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Abstract 

Low-salinity meltwater from Arctic sea ice and its snow cover accumulates and creates under-ice 

meltwater layers below sea ice. These meltwater layers can result in the formation of new ice layers, 

or false bottoms, at the interface of this low-salinity meltwater and colder seawater. As part of the 

Multidisciplinary drifting Observatory for the Study of the Arctic Climate (MOSAiC), we used a 

combination of sea ice coring, temperature profiles from thermistor strings and underwater multibeam 

sonar surveys with a remotely operated vehicle (ROV) to study the areal coverage and temporal 

evolution of under-ice meltwater layers and false bottoms during the summer melt season from mid-

June until late July. ROV surveys indicated that the areal coverage of false bottoms for a part of the 

MOSAiC Central Observatory (350 by 200 m2) was 21%. Presence of false bottoms reduced bottom 

ice melt by 7–8% due to the local decrease in the ocean heat flux, which can be described by a 

thermodynamic model. Under-ice meltwater layer thickness was larger below first-year ice and 

thinner below thicker second-year ice. We also found that thick ice and ridge keels confined the areas 

in which under-ice meltwater accumulated, preventing its mixing with underlying seawater. While a 

thermodynamic model could reproduce false bottom growth and melt, it could not describe the 

observed bottom melt rates of the ice above false bottoms. We also show that the evolution of under-

ice meltwater-layer salinity below first-year ice is linked to brine flushing from the above sea ice and 

accumulating in the meltwater layer above the false bottom. The results of this study aid in estimating 

the contribution of under-ice meltwater layers and false bottoms to the mass balance and salt budget 

for Arctic summer sea ice. 

Introduction 

During Arctic summer, sea ice warms, ablates from both the surface and bottom, and loses salt. Snow 

and ice melt results in the accumulation of low-salinity meltwater. Most of this meltwater is 

transferred to the ocean (Eicken et al., 2002), while some of it migrates to surface melt ponds, the sea 

ice matrix, and under-ice meltwater layers (Untersteiner, 1968). When surface ponds drain, or 

meltwater from ice-bottom melt accumulates below ice, the formation of new ice, so called “false 
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bottoms”, can be promoted at the interface between the fresher and more saline water. False bottoms 

form due to a substantial difference in freezing temperatures of water with different salinities. Such 

ice formation in summer was observed long ago by Nansen (1897). The modeling of false bottom 

growth has been described by Notz et al. (2003) and Alexandrov and Nizovtseva (2008), where the 

false bottoms usually form in under-ice melt ponds, protected from mixing by under-ice features like 

ridges. Tsamados et al. (2015) estimated a reduction in bottom melt rates by false bottoms using the 

CICE model. Smith (2018) presented a thermodynamic model of false bottoms and under-ice melt 

ponds accounting for the effects of ice thickness, meltwater salinity, and brine rejection from both ice 

and false bottoms. In that model, the presence of false bottoms could reduce ice bottom melt by 1–8% 

by insulating the sea ice from the ocean.  

Until recently, the most comprehensive Arctic drift experiment with combined measurements of sea 

ice, atmosphere, and ocean was conducted by the Surface Heat Budget of the Arctic Ocean (SHEBA, 

October 1997–1998) expedition in the region of the Beaufort Gyre. SHEBA showed sea ice evolution 

during growth and decay periods with extensive mass balance and albedo measurements (Perovich et 

al., 2003). The mean salinity of false bottoms during SHEBA was 0.4 ± 0.4 (n = 35), while the 

average under-ice meltwater layer thickness was 35–47 cm during June–August (Eicken et al., 2002). 

Eicken (1994) reported salinity of the under-ice meltwater layer of 1.5 and a layer thickness of 

0.31 m, with false bottom salinity of 1.0 and mean thickness of 0.2 m during the ARCTIC 91 

expedition in the central Arctic. He also observed significant differences in salinity profiles of level 

ice with (0.4–0.7) and without (3.1) an under-ice meltwater layer, indicating desalination by 

meltwater flushing. False bottoms were found at 5% of extracted cores during ARCTIC 91, 10% of 

cores in the Beaufort Sea (Jeffries et al., 1995), 15% during SHEBA (Perovich et al., 2003), and 50% 

at the drifting station Charlie (Hanson, 1965), thus appearing to be a recurring process of ice 

formation in summer. During the Multidisciplinary drifting Observatory for the Study of the Arctic 

Climate (MOSAiC), false bottom areal fraction was estimated to have been 20% using ice drilling 

(Smith et al., 2022). The drilling was performed along five lines and included 132 holes during July 

14–29, 2020. In this study, we used sonar measurements to map the extent of false bottoms and under-

ice meltwater layers, which allowed analysis of their temporal evolution and the environmental 

conditions for false bottom formation, while ice coring and ice mass balance (IMB) buoys allowed 

investigation of the temporal evolution of their physical parameters. 

Salinity and temperature of under-ice meltwater is controlled by both ice melt and desalination 

(Smith, 2018). The physical properties of sea ice, including thickness, temperature, salinity, and 

density, also affect its surface albedo (Perovich and Grenfell, 1981), the transfer of solar radiation 

through the ice (Maykut, 1986), and its mechanical and thermodynamic properties (Timco and 

Weeks, 2010). Knowing these physical properties is vital for almost any modelling of physical, 

chemical, or biological processes in the Arctic (Weeks, 2010), especially for the energy balance of sea 

ice and its interactions with the atmosphere and ocean, and for biogeochemical processes. Sea ice 

physical properties vary across multiple spatial and temporal scales, and their evolution depends on 

many other factors, including atmospheric and oceanic conditions, precipitation, ice motion and 

dynamics, and ice floe geographical position. Only with knowledge of sea ice salinity, temperature 

and density can we estimate the solid ice fraction of sea ice (Assur, 1960) and connect freeboard 

measurements to the ice thickness, which can improve ice thickness retrievals from satellite data. Ice 

salinity plays a significant role in ice mass balance, and salinity variations are responsible for a total 

ice volume increase of 10% via changes in the specific heat capacity and the energy of melting 

(Vancoppenolle et al., 2009). Fluxes of salt and meltwater during sea ice melt have a strong impact on 

salinity stratification of the Arctic Ocean, which can affect thermohaline circulation (Aagaard and 

Carmack, 1989). Ice physical properties also affect the productivity of ice algae and sea ice 

biogeochemical processes (Manes and Gradinger, 2009). 

The first targeted study of salinity evolution during the melt period was performed by Malmgren 

(1927) in drift ice during the Maud expedition. Wang et al. (2020) presented variability of physical 

properties of late summer drifting ice in the Pacific sector of the Arctic Ocean during August 2008–

2018, with average salinities of 1.9 for first-year ice (FYI) and 1.3 for multiyear ice. Notz and Worster 

(2008) described the main desalination processes as gravity drainage and flushing of surface 
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meltwater and melt ponds. During winter, desalination is governed mostly by gravity drainage 

(Untersteiner, 1968), while flushing becomes important during summer. Ice permeability is a 

controlling factor for gravity drainage, increasing with temperature as the ice warms (Golden et al., 

1998). Furthermore, gravity drainage has been successfully modeled using a 1-D sea ice model and 

can be triggered both by atmospheric heat and bottom melt from oceanic heat (Griewank and Notz, 

2013), while Vancoppenolle et al. (2007) formulated the first parametrization of the ice flushing 

mechanism. 

This paper describes the areal coverage of under-ice meltwater layers, and the evolution of their 

thickness and salinity during the summer melt period from May to July. It links ice bottom 

topography to the formation of such meltwater layers and highlights the importance of ridges. The 

mass balance of the melt is then examined, including the evolution and effects of under-ice meltwater 

layers as well as false bottoms, by combining data from in situ measurements, ice mass balance (IMB) 

buoys and remotely operated vehicle (ROV) multibeam sonar. We further show observations of 

thickness and salinity of false bottoms and compare their observed growth and melt with a 

thermodynamic model. Finally, we present the evolution of physical properties of undeformed FYI 

and second-year ice (SYI) at the MOSAiC Central Observatory floe during the melt season, showing 

how they are coupled with physical properties of under-ice meltwater layers. 

Materials and methods 

Expedition 

Nicolaus et al. (2022) presents an overview of snow and ice work during the MOSAiC expedition, 

which took place in 2019–2020 with the aim to better understand the coupled ice, ocean, and 

atmosphere system and the sea ice mass and energy budget. The MOSAiC study area consisted of two 

regions: the Central Observatory, mainly including the area around the ship, and the Distributed 

Network, which consisted of remote sites in a 40-km radius around the Central Observatory. In brief, 

in September 2019, the icebreaker Polarstern (Knust, 2017) traveled through the northern Laptev Sea 

and moored itself inside the ice pack on October 4, 2019. Thereafter the Central Observatory was 

established, including the establishment of coring sites, ROV sites and deployment of IMBs. This 

observatory drifted for 10 months across the central Arctic, following the Transpolar Drift, until it 

reached the ice edge in Fram Strait on July 31, 2020 (Figure 1a). The sea ice of the Central 

Observatory around Polarstern, was formed in a polynya north of the New Siberian Islands in 

December 2018 (Krumpen et al., 2020). The initial size of the floe was 2.8 km by 3.8 km, with a 

strongly deformed part in its center, and decreased to 0.9 km2 in June 2020. The residual ice (which 

eventually became SYI), that was formed in December 2018 and remained at the start of the drift, had 

a modal thickness of 0.37 m on September 25, 2019, based on a series of in situ measurements 

conducted within the Distributed Network. The Central Observatory drifted from the central Arctic 

Ocean to the marginal ice zone during May–July 2020 (Lei et al., 2022). Rinke et al. (2021) analyzed 

meteorological conditions during MOSAiC and found that most atmospheric variables and months 

were typical, except for above-normal temperatures and total column water vapor in May–August. 

ROV multibeam sonar 

An ROV (M500, Ocean Modules, Sweden) equipped with a number of scientific sensors including 

multibeam sonar (DT-101, Imagenex, Canada) was used for under-ice surveys, including measuring 

the ice draft in the vicinity of the FYI coring site (Katlein et al., 2017). Seven scans were performed 

during the melt season between June 24 and July 28, close to the Central Observatory floe edge, 

covering an area with undeformed ice and several ice ridges (Figure 1a). ROV multibeam sonar scans 

covered an area of approximately 350 by 200 m2 in diameter and were processed with a horizontal 

resolution of 0.5 m. The modal draft of open water areas was used as a reference level with zero draft. 

Draft of different types of ice, including FYI and SYI with and without false bottoms, was found 

using ROV scans for chosen representative locations. In this study we use ROV multibeam sonar to 

classify areas with the presence of false bottoms and to estimate melt rates of FYI and SYI without 

false bottoms. Areas with the presence of false bottom were identified as ones with ice draft increase 

during July 1–14, when ice at coring and IMB buoy sites was already melting. 
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Ice coring 

ROV multibeam sonar can give detailed information about bottom ice melt in areas without false 

bottoms, but is unable to provide such information where false bottoms are present. To fill this 

observational gap, we used ice coring, performed in the FYI area with observations of false bottoms. 

A regular weekly program of measurements, including ice coring, was performed over the duration of 

the expedition by team ICE (Nicolaus et al., 2022). In this study, we present the results from ice 

coring of two types of undeformed level ice during the melt period. Ice properties from the MOSAiC 

coring program before the melt season are described by Angelopoulos et al. (2022). One coring site 

was established on FYI and a second on SYI that had survived the previous summer and was the 

oldest ice at the start of the drift. The ice cores were extracted with 9-cm (Mark II) and 7.25-cm (Mark 

III) internal diameter ice corers (Kovacs Enterprise, US). Cores were obtained within 2 m of each 

other during a single coring day. The weekly planned coring activities were performed at the 

respective coring locations within 130 m and 50 m to each other for FYI and SYI, respectively. The 

SYI coring site had to be re-located by a distance of about 1.0 km in June 2020 (Figure 1b) to a 

location with similar ice to the first SYI site. 

 

Figure 1. Locations of the Central Observatory and the main observation sites during MOSAiC. 

(a) Locations of the drifting Central Observatory (solid) and Polarstern cruise track (dotted) during 

MOSAiC, with the sea ice edge at the annual maximum and minimum, from Shupe et al. (2020), and 

(b) locations of first-year ice (FYI) and second-year ice (SYI) coring sites, the remotely operated 

vehicle (ROV) sonar scan area, and Polarstern relative to the snow ice mass balance array (SIMBA) 

buoys in the MOSAiC Central Observatory during summer 2020, with the FYI SIMBA buoy at (0,0). 

The gray line represents Central Observatory floe outlines for July 22, 2020. 

During each coring event, ice temperature was measured in situ from a separate temperature core, 

using Testo 720 thermometers in drill holes with a length of half-core-diameter at 5-cm vertical 

resolution. Ice bulk salinity was measured from melted sections of a designated salinity core using a 

YSI 30 conductivity meter with 5-cm vertical resolution (the conductivity is converted to salinity and 

reported on the Practical Salinity Scale 1978, PSS-78, which is dimensionless). Ice density was 

measured using the hydrostatic weighing method (Pustogvar and Kulyakhtin, 2016) from density 

cores in the freezer laboratory onboard Polarstern. Relative volumes of brine and gas were estimated 

from ice salinity, temperature and density using Cox and Weeks (1983) for cold ice and Leppäranta 

and Manninen (1988) for ice warmer than –2°C. The ice thickness and draft were measured manually 

for 20–30 ice cores during each coring session for each type of ice; in this study we present average 

values (± standard deviation) for each coring site. The meteoric water content for FYI, under-ice 

meltwater layer, melt ponds and false bottoms was estimated using measurements of salinity and 

stable oxygen isotopic composition from Smith et al. (2022). 

According to von Albedyll et al. (2021), airborne electromagnetic (EM) measurements for the period 

between June 21 and July 1 in the Distributed Network give the combined snow and ice thickness 

with a mean of 2.5 m and mode of 2.1 m. Visual inspection of the satellite imagery of the Central 

Observatory (Webster et al., 2022) indicate that FYI occupied around 30% of the Central Observatory 

on June 30, 2020, while 70% was covered by SYI. The maximum weekly average thickness of 
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undeformed FYI and SYI at coring sites was 1.62 m and 2.33 m, respectively, which gives a mean 

thickness of undeformed ice of 2.1 m. These findings suggests that the chosen coring sites were 

representative for the MOSAiC Distributed Network, as the mean thickness of undeformed FYI and 

SYI is similar to the modal thickness from the EM measurements. 

During melt season, sea ice produces meltwater from surface and bottom melt and transfers brine 

downwards. Ice coring provides complete data for calculating the one-dimensional salt and meltwater 

balance. The under-ice meltwater sources are snow melt ∆ℎ𝑠 and ice melt ∆ℎ𝑖. The salt originates 

from melting sea ice with a salinity 𝑆𝑖 and ice salinity change ∆𝑆𝑖 due to brine drainage or flushing, 

which we assume only during the presence of a false bottom. Without the presence of false bottom, 

heavier brine is transferred from sea ice directly to the ocean due to its higher density (Peterson, 

2018). We estimated the meltwater layer bulk salinity 𝑆𝑚𝑤 as: 

𝑆𝑚𝑤 =
𝜌𝑠𝑖(𝑆𝑖∆ℎ𝑖 + ∆𝑆𝑖ℎ𝑖)

𝜌𝑠𝑖∆ℎ𝑖 + 𝜌𝑠∆ℎ𝑠
, (1) 

where 𝜌𝑠𝑖 is the sea ice density, and 𝜌𝑠 is the snow density (330 kg m–3). 

Here we do not consider brine rejection from the false bottom, which will partly accumulate in the 

under-ice meltwater layer, nor do we consider possible lateral transport of meltwater from other ice 

types. To validate this estimate of meltwater layer salinity, we used the brine salinity of the bottom 

5 cm of ice cores, which we extracted using a centrifuge shortly after the coring. 

The amount of grown or melted ice ℎ𝑖 depends on the sum of the conductive heat flux 𝑞𝑐 and the 

ocean heat flux 𝑞𝑤, and can be expressed as 

−𝜌𝑠𝑖𝐿𝑠𝑖 𝜕ℎ𝑖 𝜕𝑡⁄ = 𝑞𝑐 + 𝑞𝑤 , (2) 

where 𝐿𝑠𝑖 is the effective latent heat of sea ice, and 𝑡 is the time. 

The conductive heat flux 𝑞𝑐 depends on the ice or snow top and bottom temperatures 𝑇𝑡𝑜𝑝 and 𝑇𝑏𝑜𝑡, 

and its thickness ℎ𝑖,𝑠 according to Fourier’s law: 

𝑞𝑐 = −𝑘𝑠𝑖,𝑠 𝜕𝑇 𝜕𝑧⁄ ≅ 𝑘𝑠𝑖,𝑠 (𝑇𝑡𝑜𝑝 − 𝑇𝑏𝑜𝑡) ℎ𝑖,𝑠⁄ , (3) 

where 𝑘𝑠𝑖,𝑠 is the sea ice or snow thermal conductivity, and 𝜕𝑇 𝜕𝑧⁄  is the vertical temperature 

gradient. 

Interface temperatures of false bottoms were measured by FYI snow ice mass balance array (SIMBA) 

buoys. Ice coring provides values of false bottom thickness, which we used to validate the 

thermodynamic model by Alexandrov and Nizovtseva (2008). This model requires measurements of 

seawater temperature, salinity and friction velocity. Ice-ocean friction velocity was estimated based on 

the 6-hour average ice drift velocity measurements from Polarstern using ice-ocean drag coefficient 

𝐶𝑑, while seawater physical parameters were measured by the Polarstern thermosalinograph at a 

depth of 11 m. The estimated values of ice-ocean friction velocity and drag coefficient were compared 

with in situ measurements from vertical microstructure profiler by Fer et al. (2022). For false bottom 

modelling, the physical parameters of sea ice were taken from Alexandrov and Nizovtseva (2008). 

Ice mass balance buoys 

In order to study the temporal evolution of thickness and temperature of the under-ice meltwater 

layer, we used non-destructive temperature measurements from ice mass balance buoys. At both 

common coring sites of the MOSAiC Central Observatory, one ice-mass balance buoy (SIMBA, 

SAMS Enterprise Ltd, UK) was deployed on October 29, 2019. The distance between coring sites and 

SIMBA locations was less than 150 m (Figure 1b). SIMBAs have a chain of 5 m, with sensor spacing 

of 2 cm, and provide temperature readings every 6 hours with accuracy of 0.1°C. Daily heating cycles 

of internal heating of 30 s and 120 s allow to identify the location of snow-ice and ice-water interfaces 

with high precision (Jackson et al., 2013). Lei et al. (2022) presented an overview of SIMBA buoys 

deployed over the MOSAiC Distributed Network. We identified the under-ice meltwater as a layer 

with temperature higher than that of the underlaying seawater. We separated this meltwater layer into 
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two parts: a near-isothermal upper one and a lower one with a strong vertical temperature gradient, 

corresponding to estimated false bottom location (Figure 2). At coring sites, the under-ice meltwater 

layer thickness was estimated as the observed distance between the ice draft and the draft of the false 

bottom. 

 

Figure 2. Temperature evolution and vertical temperature profile from FYI SIMBA. (a) 

Interfaces were found using both heating and in situ temperatures from first-year ice (FYI) sea ice 

mass balance array (SIMBA) buoys. The layer between meltwater and seawater shown by dotted lines 

represents the estimate of false bottom, identified by a substantial vertical temperature gradient. Black 

dashed line is for the bottom of the sea ice. A zero-reference level was set at the snow-ice interface. 

(b) A typical temperature profile in the presence of a false bottom measured by FYI SIMBA on July 

13, 2020. 

We investigated properties of sea ice with and without surface melt ponds. Coring was always 

performed at unponded areas (not allowing vertical meltwater transfer), while FYI and SYI SIMBAs 

were located in surface melt ponds. The estimated maximum melt pond depth at the SIMBA sites was 

30 cm for FYI and 33 cm for SYI, before SIMBAs stopped responding in early August. The average 

melt pond depths at transects measured using Magnaprobe in late July were 22 cm for FYI and 29 cm 

for SYI (Webster et al., 2022). 

The advantage of SIMBA data is that they allow for the delineation of surface and bottom melt, 

though the freeboard is unknown (Figure 2a). We estimated the freeboard for SIMBA measurements 

from the snow and ice thickness estimates from SIMBAs, as well as snow and ice density. For these 

estimates, we assumed snow density as 330 kg m–3, while sea ice density was estimated from in situ 

measurements of ice salinity, temperature, and density measurements in laboratory conditions. Ice 

core properties are influenced by spatial variability, but the large number of cores (20–30) allowed us 

to limit this effect for FYI. Thickness values from discrete SYI cores had much higher variability. To 

estimate the water level for SIMBAs, we assumed equal bottom melt for the coring site and the 

corresponding SIMBA. This approach gives the difference between surface melt for ponded (SIMBA) 

and not ponded (coring) areas, which is equivalent to the water level change of undrained melt ponds 

at the SIMBA sites. 

Results 

Defining the melt season 

To define a duration of the melt season, estimating the timing of the main events related to the melt 

processes is important. In the following are the main thermal events at FYI and SYI coring sites based 

either on observations at the coring sites, SIMBAs or Polarstern air and water temperature records 

(see also Figure 3): 

Day 1: May 10, 2020 – snow melt onset and air warming event up to −1°C 

Day 16: May 25, 2020 – air temperature reaches 0°C, first FYI surface melt ponds and FYI bottom 

melt (SIMBA) 

Day 28: June 6, 2020 – first SYI bottom melt (SIMBA) 



This manuscript has been submitted and accepted by Elementa: Science of the Anthropocene 

7 

 

Day 32: June 10, 2020 – FYI melt ponds refreeze (SIMBA); seawater temperature increases 

Day 38: June 16, 2020 – first under-ice meltwater layers observed at SYI SIMBA site  

Day 44: June 22, 2020 – first melt ponds observed at SYI SIMBA site 

Day 49: June 27, 2020 – previously refrozen melt ponds at FYI SIMBA site melt again 

Day 61: July 9, 2020 – first under-ice meltwater layer and rapid surface melt of FYI (SIMBA) 

  

Figure 3. Evolution of air, ice, and water temperatures. (a) The 6-hour mean air temperature from 

Polarstern, first-year ice (FYI) bulk temperature from sea ice mass balance array (SIMBA) over the 

whole ice column, in situ water temperature from the Polarstern thermosalinograph at 11-m depth, 

and (b) ice bottom temperature from SIMBA and coring sites, in situ water temperature and freezing 

temperature estimated from salinity measurements from the Polarstern thermosalinograph at 11-m 

depth. While Polarstern left the MOSAiC floe from mid-May to mid-June 2020, air temperature 

measurements were provided by an Atmospheric Surface Flux Station (ASFS). 

On March 5, the lowest FYI (−12.0°C) and SYI (−11.2°C) bulk temperatures were measured by 

SIMBAs, after which both air and ice temperatures started to increase. In the middle of May, the air 

temperatures reached the freezing point of seawater, which also corresponded with the end of ice 

growth. Two weeks later at the end of May, there was an indication of the first melt pond formation 

and first bottom melt. By June 10, melt ponds at the FYI SIMBA site refroze, while FYI melt ponds at 

the Central Observatory were already frozen and snow-covered since June 5–6 based on satellite 

imagery (Webster et al., 2022). The seawater temperature, measured at Polarstern by 

thermosalinograph at 11-m depth, started to deviate more strongly from the freezing point from June 

10 onwards. Substantial FYI bottom melt was observed by both coring and the SIMBA from June 22 

onwards. In mid-July there was a significant increase in ice melt rate as the Central Observatory 

approached the ice edge in Fram Strait (Shupe et al., 2022). In this paper we focus on the development 

of under-ice meltwater layers formed in mid-June at the SYI SIMBA site and in mid-July at the FYI 

coring and SIMBA sites. 

Under-ice meltwater layers 

Areal coverage 

We used seven ROV scans of ice bottom topography performed between June 24 and July 28 

covering 0.07 km2 area of the Central Observatory to evaluate the areal coverage of false bottoms and 

under-ice meltwater layers. We identified FYI areas with false bottoms (shown as blue-shaded areas 

in Figure 4a) as those with ice draft increase during the period July 1–14. The draft in the highlighted 

false bottom area was at first increasing and then decreasing, also becoming more spatially 

homogeneous. Figure 4b illustrates the temporal evolution of ice draft along a selected cross-section, 

with ice draft increase between June 28 and July 7 where false bottoms were identified. During July 

1–14, the largest highlighted area with false bottoms experienced average draft increase by 0.33 ± 

0.10 m, while the draft of FYI without false bottoms decreased by 0.31 ± 0.06 m. FYI at the coring 

site also experienced a decrease in draft by 0.27 ± 0.08 m (n = 22) between June 22 and July 13. The 

areal fraction of false bottoms within the part of Central Observatory scanned by ROV was 21% on 

July 14 (350 by 200 m2), which is in agreement with 20% estimation by ice drilling from Smith et al. 

(2022). 
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Figure 4. Ice bottom topography and ice draft for the chosen cross-section. (a) Ice bottom 

topography on July 1, 2020, measured by remotely operated vehicle sonar, showing estimated 

locations of false bottoms (FB, blue-shaded areas), −1.7 m draft isoline around the largest false 

bottom area (dotted line), location of first-year ice (FYI) and second-year ice (SYI) without false 

bottoms, and the FYI coring site, and (b) ice draft for the cross-section at y = 270 m in (a) on various 

dates. The polar histogram in (a) shows frequency of ice drift direction in relation to the displayed ice 

floe orientation, with prevailing drift in southwest direction (250°; Schmithüsen, 2021). 

Our analysis suggests that the accumulation of under-ice meltwater occurs in the areas with thinner 

ice, surrounded by ridges. FYI without false bottoms was not surrounded by ice ridges unlike the false 

bottom area. The chosen location with ice draft below 1.7 m had over half of its area covered with 

false bottoms (Figure 4a). 

Temporal evolution of under-ice meltwater layers 

ROV sonar measurements allowed us to estimate areas with false bottoms on July 14, but not the 

thickness of the under-ice meltwater layer, because the FYI above it also melts and moves the upper 

boundary of under-ice meltwater layer upwards. For the largest under-ice meltwater accumulation 

area bounded by the –1.7 m draft isoline (Figure 4a), the average under-ice meltwater layer thickness 

was estimated to be at least 0.33 m, as the melt of FYI above it is not known. This estimate is based 

on the difference between ice draft before false bottom formation on July 1 and the maximum draft of 

false bottoms on July 14. After July 14, the meltwater presumably reached the bottom of under-ice 

pools, protected by ice ridges, surrounding the FYI area. Following that event, the false bottoms 

started to migrate upwards, and rates of this migration were similar to the melt rates of FYI without 

false bottoms. A more precise estimate of temporal evolution of under-ice meltwater layers was made 

by using the temperature measurements from SIMBAs and ice draft measurements from ice coring 

(Figure 5). We observed the presence of an under-ice meltwater layer at the FYI coring site, and at 

both FYI and SYI SIMBAs. At the FYI coring site, the meltwater was observed three days earlier than 

at the FYI SIMBA. Despite the 130-m distance between the two sites and the different surface 

topography (the SIMBA site was ponded, and the FYI coring site was unponded), their estimates of 

meltwater thickness were similar (Figure 5a). 
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Figure 5. Depth evolution of snow, sea ice, meltwater, and false bottoms during melt season. 

Depth of snow, sea ice, meltwater (MW), and false bottom interfaces from coring and from sea ice 

mass balance arrays (SIMBAs) for (a) first-year ice (FYI) and (b) second-year ice (SYI). The depth 

for SIMBAs was estimated with an assumption of equal bottom melt for coring and for SIMBAs sites. 

The layer between meltwater and seawater shown by dotted lines represents the estimate of false 

bottom location, identified by a significant vertical temperature gradient as in Figure 2b. 

The thickness of the FYI under-ice meltwater layer at the FYI coring site was in the range of 26–

54 cm with the average thickness of 45 ± 15 cm (n = 4), while the average thickness of that layer at 

the FYI SIMBA was 47 ± 14 cm (n = 81; Figure 5a). By combining ROV measurements of false 

bottom draft and FYI draft for July 1–14 with coring measurements of false bottom thickness, we can 

estimate average thickness of the largest under-ice meltwater area as 52 cm, close to the estimates 

from FYI SIMBA and coring sites. 

For SYI, the situation was different: a layer of under-ice meltwater (19–27 cm from mid-June until 

mid-July, 42–46 cm in late July, with average thickness of 26 ± 9 cm, n = 115) was only observed at 

the SIMBA location (Figure 5b), where SYI thickness was lower (1.17–1.78 m). At the SYI coring 

site with thicker ice (2.02–2.33 m) the meltwater only slightly affected the ice bottom temperature, 

warming it up to values from −1.4 to −1.7°C. No false bottoms were observed at the SYI coring site. 

Mass balance 

Effect of under-ice meltwater layers 

In previous sections we defined the areal fraction and thickness temporal evolution of under-ice 

meltwater layers. To compare ice bottom melt for areas with and without under-ice meltwater layers, 

we combined observations from ROV sonar and from ice coring. FYI SIMBA and coring sites 

represent ice with under-ice meltwater layers. At the coring site from May 4 until July 29, FYI 

thickness decreased from its maximum value of 1.62 m to 1.07 m. During the melt season, the FYI 

SIMBA site became ponded, and thickness of ponded FYI decreased from 1.53 m to 0.71 m. 

False bottoms were first observed at the FYI coring site on July 6, and their presence reduced FYI 

melt. The difference in accumulated ice melt between FYI with and without false bottom was 8–9 cm 

during July 6–21 and decreased to 6 cm by July 29. Based on combined ROV and coring 

measurements of FYI draft, FYI with the presence of false bottoms was 7–8% thicker (calculated as 

the difference in accumulated ice melt divided by the ice thickness). SYI was melting 16–27% faster 

than FYI without false bottoms and 29–52% faster than FYI with false bottoms, in the period of July 

13–28 (Figure 6a). On average during three weeks of sonar observations, the difference in ice draft 

change relatively to SYI was 20 ± 4% smaller for FYI without false bottoms and 39 ± 10% smaller for 

FYI with false bottoms. A summary of ice draft changes measured by ice coring and by ROV 

multibeam sonar is presented in Table 1. 
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Figure 6. Ice draft evolution from remotely operated vehicle (ROV) multibeam sonar. (a) Draft 

evolution of false bottom (FB) below first-year ice (FYI), of FYI with and without false bottom, of 

second-year ice (SYI), and of the border between under-ice meltwater layers measured by ROV 

multibeam sonar, and (b) locations of corresponding ice types. 

Table 1. 

Ice draft and ice draft change measured by coring and remotely operated vehicle (ROV) sonar, comparing first-

year ice (FYI) with and without a false bottom (FB) and draft of the false bottom itself. 

Date (2020) 

Draft (m) Draft change (m) 

FYI SYI FYI SYI 

Coring ROV Coring ROV Coring ROV Coring ROV Coring ROV 

With FB No FB FB FB No FB No FB With FB No FB No FB No FB 

May 04 1.61 -a - - 2.10 - 0.14 - 0.00 - 

Jun 22–24 1.46 1.54 - 1.06 - 2.43 0.00 0.00 - 0.00 

Jun 28 - 1.44 - 1.26 - 2.46 - 0.00 - 0.03 

Jun 30–Jul 01 - 1.40 - 0.95 1.82 2.39 - –0.05 –0.27 –0.05 

Jul 06–07 1.44 1.33 1.78 1.29 2.01 2.38 –0.02 –0.11 –0.09 –0.05 

Jul 13–14 1.20 1.09 1.72 1.36 2.45 1.97 –0.27 –0.35 –0.35 –0.46 

Jul 20–21 1.12 1.02 1.75 1.28 1.81 1.94 –0.34 –0.42 –0.28 –0.49 

Jul 28–29 0.93 0.85 1.24 1.10 - 1.72 –0.53 –0.59 - –0.71 
aNot available 

 

ROV sonar scans showed that the largest area with false bottoms was surrounded by thicker ice. We 

used this area, located at the border to another under-ice meltwater area (as shown in Figure 6b), to 

study ice draft of that thicker ice, surrounding the under-ice meltwater layer. The draft of this border 

was 1.6 m on June 28 and subsequently decreased until 1.0 m on July 28. When the average draft of 

the largest false bottom area reached its maximum value on July 14, its value became close to the 

draft of that border (Figure 6a), with a difference of 4 cm. During July 20–28, the difference between 

draft values of the largest false bottom area and that border was within 4–7 cm. 

Meltwater balance and its horizontal transfer 

In this section we compare observations of the under-ice meltwater layer with potential sources of 

meltwater including snowmelt, ice surface and bottom melt. All values are presented as water 

equivalents of meltwater thickness without considering the areal coverage of meltwater 

accumulations. The summary of ice mass balance for each of the weeks with coring events is 

presented in Table 2 for May–July 2020. The values for unponded ice are from ice coring, while 

values for ponded ice are from SIMBAs. Total melt expressed as water equivalent includes one-

dimensional ice top and bottom melt, as well as snow melt. Images of ice conditions at coring and 

SIMBA sites during the melt season are shown in the supplemental material (Figure S1). 

Table 2. 

Summer melt evolution for first-year ice (FYI) and second-year ice (SYI) coring and sea ice mass balance array 

(SIMBA) sites expressed in water equivalent, assuming snow density of 330 kg m–3 and ice density of 900 

kg m–3, and estimated under-ice meltwater layer thickness. 

Date 

(2020) 

Water equivalent (cm) 

Unponded (coring) Ponded (SIMBAs) 

Snow melt Total melt  Meltwater layer Surface melt Bottom melt Meltwater layer 

FYI SYI FYI SYI FYI FYI SYI FYI SYI FYI SYI 
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Date 

(2020) 

Water equivalent (cm) 

Unponded (coring) Ponded (SIMBAs) 

Snow melt Total melt  Meltwater layer Surface melt Bottom melt Meltwater layer 

FYI SYI FYI SYI FYI FYI SYI FYI SYI FYI SYI 

May 04 - a - 0 0 0 0 0 0 0 0 0 

Jun 22 4 - 7 - 0 1 1 5 5 0 19 

Jun 30 - 4 - - - 8 17 7 6 0 21 

Jul 06 5 5 9 18 35 17 29 10 7 0 21 

Jul 13 5 5 24 - 52 29 37 13 7 52 26 

Jul 20 7 5 39 33 63 37 43 18 7 52 43 

Jul 29 7 - 56 - 31 47 48 28 7 39 0 
aNot available 

 

Ponded areas produce more meltwater than unponded, but most of this additional meltwater is 

discharged into the mixed layer or stored in melt ponds (Eicken et al., 2002). We estimated surface 

melt pond coverage for the ROV area as 18% for July 1 (prior to false bottom appearance) using 

satellite imagery. Webster et al. (2022) showed that areal melt pond fraction was similar for FYI and 

SYI, while melt ponds formed on SYI were deeper. For the FYI area without false bottoms 

investigated in this study (Figure 6b), the melt pond fraction was 23%. 

Maximum snow thickness at the FYI coring site was 21 cm in early May, after which it started to 

melt, and had completely disappeared by late July. In the areas where melt pond formation was 

registered by SIMBA temperature measurements later in the season, thinning of the snowpack started 

1.5 months earlier, in early May, and proceeded until early June. Snow thickness before the melt 

season was around 18 cm for both FYI and SYI SIMBAs. The average snow thickness for the Central 

Observatory was measured in April as 14 cm at smooth level ice (Itkin et al., accepted). 

The start of FYI bottom melt was observed on May 27, coinciding with FYI surface melt pond onset. 

Later these melt ponds were partially refrozen, and the total ice thickness loss was almost negligible. 

FYI melt ponds at the SIMBA site formed again one month later, on June 27. According to satellite 

imagery of the Central Observatory, subnivean melt ponds were present on June 17 and open melt 

ponds were present on June 21 (Webster et al., 2022). Rapid surface melt was initiated later, on July 

6, together with under-ice meltwater layer formation on July 9. The meltwater at the SYI SIMBA site 

occurred on June 16, when the bottom melt of SYI was only 4 cm after approximately 1 month of 

slow melt. 

 

Figure 7. Water equivalents of melt sources and meltwater layers, and under-ice water salinity. 

(a) Thickness of under-ice meltwater layer (including false bottom), water equivalents of accumulated 

ice bottom and surface melt, and snow melt for first-year ice (FYI). (b) Brine salinity of ice bottom 

from FYI and second-year ice (SYI) coring, FYI under-ice meltwater salinity estimated from sea ice 

mass balance array (SIMBA) ice bottom temperature, and FYI under-ice meltwater salinity estimated 

from mass balance using Equation 1. The grey-shaded areas indicate the period with false bottoms at 

the FYI coring site. 

On July 6, the total water equivalent of melted snow and ice at the FYI coring site was 4 times smaller 

than the under-ice meltwater layer thickness. This difference indicates that the under-ice meltwater 

was collected from a substantially larger area of melting ice. During July 13–29, the water equivalent 
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of accumulated ice melt increased linearly from 24 cm to 45 cm, while the thickness of under-ice 

meltwater layer became relatively stable after July 13 for both FYI coring and SIMBA sites (Figure 

7a). These results agree with ice draft measurements of thicker ice, surrounding under-ice meltwater 

layers and limiting its depth after July 13 (Figure 6a). For SYI SIMBA site, the under-ice meltwater 

layer thickness was 4–6 times larger than the water equivalent of ice bottom melt. 

False bottoms: observations and modelling 

The false bottoms at the FYI coring site were first observed on July 6 with an average thickness of 

7 cm. Their thickness increased up to 10 cm after 1–2 weeks from when they were first observed, and 

then melted to 5 cm thickness after 3 weeks. The false bottoms at the FYI coring site slowly migrated 

upwards (0.5 cm day–1) during the first 2 weeks of observation and started to migrate faster 

(4.7 cm day–1) after July 19. The total lift of false bottoms of 54 cm was similar to the FYI draft 

decrease of 51 cm. 

The thermodynamic model from Alexandrov and Nizovtseva (2008) was able to accurately describe 

false bottom thickness evolution (Figure 8a). Fer et al. (2022) reported an average value of friction 

velocity of 0.47 cm s–1 for MOSAiC observations and estimated an average value of ice-ocean drag 

coefficient 𝐶𝑑 as 5×10−3, which gives much higher average value of friction velocity of 1.65 cm s–1, 

more than two times higher than measured by microstructure profiler in July. We found the best fit of 

in situ observations and model predictions of false bottom thickness for the average friction velocity 

of 0.57 cm s–1 and corresponding ice-ocean drag coefficient of 6×10−4. The results confirm our 

estimates of false bottom interface temperatures from SIMBA measurements (Figure 8b). 

Thermodynamic modelling demonstrated the key role of ocean heat flux in controlling the formation 

and thickness of false bottoms. We also found a substantial difference between the ocean heat flux 

below FYI and below false bottoms (Figure 8c); the increase of ocean heat flux below FYI is 

decreasing false bottom thickness, which is in agreement with the coupled simulations by Smith 

(2018). Meanwhile, the model from Alexandrov and Nizovtseva (2008) cannot accurately describe the 

evolution of false bottom draft, predicting its nearly constant upward migration, as the model does not 

consider limitations for the under-ice meltwater layer depth. The model from Alexandrov and 

Nizovtseva (2008) assumes zero ocean heat flux above the false bottom, which does not agree with 

our estimates of the ocean heat flux from the FYI SIMBA measurements and corresponding FYI 

bottom melt rates. Meanwhile, the negative values of the ocean heat flux from the model occurs at the 

same time (beginning of July) as the melt rate difference between FYI with and without false bottoms 

(Figure 6a). 

 

Figure 8. False bottom temperature, thickness, and ocean heat flux. We used the false bottom 

thermodynamic model from Alexandrov and Nizovtseva (A&N) (2008) with forcing from in situ 

measurements of drift speed, seawater temperature and salinity from Polarstern. (a) False bottom 

(FB) thickness, measured in situ at the first-year ice (FYI) coring site and estimated using the model, 

(b) top and bottom temperature of false bottom measured by FYI SIMBA and estimated using the 

model, and (c) ocean heat flux, estimated from FYI SIMBA measurements and from the model.  
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Meltwater salt balance and sea ice physical properties 

In this section we present the temporal evolution of FYI and SYI salinity, temperature, and density 

(Table 3). These parameters for unponded FYI and SYI were measured directly using ice coring 

(Table S1,2), while temperatures of ponded FYI and SYI were measured continuously by SIMBAs. 

We used these measurements to calculate the total meltwater and salt mass balance. 

Salt balance 

The presence of under-ice meltwater has several effects on the temporal evolution of sea ice physical 

properties. It protects the ice from ocean heat flux and changes the water temperature below sea ice 

(Figure 3b). The effects of under-ice meltwater depend strongly on its salinity, which was measured 

at the ice-water interface (8 ± 3, n = 4) and also estimated from the ice-water interface temperature 

from SIMBA (7 ± 3, n = 76). The FYI bottom brine salinity, assumed to be equal to the under-ice 

meltwater salinity at the ice-water interface, was 4–12 during July, while SYI bottom brine salinity 

(22–27) was closer to seawater conditions (Figure 7b). 

The salinity of the upper part of the under-ice meltwater layer was similar at FYI coring and SIMBA 

sites. We used measurements of FYI thickness and salinity to estimate the bulk salinity of the under-

ice meltwater based on the mass balance of meltwater and salt (Equation 1). This mass balance gives 

an under-ice meltwater salinity of 8–11, with a substantial contribution from flushing of meltwater, 

reducing FYI salinity (Figure 7b). Direct measurements of under-ice meltwater layer salinity were in 

the same range and with a similar decreasing trend, until the meltwater became mixed with seawater 

on July 29. 

We showed that the salinity changes of FYI substantially affected the salinity of under-ice meltwater 

by increasing it above the bulk salinity of melted ice. During winter and spring, the FYI bulk salinity 

was in the range 4.4–5.3 (Table S3), defined largely by the spatial variability of salinity (Figure S2b). 

From late April, the salinity started to decrease, and by the end of July, the bulk salinity of both FYI 

and SYI reached the range of 1.0–1.1 (Table 3). 

Table 3. 

Ice and snow thickness, ice bulk salinity, temperature, and gas fraction for first-year ice (FYI) and second-year 

ice (SYI) coring (unponded) and sea ice mass balance array (SIMBA; ponded) sites. 

Date 

(2020) 

Unponded (coring) Ponded (SIMBA) 

Ice thickness 

(m) 
Salinity 

Ice 

temperature 

(°C) 

Gas 

fraction 

(‰) 

Snow 

thickness (m) 

Ice thickness 

(m) 

Ice 

temperature 

(°C) 

FYI SYI FYI SYI FYI SYI FYI SYI FYI SYI FYI SYI FYI SYI 

May 04 1.62 2.33 5.2 2.4 –5.6 –5.7 11 11 0.21 0.12 1.53 1.78 –5.7 –5.5 

Jun 22 1.59 -a 3.6 - –1.2 - 17 - 0.08 - 1.47 1.72 –1.3 –1.0 

Jun 30 - 2.04 - 1.0 - –0.4 - 23 - 0.08 1.35 1.53 –1.1 –0.5 

Jul 06 1.57 2.19 3.1 0.9 –0.7 –0.3 44 20 0.05 0.05 1.25 1.39 –1.0 –0.5 

Jul 13 1.41 2.70 2.0 1.1 –0.5 –1.0 34 18 0.07 0.04 1.07 1.29 –0.7 –0.1 

Jul 20 1.27 2.02 1.8 1.0 –0.4 –0.8 57 19 0 0.04 0.93 1.22 –0.5 –0.1 

Jul 29 1.07 - 1.1 - –0.4 - 63 - 0 - 0.71 1.17 –0.3 –1.4 
aNot available 
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Figure 9. First-year ice (FYI) salinity evolution, and salinity and temperature profiles. (a) 

Salinity of FYI, under-ice meltwater layer (MW), and false bottom (FB) during melt season, and (b) 

temperature and salinity of FYI at the coring site during melt season, from ice coring. 

During the freezing period until early May, the temperature profiles of FYI and SYI were almost 

linear (increasing towards the ice bottom with temperatures of seawater). During the melt period, the 

heat balance was affected by both shortwave radiation at the top and a relatively warm meltwater 

layer below the ice. At the end of June, the bottom half of the FYI became isothermal, and the upper 

half was linearly approaching 0°C. From the beginning of July, the FYI bottom temperature started to 

warm through the influence of the under-ice meltwater with the temperature between −0.2°C and 

−0.5°C. By mid-July, desalination affected the bottom 40 cm of FYI, while the surface 55 cm started 

to lose salt due to flushing (Figure 9b). From mid-July, the middle part of the FYI slab also started 

losing salt. During the period July 13–20, there was still a cold middle section of about 50–60 cm with 

nearly constant temperatures and salinities. At the end of July, the FYI became almost isothermal in 

the range of 0 to −0.3°C except for the bottom 20 cm, affected by the colder meltwater at −1.2°C 

being more strongly mixed with seawater. This warming of the whole thickness of ice led to a 

substantial desalination of the middle-part to a salinity of 1.0–1.5. The bottom 20 cm experienced a 

linear increase in salinity from 1.0 to 2.2 due to the increased meltwater salinity. 

Discussion 

Under-ice meltwater layers: spatial distribution and temporal evolution 

The extent of under-ice meltwater layers was estimated as 20% from under-ice salinity profiles for 

five lines across the Central Observatory (Smith et al., 2022) and as 21% in this study. Despite good 

agreement in the average false bottom areal coverage, the study by Smith et al. (2022) showed a 

substantial variability of their presence, with almost no false bottoms in ridge areas and a substantial 

amount of false bottoms in areas with extensive surface melt ponds. This variability highlights the 

spatial heterogeneity in false bottom formation and its complex dependency on meltwater input and 

under-ice topography. It favors usage of three-dimensional mapping from ROV sonar for quantifying 

ice bottom topography over large areas of sea ice, as presented in our study. Additionally, Smith et al. 

(2022) reported an average thickness of under-ice meltwater layers of only 8 cm, while in our study 

those layers were on average 45–47 cm below FYI and 26 cm below SYI. This difference may be 

related to the choice of study area within the MOSAiC Central Observatory. For Smith et al. (2022), 

sampling transects were located close to the ice floe edges, which were located near lateral pond 

drainage channels (Webster et al., 2022). Additionally, the sampling areas with the presence of false 

bottoms were located under SYI in the Smith et al. (2022) study, where we observed thinner under-ice 

meltwater layers than below FYI. 

We combined estimates of false bottom and surface melt pond locations to study their relationship. 

The areal extent of surface melt ponds for the area investigated in our study, was 18% on July 1, 

estimated from the satellite imagery (Figure 10a). Despite a good agreement in estimates of areal 

coverage of melt ponds above and under-ice meltwater layers below the ice, our data show that false 

bottoms occur only in areas of thin ice, encircled by thicker ice. We showed that such areas of level 

ice, surrounded by ridges, can be more than 50% covered by false bottoms, while level ice close to 

open water was found to have almost no false bottoms. For areas surrounded by ice ridges, there was 

good overlap between locations of false bottoms and surface melt ponds (Figure 10a). For the 

investigated area, surrounded by ice thicker than 1.7 m, the areal coverage of false bottoms was 63% 

and the areal coverage of surface melt ponds was 34%, of which 72% also had false bottoms (Figure 

10b). Due to this additional condition for false bottom formation, the local areal coverage of false 

bottoms and surface melt ponds can differ despite the similar areal coverage for larger scales. Our 

observations indicate the importance of ridges for confining lateral meltwater movement under the 

ice, while surface melt ponds can also be formed in areas not encircled by thicker ice. 
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Figure 10. Locations of false bottoms and surface melt ponds. (a) Co-location of a satellite image 

of the ice floe from Planet Lab, Inc. (from Webster et al., 2022) and (b) ice draft from remotely 

operated vehicle (ROV) multibeam sonar, from July 1. Blue-shaded areas show estimate of false 

bottom (FB) coverage, and red-shaded areas show estimate of melt ponds (MP) within ROV scans. 

The ROV scan overlap area is encompassed by a solid black line. 

We can conclude that the emergence of false bottoms is linked to the bottom topography, with a 

higher likelihood for false bottoms to form under thinner ice surrounded by thicker ice areas. 

According to the satellite imagery, the FYI coring site and the largest under-ice meltwater area from 

ROV scans were surrounded by ridges and thicker ice. According to ROV sonar measurements, this 

thicker ice was limiting the depth of false bottoms and under-ice meltwater layers, which means that 

the rest of under-ice meltwater was transferred to the ocean mixed layer. 

Under-ice meltwater layers were stable during melt season for the MOSAiC expedition until the ice 

floe reached the ice edge on July 31. This study shows a substantial difference in timing of the main 

physical processes associated with melt for FYI and SYI. Surface melt ponds first formed on both FYI 

and SYI in late May (visible on May 28 in satellite imagery), formed ice lids and became snow 

covered at the beginning of June (no longer visible on June 3), and then underwent continual 

formation and evolution from mid-June (Webster et al., 2022). Based on the SIMBA data, other melt 

events occurred significantly earlier at the SYI site, compared to FYI. These events include bottom 

melt, which started at the SYI SIMBA site one month earlier in early June than the FYI SIMBA site. 

They also include surface melt ponds which formed on SYI one week earlier than on FYI, and did not 

refreeze. The formation of under-ice meltwater layers was also observed at SYI three weeks earlier 

than for FYI (June 16 and July 9, respectively). Ice type is thus shown to be one of the key factors 

defining the temporal evolution of under-ice meltwater layers. 

Of interest is to compare these layers for MOSAiC and SHEBA. Our estimated areal fraction of 

under-ice meltwater layers (21%) is larger than the estimate of 15% for SHEBA (Perovich et al., 

2003), while the thickness of surface melt ponds and under-ice meltwater layers was similar for 

MOSAiC and SHEBA. During the SHEBA expedition (Eicken et al., 2002), the under-ice meltwater 

layer thickness was increasing from 35 cm (June 1 to July 15) to 47 cm (July 16 to August 7). We 

estimated a thickness of under-ice meltwater layer for MOSAiC as 47 ± 14 cm (n = 81) below ponded 

FYI, 45 ± 15 cm (n = 4) below unponded FYI, and 26 ± 9 cm (n = 115) below ponded SYI. For 

MOSAiC, under-ice meltwater layers were first observed under SYI in mid-June, and under FYI in 

early July, both later than for SHEBA, which was located at a more southerly latitude during its melt 

season. 

False bottoms and ice mass balance 

Except for similar under-ice meltwater layer thickness, other physical parameters of under-ice 

meltwater and false bottoms differed between MOSAiC and SHEBA. The average false bottom 

thickness of 15 ± 5 cm at SHEBA was twice as large as at MOSAiC, where false bottom thickness 

was 8 ± 3 cm (n = 43). False bottoms at MOSAiC also had substantially higher salinities of 2.3 ± 0.5 

(n = 10, Figure S2a), compared to 0.4 ± 0.4 at SHEBA (n = 35, Eicken et al., 2002). This difference 
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cannot be explained by the ice salinity prior to melt season, being higher for SHEBA (4.5) than for the 

MOSAiC Central Observatory (3.2). This salinity difference suggests that under-ice meltwater was 

also substantially more saline for MOSAiC than for SHEBA. 

False bottom presence reduced FYI melt, with 7–8% thicker FYI during July 6–29 compared to FYI 

of the same initial thickness but no false bottom. Differences of 1–8% of the final ice thickness were 

obtained by Smith (2018) using analytical modelling and a chosen range of several key parameters 

(meltwater salinity and depth, parent ice thickness, and ocean heat flux). The time of the largest 

differences in ice melt rates coincided with the time of the false bottom growth accompanied by 

substantial ocean heat fluxes, oriented from false bottoms towards the ocean (Figure 8c). In 

simulations by Smith (2018) there was a larger effect on sea ice thickening for under-ice meltwater 

layers with larger thickness, initial salinity, and initial false bottom thickness. A combination of areal 

coverage of false bottoms and their effect on ice melt rates, presented in our study, may give an 

estimate of the total contribution of this phenomenon on Arctic ice mass balance. 

Meltwater and salt mass balance 

According to ROV sonar measurements, the FYI coring site was representative for the MOSAiC 

Central Observatory in terms of both ice draft and melt rates. Our observations (Figure 7a) show that 

the under-ice meltwater formation cannot be explained solely by one-dimensional balance of local 

meltwater sources: snow, ice surface and bottom melt. A horizontal transfer of under-ice meltwater 

from areas with thicker ice towards thinner ice is thus indicated. Due to relatively high salinity, the 

source of the under-ice meltwater layer cannot be related only to snow and ice melt and likely 

includes brine flushing. High salinities of under-ice meltwater support the measurements of low 

permeability and brine volume of false bottoms by Eicken (1994), and indicate that false bottoms trap 

brine entering the under-ice meltwater layer by flushing from the ice above. The under-ice meltwater 

salinity was 4–12 during July for MOSAiC, substantially higher than 1.5 measured during the 

ARCTIC 91 expedition by Eicken (1994). 

A combination of thickness and areal fraction of under-ice meltwater layers together with snow and 

ice melt rates provides a mass balance of meltwater. For the SHEBA expedition (Eicken et al., 2002), 

by August 7 only 13% of the total surface meltwater volume remained in under-ice melt water layers, 

30% in pond ice, and 26% in surface melt ponds. From our combined observations of FYI total melt, 

FYI meltwater layer thickness, and false bottom areal fraction, we estimate that around 17% of 

meltwater stayed in the under-ice meltwater layer by July 29. This estimate of meltwater mass balance 

shows how surrounding thicker ice while limiting under-ice meltwater thickness also defines the 

corresponding delay of the meltwater transfer from sea ice into the ocean mixed layer. Due to the 

higher areal fraction of under-ice meltwater during MOSAiC than during SHEBA, a higher fraction of 

the produced meltwater was stored for MOSAiC. 

Both ice melt and desalination are coupled with under-ice meltwater salinity, so that understanding if 

ice salinities were typical for the melt season is important. Wang et al. (2020) presented ice salinity 

profiles for the Pacific Sector of the Arctic Ocean during August for several years between 2008 and 

2018 and found a strong positive correlation between ice thickness and bulk salinity during the melt 

season, not observed in previous studies by Overgaard et al. (1983) and Tucker et al. (1987). For 

similar FYI thickness close to 1.1 m, their corresponding salinity was 1.8, which is substantially 

higher than for our study (1.1) in late July. For multiyear ice, the expected salinity, according to Wang 

et al. (2020), was 1.7, also almost twice as high as in our study (1.0). Meanwhile, ice conditions from 

Wang et al. (2020) were characterized by higher ice concentration and a larger distance from the open 

water in comparison to MOSAiC. Strong ice desalination during MOSAiC contributed to the high 

values of under-ice meltwater salinity in comparison to ARCTIC 91 expedition. The strong 

desalination can be supported by observations of lower salinity of ice with under-ice meltwater layers 

by Eicken (1994). 

In our study we showed that the formation of false bottoms is affected by the following factors: 

surface melt ponds, melt pond flushing, areas of thin ice to collect meltwater, areas of thicker ice to 

constrain meltwater transfer to the mixed layer, and ocean heat flux. Areas with false bottoms, 

investigated by ROV sonar, had good overlap with areas with surface melt ponds (Figure 10b). The 
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timing of false bottom appearance coincided well with the drainage of surface melt ponds (Figure 

2a), which is supported by melt pond observations by Webster et al. (2022). False bottoms were 

formed in the areas of thin ice, encircled by thicker ice and ice ridges (Figure 6b). High values of 

ocean heat flux led to the melt of false bottoms (Figure 8b) and weakening water stratification under 

sea ice. 

Thinner Arctic ice may result in increased ice dynamics, thus a higher probability of ice deformations 

and ridging (Itkin et al., 2017), which can create favorable conditions of ridge concentration for 

under-ice meltwater layers and false bottoms. More frequent appearance of false bottoms may lead to 

reduced ice melt for thin ice surrounded by ridges and thicker ice. It can also lead to the delayed 

transfer of salt and meltwater from sea ice to the ocean mixed layer. Faster melt rates of thicker ice 

and ridges, accompanied by delayed melt for thin ice with false bottoms, may reduce drag forces 

between sea ice and the ocean. 

Summary and conclusions 

This study presents an estimate of the areal coverage and temporal evolution of false bottoms and 

under-ice meltwater layers during the melt season from mid-June until late July 2020 during the 

MOSAiC expedition in the central Arctic. A combination of spatial coverage and temporal evolution 

of ice melt enabled us to calculate a total meltwater and salt mass balance for under-ice meltwater 

layers. We provided, for the first time using ROV multibeam sonar mapping, an estimate of the areal 

coverage of false bottoms below the ice as 21%. ROV surveys (350 by 200 m2) indicated that ridge 

keels confine meltwater below the thinner ice, restrict lateral spreading, and prevent mixing with 

underlaying seawater, which results in the formation of distinct meltwater layers and false bottoms in 

areas of lower draft, which in turn changes ice melt rates and influences salt exchange between ice 

and ocean. 

The average thickness of the under-ice meltwater layer was 45–47 cm below first-year ice (FYI) and 

26 cm below second-year ice (SYI). Meltwater layers emerged instantly, and the thickness of the layer 

was not in balance with local snow and ice melt rates, pointing towards lateral transport and 

accumulation of meltwaters from a larger area. We registered a meltwater layer three weeks earlier 

below thin SYI compared to FYI with similar maximum thickness. Meltwater layers developed below 

both ponded and unponded FYI and below ponded and thinner SYI, while a meltwater layer did not 

appear below thicker and unponded SYI. Relatively high meltwater layer salinity (4–12) below FYI 

can be explained by brine flushed from FYI that is trapped above the false bottom, which was 

supported salt and meltwater mass balance and corresponding decreasing FYI salinity measurements 

from the ice coring. 

A meltwater layer below FYI was first observed on July 6 at the coring site, this allowed the 

formation of false bottoms, which reduced FYI melt. After false bottoms appeared, FYI with false 

bottoms was 7–8% thicker than FYI without false bottoms with the same initial thickness. Ice draft 

evolution measured by ROV from June 22 to July 28 showed that SYI (without false bottoms) melted 

39% and 20% faster than FYI with and without false bottoms, respectively. 

The mean weekly false bottom thickness was 5–10 cm for FYI with an average bulk salinity of 2.3 ± 

0.5 during four weeks in July. Ice coring and SIMBA provided sufficient data to model growth and 

melt rates of false bottoms, which was mainly controlled by the oceanic heat flux below false 

bottoms. Meanwhile, our observations showed that ocean heat fluxes above false bottoms were non-

zero as it is often assumed in thermodynamic models of false bottoms. 

This study showed the impact of under-ice meltwater layers on the physical evolution of Arctic 

summer sea ice and its mass balance, indicated the conditions which support formation of under-ice 

meltwater layers, and assessed their areal coverage. The results indicate the importance of ridges for 

meltwater accumulation, which may occur more frequently in a thinner and more deformed ice pack. 

The observed differences in ice melt rates may lead to less spatial variability of sea ice after the melt 

season. The presented decrease in brine salinity at the bottom of FYI (when meltwater layers are 

present) can further play an important role for algae and microorganisms living near or at the ice-

water interface. 
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Supplemental material 

    

Figure S1. Coring and SIMBA sites. (a) Photos of FYI coring site on July 6, (b) FYI SIMBA on 

July 25, (c) SYI coring site on June 30, and (d) SYI SIMBA on July 14. 

 

Figure S2. False bottom salinity and sea ice bulk salinity. (a) Salinity profiles of the false bottom at 

FYI coring site and (b) bulk salinity for FYI and SYI. In (b) the bulk salinity of the whole SYI 

thickness is shown, and separately for the residual ice layer at the surface (the layer remaining after 

summer melt). The thickness of the low-salinity residual surface layer of SYI was typically 0.6–0.8 m. 

Shaded areas represent standard deviation of bulk salinity measurements. 

Table S1. 

Ice salinity vertical profiles for first-year ice coring site. 

 
Date (2020) 
May 04 Jun 22 Jul 06 Jul 13 Jul 20 Jul 29 
Depth 

(m) 
Salinity 

Depth 

(m) 
Salinity 

Depth 

(m) 
Salinity 

Depth 

(m) 
Salinity 

Depth 

(m) 
Salinity 

Depth 

(m) 
Salinity 

0.00 7.4 0.09 0.2 0.10 0.2 0.18 0.1 0.19 0.4 0.12 0.5 

-0.05 3.5 0.04 0.4 0.06 0.3 0.13 0.2 0.14 0.3 0.07 0.2 

-0.10 3.6 -0.01 1.2 0.01 0.3 0.08 0.1 0.09 0.2 0.02 0.1 

-0.15 4.4 -0.06 2.2 -0.04 0.8 0.02 0.2 0.04 0.2 -0.03 0.1 

-0.19 4.5 -0.10 2.7 -0.08 1.9 -0.03 0.7 -0.01 0.3 -0.08 0.4 

-0.24 4.3 -0.15 2.8 -0.12 2.8 -0.08 1.2 -0.06 0.7 -0.13 0.9 

-0.29 6.1 -0.20 3.9 -0.16 3.3 -0.13 1.5 -0.11 2.2 -0.18 1.4 

-0.34 4.6 -0.25 3.7 -0.20 3.6 -0.18 1.7 -0.16 2.7 -0.23 1.2 

-0.39 5.0 -0.29 4.2 -0.24 3.8 -0.23 2 -0.21 2.9 -0.28 1.3 

-0.44 5.5 -0.34 4.1 -0.29 4.3 -0.28 2.3 -0.27 2.9 -0.33 1.4 

-0.49 4.5 -0.39 4.5 -0.33 4.3 -0.33 2.4 -0.32 3 -0.38 1.5 

-0.54 5.0 -0.44 3.9 -0.37 4.9 -0.37 3.5 -0.37 3.2 -0.43 1.5 

-0.58 4.4 -0.49 4.5 -0.41 4.1 -0.42 3.7 -0.42 3 -0.49 1.4 

-0.63 5.5 -0.53 4.5 -0.45 4.3 -0.47 3.7 -0.47 3 -0.56 1.2 

-0.68 4.4 -0.58 4.7 -0.50 4.3 -0.52 3.7 -0.52 2.8 -0.62 1.1 

-0.73 4.4 -0.63 3.5 -0.54 4.3 -0.57 3.6 -0.57 2.6 -0.67 0.9 

-0.78 4.5 -0.68 4.1 -0.58 4 -0.62 3.5 -0.61 2.5 -0.72 1 

(a) (b) (c) (d) 
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-0.83 5.8 -0.72 4.2 -0.62 4 -0.67 3 -0.66 2.4 -0.77 1.6 

-0.88 5.5 -0.77 4.5 -0.66 3.8 -0.72 3.3 -0.72 2.4 -0.82 2.1 

-0.92 4.7 -0.82 4.2 -0.71 3.7 -0.77 3.3 -0.77 1.9 -0.87 1.9 

-0.97 4.7 -0.87 4.2 -0.75 3.9 -0.82 3.1 -0.82 1.4 -0.92 2.2 

-1.02 5.4 -0.91 4.1 -0.79 3.5 -0.86 2.4 -0.87 0.9 - - 

-1.07 5.8 -0.96 3.9 -0.83 3.5 -0.91 2.2 -0.92 0.8 - - 

-1.12 4.9 -1.01 4.1 -0.87 3.6 -0.96 1.7 -0.96 1 - - 

-1.17 5.7 -1.06 3.5 -0.92 3.5 -1.01 1.3 -1.01 1.1 - - 

-1.21 4.9 -1.10 3.5 -0.96 3.1 -1.06 0.9 -1.06 0.7 - - 

-1.26 6.3 -1.15 3.6 -1.00 3.2 -1.11 0.6 -1.12 1 - - 

-1.31 5.0 -1.20 3.3 -1.04 2.9 -1.16 0.4 -1.61 0.9 - - 

-1.36 6.0 -1.25 3.6 -1.08 3.2 -1.61 0.8 -1.64 3.9 - - 

-1.41 6.0 -1.29 3.5 -1.12 2.6 -1.64 1.9 -1.68 2.9 - - 

-1.46 5.3 -1.35 3.7 -1.16 1.6 -1.67 0.6 -1.67 1.2 - - 

-1.51 5.6 -1.42 4.1 -1.46 2.2 -1.71 1.2 -1.73 1 - - 

-1.56 8.8 -1.47 5 -a - - - - - - - 
aNot available 

 

Table S2. 

Ice temperature vertical profiles for first-year ice coring site. 
Date (2020) 

Jun 22 Jul 13 Jul 29 

Depth (m) Temperature (°C) Depth (m) Temperature (°C) Depth (m) Temperature (°C) 

0.18 0.2 0.2 0 0.13 -0.1 

0.16 0 0.15 0 0.03 -0.1 

0.13 -0.1 0.1 0 -0.07 -0.1 

0.08 -0.3 -0.05 -0.2 -0.17 -0.2 

0.03 -0.5 -0.15 -0.5 -0.37 -0.3 

-0.02 -0.6 -0.25 -0.6 -0.47 -0.3 

-0.12 -0.8 -0.35 -0.8 -0.57 -0.3 

-0.22 -1 -0.45 -1 -0.67 -0.4 

-0.42 -1.4 -0.55 -1 -0.77 -0.9 

-0.52 -1.5 -0.65 -0.7 -0.87 -1.2 

-0.62 -1.7 -0.75 -0.9 - - 

-0.72 -1.7 -0.85 -0.9 - - 

-0.82 -1.8 -0.95 -0.7 - - 

-0.92 -1.8 -1.05 -0.5 - - 

-1.02 -1.8 -1.15 -0.2 - - 

-1.12 -1.8 -1.35 -0.3 - - 

-1.22 -1.8 -a - - - 

-1.32 -1.7 - - - - 

-1.42 -1.7 - - - - 

-1.5 -1.7 - - - - 
aNot available 

 

Table S3. 

Ice bulk salinity, ice residual salinity and ice bottom brine salinity for first-year ice (FYI), second-year ice (SYI) 

coring sites. 

Date 

Ice type 

FYI SYI SYI residual FYI bottom brine SYI bottom brine 

Oct 28, 2019 6.10 0.91 0.91 - - 

Nov 04, 2019 5.43 0.84 0.84 - - 

Nov 11, 2019 5.39 1.62 0.88 - - 

Nov 16, 2019 5.54 - - - - 

Nov 18, 2019 5.11 1.14 0.43 - - 

Nov 25, 2019 4.95 1.61 1.09 - - 

Nov 30, 2019 5.59 - - - - 

Dec 02, 2019 5.24 2.47 1.95 - - 

Dec 23, 2019 4.73 - - - - 

Jan 06, 2020 5.27 - - - - 

Jan 13, 2020 -a 1.82 0.29 - - 

Jan 20, 2020 4.46 - - - - 

Jan 27, 2020 - 2.13 0.49 - - 

Feb 03, 2020 4.39 - - - - 

Feb 10, 2020 4.63 - - - - 

Feb 17, 2020 - 2.27 0.33 - - 

Mar 21, 2020 5.32 - - - - 

Mar 24, 2020 - 2.56 0.78 - - 

Apr 06, 2020 4.49 2.39 0.39 - - 

Apr 13, 2020 - 3.01 0.81 - - 
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Apr 14, 2020 4.67 - - - - 

Apr 27, 2020 4.71 2.96 0.95 39.5 35.6 

May 04, 2020 5.21 2.41 0.39 58.5 53.5 

Jun 22, 2020 3.58 - - 9.7 - 

Jun 30, 2020 - 1.02 0.06 - 24.5 

Jul 06, 2020 3.12 0.86 0.13 6.9 21.8 

Jul 13, 2020 1.97 1.08 0.32 7.3 27.4 

Jul 20, 2020 1.81 1.03 0.11 3.7 23.5 

Jul 29, 2020 1.14 - - 11.6  
aNot available 


