., Spreen, G., Wendisch, M., Herber, A., Hirsekorn, M., Mohaupt, V., Frick-

enhaus, S., Immerz, A., Weiss-Tuider, K., König, B., Mengedoht, D., Regnery, J., Gerchow, P., Ransby, D., Krumpen, T., Morgenstern,745

A., Haas, C., Kanzow, T., Rack, F. R., Saitzev, V., Sokolov, V., Makarov, A., Schwarze, S., Wunderlich, T., Wurr, K., and Boetius, A.:

MOSAiC Extended Acknowledgement, https://doi.org/10.5281/ZENODO.5179739, 2021.

Notz, D.: Thermodynamic and fluid-dynamical processes in sea ice, Ph.D. thesis, University of Cambridge, 2005.

Oggier, M., Salganik, E., Whitmore, L., Fong, A. A., Hoppe, C. J. M., Rember, R., Høyland, K. V., Divine, D. V., Gradinger, R., Fons,

S. W., Abrahamsson, K., Aguilar-Islas, A. M., Angelopoulos, M., Arndt, S., Balmonte, J. P., Bozzato, D., Bowman, J. S., Castellani,750

G., Chamberlain, E., Creamean, J., D’Angelo, A., Damm, E., Dumitrascu, A., Eggers, S. L., Gardner, J., Grosfeld, L., Haapala, J.,

Immerz, A., Kolabutin, N., Lange, B. A., Lei, R., Marsay, C. M., Maus, S., Müller, O., Olsen, L. M., Nuibom, A., Ren, J., Rinke,

A., Sheikin, I., Shimanchuk, E., Snoeijs-Leijonmalm, P., Spahic, S., Stefels, J., Torres-Valdés, S., Torstensson, A., Ulfsbo, A., Ver-

dugo, J., Vortkamp, M., Wang, L., Webster, M., Wischnewski, L., and Granskog, M. A.: First-year sea-ice salinity, temperature, den-

sity, oxygen and hydrogen isotope composition from the main coring site (MCS-FYI) during MOSAiC legs 1 to 4 in 2019/2020,755

https://doi.org/10.1594/PANGAEA.956732, 2023a.

Oggier, M., Salganik, E., Whitmore, L., Fong, A. A., Hoppe, C. J. M., Rember, R., Høyland, K. V., Gradinger, R., Divine, D. V., Fons, S. W.,

Abrahamsson, K., Aguilar-Islas, A. M., Angelopoulos, M., Arndt, S., Balmonte, J. P., Bozzato, D., Bowman, J. S., Castellani, G., Chamber-

lain, E., Creamean, J., D’Angelo, A., Damm, E., Dumitrascu, A., Eggers, L., Gardner, J., Grosfeld, L., Haapala, J., Immerz, A., Kolabutin,

N., Lange, B. A., Lei, R., Marsay, C. M., Maus, S., Olsen, L. M., Müller, O., Nuibom, A., Ren, J., Rinke, A., Sheikin, I., Shimanchuk,760

E., Snoeijs-Leijonmalm, P., Spahic, S., Stefels, J., Torres-Valdés, S., Torstensson, A., Ulfsbo, A., Verdugo, J., Vortkamp, M., Wang, L.,

Webster, M., Wischnewski, L., and Granskog, M. A.: Second-year sea-ice salinity, temperature, density, oxygen and hydrogen isotope

composition from the main coring site (MCS-SYI) during MOSAiC legs 1 to 4 in 2019/2020, https://doi.org/10.1594/PANGAEA.959830,

2023b.

Paul, S., Hendricks, S., Ricker, R., Kern, S., and Rinne, E.: Empirical parametrization of Envisat freeboard retrieval of Arctic and Antarctic765

sea ice based on CryoSat-2: progress in the ESA Climate Change Initiative, The Cryosphere, 12, 2437–2460, https://doi.org/10.5194/tc-

12-2437-2018, 2018.

Perovich, D. K. and Gow, A. J.: A quantitative description of sea ice inclusions, Journal of Geophysical Research: Oceans, 101,

18 327–18 343, https://doi.org/10.1029/96jc01688, 1996.

Pustogvar, A. and Kulyakhtin, A.: Sea ice density measurements. Methods and uncertainties, Cold Regions Science and Technology, 131,770

46–52, https://doi.org/10.1016/j.coldregions.2016.09.001, 2016.

28

https://doi.org/10.5194/egusphere-2024-2398
Preprint. Discussion started: 10 September 2024
c© Author(s) 2024. CC BY 4.0 License.



Raphael, I. A., Perovich, D. K., Polashenski, C. M., Clemens-Sewall, D., Itkin, P., Lei, R., Nicolaus, M., Regnery, J., Smith, M. M., Webster,

M., and Jaggi, M.: Sea ice mass balance during the MOSAiC drift experiment: Results from manual ice and snow thickness gauges, Elem

Sci Anth, 12, https://doi.org/10.1525/elementa.2023.00040, 2024.

Ricker, R., Fons, S., Jutila, A., Hutter, N., Duncan, K., Farrell, S. L., Kurtz, N. T., and Fredensborg Hansen, R. M.: Linking scales of sea ice775

surface topography: evaluation of ICESat-2 measurements with coincident helicopter laser scanning during MOSAiC, The Cryosphere,

17, 1411–1429, https://doi.org/10.5194/tc-17-1411-2023, 2023.

Salganik, E., Hoppmann, M., Scholz, D., Arndt, S., Demir, O., Divine, D. V., Haapala, J., Hendricks, S., Itkin, P., Katlein, C., Kolabutin,

N., Lei, R., Matero, I., Nicolaus, M., Raphael, I., Regnery, J., Oggier, M., Sheikin, I., Shimanchuk, E., and Spreen, G.: Tempera-

ture and heating induced temperature difference measurements from Digital Thermistor Chains (DTCs) during MOSAiC 2019/2020,780

https://doi.org/10.1594/PANGAEA.964023, 2023a.

Salganik, E., Hornnes, V., Döhren, P. J. R.-V., Panchi, N., and Høyland, K. V.: First- and second-year sea-ice salinity, temperature, and density

during GoNorth 2022 leg 1, https://doi.org/10.1594/PANGAEA.962567, 2023b.

Salganik, E., Katlein, C., Lange, B., Matero, Ilkka nd Lei, R., Fong, A., Fons, S., Divine, D., Oggier, M., Castellani, G., Bozzato, D.,

Chamberlain, E., Hoppe, C., Muller, O., Gardner, J., Rinke, A., Pereira, P., Ulfsbo, A., Marsay, C., Webster, M., Maus, S., Høyland, K.,785

and Granskog, M.: Temporal evolution of under-ice meltwater layers and false bottoms and their impact on summer Arctic sea ice mass

balance, Elementa: Science of the Anthropocene, 11, 00 035, https://doi.org/10.1525/elementa.2022.00035, 000089, 2023c.

Salganik, E., Lange, B. A., Høyland, K. V., Gardner, J., Müller, O., Tavri, A., Mahmud, M., and Granskog, M. A.: Ridge ice density data

MOSAiC Leg 4 (PS122/4), https://doi.org/10.1594/PANGAEA.953865, 2023d.

Salganik, E., Lange, B. A., Itkin, P., Divine, D., Katlein, C., Nicolaus, M., Hoppmann, M., Neckel, N., Ricker, R., Høyland, K. V., and790

Granskog, M. A.: Different mechanisms of Arctic first-year sea-ice ridge consolidation observed during the MOSAiC expedition, Elem

Sci Anth, 11, https://doi.org/10.1525/elementa.2023.00008, 2023e.

Salganik, E., Lange, B. A., Katlein, C., Matero, I., Anhaus, P., Muilwijk, M., Høyland, K. V., and Granskog, M. A.: Observations

of preferential summer melt of Arctic sea-ice ridge keels from repeated multibeam sonar surveys, The Cryosphere, 17, 4873–4887,

https://doi.org/10.5194/tc-17-4873-2023, 2023f.795

Salganik, E., Bauch, D., Chamberlain, E., Dietrich, U., Droste, E., Fong, A., Nicolaus, M., Kolabutin, N., Li, Y., Marent, A., Mellat,

M., Meyer, H., Nomura, D., Schmidt, K., Shimanchuk, E., Webb, A., and Weiner, Mikaela Granskog, M. A.: Sea-ice salinity, tem-

perature, density, oxygen and hydrogen isotope composition from the coring sites during MOSAiC leg 5 in August-September 2020,

https://doi.org/10.1594/PANGAEA.971266, 2024.

Schulz, K., Koenig, Z., and Muilwijk, M.: The Eurasian Arctic Ocean along the MOSAiC drift (2019-2020): Core hydrographic parameters,800

https://doi.org/10.18739/A21J9790B, 2023.

Smith, M. M., Angot, H., Chamberlain, E. J., Droste, E. S., Karam, S., Muilwijk, M., Webb, A. L., Archer, S. D., Beck, I., Blomquist, B. W.,

Bowman, J., Boyer, M., Bozzato, D., Chierici, M., Creamean, J., D’Angelo, A., Delille, B., Fer, I., Fong, A. A., Fransson, A., Fuchs, N.,

Gardner, J., Granskog, M. A., Hoppe, C. J. M., Hoppema, M., Hoppmann, M., Mock, T., Muller, S., Müller, O., Nicolaus, M., Nomura,

D., Petäjä, T., Salganik, E., Schmale, J., Schmidt, K., Schulz, K. M., Shupe, M. D., Stefels, J., Thielke, L., Tippenhauer, S., Ulfsbo, A.,805

van Leeuwe, M., Webster, M., Yoshimura, M., and Zhan, L.: Thin and transient meltwater layers and false bottoms in the Arctic sea ice

pack—Recent insights on these historically overlooked features, Elem Sci Anth, 11, https://doi.org/10.1525/elementa.2023.00025, 2023.

Spreen, G., Kaleschke, L., and Heygster, G.: Sea ice remote sensing using AMSR-E 89-GHz channels, Journal of Geophysical Research:

Oceans, 113, https://doi.org/https://doi.org/10.1029/2005JC003384, 2008.

29

https://doi.org/10.5194/egusphere-2024-2398
Preprint. Discussion started: 10 September 2024
c© Author(s) 2024. CC BY 4.0 License.



Strub-Klein, L. and Sudom, D.: A comprehensive analysis of the morphology of first-year sea ice ridges, Cold Regions Science and Tech-810

nology, 82, 94–109, https://doi.org/10.1016/j.coldregions.2012.05.014, 2012.

Sumata, H., de Steur, L., Divine, D. V., Granskog, M. A., and Gerland, S.: Regime shift in Arctic Ocean sea ice thickness, Nature, 615,

443–449, https://doi.org/10.1038/s41586-022-05686-x, 2023.

Timco, G. and Frederking, R.: A review of sea ice density, Cold Regions Science and Technology, 24, 1–6, https://doi.org/10.1016/0165-

232X(95)00007-X, 1996.815

Tsurikov, V. L.: The Formation and Composition of the Gas Content of Sea Ice, Journal of Glaciology, 22, 67–81,

https://doi.org/10.3189/s0022143000014064, 1979.

von Albedyll, L., Hendricks, S., Grodofzig, R., Krumpen, T., Arndt, S., Belter, H. J., Birnbaum, G., Cheng, B., Hoppmann, M., Hutchings,

J., Itkin, P., Lei, R., Nicolaus, M., Ricker, R., Rohde, J., Suhrhoff, M., Timofeeva, A., Watkins, D., Webster, M., and Haas, C.: Thermody-

namic and dynamic contributions to seasonal Arctic sea ice thickness distributions from airborne observations, Elementa: Science of the820

Anthropocene, 10, https://doi.org/10.1525/elementa.2021.00074, 2022.

Wang, Q., Lu, P., Leppäranta, M., Cheng, B., Zhang, G., and Li, Z.: Physical Properties of Summer Sea Ice in the Pacific Sector of the Arctic

During 2008–2018, Journal of Geophysical Research: Oceans, 125, https://doi.org/10.1029/2020jc016371, 2020.

Webster, M. A., Holland, M., Wright, N. C., Hendricks, S., Hutter, N., Itkin, P., Light, B., Linhardt, F., Perovich, D. K., Raphael, I. A., Smith,

M. M., von Albedyll, L., and Zhang, J.: Spatiotemporal evolution of melt ponds on Arctic sea ice: MOSAiC observations and model825

results, Elementa: Science of the Anthropocene, 10, 000 072, https://doi.org/10.1525/elementa.2021.000072, 2022.

Worby, A. P., Geiger, C. A., Paget, M. J., Van Woert, M. L., Ackley, S. F., and DeLiberty, T. L.: Thickness distribution of Antarctic sea ice,

Journal of Geophysical Research: Oceans, 113, https://doi.org/10.1029/2007JC004254, 2008.

Zhou, J., Delille, B., Eicken, H., Vancoppenolle, M., Brabant, F., Carnat, G., Geilfus, N., Papakyriakou, T., Heinesch, B., and Tison, J.:

Physical and biogeochemical properties in landfast sea ice (Barrow, Alaska): Insights on brine and gas dynamics across seasons, Journal830

of Geophysical Research: Oceans, 118, 3172–3189, https://doi.org/10.1002/jgrc.20232, 2013.

Zhou, L., Stroeve, J., Xu, S., Petty, A., Tilling, R., Winstrup, M., Rostosky, P., Lawrence, I. R., Liston, G. E., Ridout, A., Tsamados, M., and

Nandan, V.: Inter-comparison of snow depth over Arctic sea ice from reanalysis reconstructions and satellite retrieval, The Cryosphere,

15, 345–367, https://doi.org/10.5194/tc-15-345-2021, 2021.

30

https://doi.org/10.5194/egusphere-2024-2398
Preprint. Discussion started: 10 September 2024
c© Author(s) 2024. CC BY 4.0 License.


