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Abstract 25 

The fine spatial resolution of the ICESat-2 (IS2) satellite altimeter allows monitoring the evolution 26 

of sea ice thickness with detailed dynamic information (e.g. ridges and leads). In this study, we 27 

first assess the ability of IS2 to estimate thermodynamic ice growth and dynamic thickening during 28 

the ice-growing season in the central Arctic Ocean. As an indicator of the thermodynamic ice 29 

growth, we use 10 thermistor string-based sea ice mass balance array (SIMBA) buoys deployed at 30 

a scale of ~50 km from the Icebreaker Polarstern during the Multidisciplinary drifting Observatory 31 

for the Study of Arctic Climate (MOSAiC) expedition. We collect IS2 data within 20 km buffer 32 

distance from the individual buoys, and calculate the mode, median, and mean of the IS2-derived 33 

ice thickness. The IS2 modal thickness shows the least bias (-0.169 m) with the buoy ice thickness, 34 

representing level ice thickness. In addition, the increasing rate of the IS2 modal thickness is close 35 

to the thermodynamic ice growth with a small bias of -0.054 cm/day. However, the increasing 36 

rates of the IS2 median and mean thickness are greater than the thermodynamic ice growth by 37 

about 0.114 cm/day and 0.198 cm/day, respectively, because they also include ice growth caused 38 

by thickness redistribution during dynamic deformation. The dynamic contributions may account 39 

for 26.1 ± 10.3 % and 34.4 ± 10.1 % of the total increase of the IS2 median and mean thickness, 40 

respectively. Within a ~50 km radius area from the MOSAiC Central Observatory, IS2 41 

measurements exhibit that the ridge fraction increased from < 2 % in November to ~4 % in March 42 

(~0.029 %/day of average increasing rate) and ridge height increased about 0.047 cm/day during 43 

the same period. However, lead formation does not show significant contributions to the dynamic 44 

ice thickening because leads are temporary features lasting only 2-3 days. Although there are 45 

considerable uncertainties in IS2 ice thickness estimation and IS2-buoy thickness comparison, this 46 
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study emphasizes the importance of combining measurements by IS2 and SIMBA buoys to explain 47 

the regional sea ice mass balance with separating the thermodynamic and dynamic contributions. 48 

 49 

1. Introduction  50 

Sea ice extent (SIE) and sea ice thickness (SIT) in the Arctic Ocean have both decreased 51 

significantly over the last few decades. A decreasing trend of SIE was observed and has been 52 

maintained in recent years (Cavalieri and Parkinson, 2012; Meier, 2017; Simmonds, 2015; Stroeve 53 

and Notz, 2018). The decrease of SIT is also remarkable. The annual mean SIT decreased from 54 

3.6 to 1.3 m from 1975 to 2012, a stunning drop of 65% (Lindsay and Schweiger, 2015), and the 55 

mean SIT in the melting season decreased by 2.0 m (66 %) from 1958 to 2018 (Kwok, 2018). 56 

Additionally, recent studies of satellite altimeters found a decreasing trend of Arctic SIT after a 57 

sudden increase of SIT in 2014 (Li et al., 2020; Tilling et al., 2018; Xiao et al., 2021, 2020). Given 58 

that the decline of SIE and SIT has profound impacts on the atmosphere (Budikova, 2009; Jaiser 59 

et al., 2012), oceanic circulation (Levermann et al., 2007), and both local and global climate (Liu 60 

et al., 2012; Screen, 2013), a continuous monitoring of SIE and SIT is of great importance. 61 

In this respect, spaceborne remote sensing has significant advantages to monitor SIE and 62 

SIT over the polar region regularly. However, it is more challenging to measure SIT from  satellites 63 

than SIE because higher spatial resolution and precision are required for detecting SIT variability 64 

due to its relatively large spatial heterogeneity compared to SIE (Kwok, 2010). NASA (National 65 

Aeronautics and Space Administration)’s ICESat-2 (IS2) is the latest satellite laser altimeter that 66 

makes this possible with advanced resolution and precision with a ~12 m  laser footprint (Magruder 67 

et al., 2020) and ~2-4 cm of vertical precision (Kwok et al., 2019a). This high resolution and 68 
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precision is particularly useful for detecting sea ice topography, such as pressure ridges, leads, and 69 

melt ponds (Farrell et al., 2020; Tilling et al., 2020). This eventually enables us to distinguish the 70 

thermodynamic contributions (freezing or melting) and dynamic contributions (formation of ridges 71 

by convergent movement or leads by divergent movement) to SIT variations. Accurate monitoring 72 

of the thermodynamic and dynamic behavior of sea ice in the Arctic is of large importance in 73 

understanding the total ice mass balance and its interaction with ocean, atmosphere, and climate 74 

change (Hibler, 1979; Itkin et al., 2018; Zhang et al., 2000). Although recent studies examined the 75 

Arctic SIT variations by using IS2 (Kwok et al., 2020; Petty et al., 2020) and validated that IS2 76 

freeboard has only < 0.04 m of differences with the ATM (Airborne Topographic Mapper) 77 

freeboard of the Operation IceBridge (OIB) (Kwok et al., 2019a), the potential of IS2 to estimate 78 

thermodynamic and dynamic ice growth has not been clearly assessed. 79 

In this study, the ability of IS2 for estimating thermodynamic and dynamic ice growth is 80 

assessed, with a focus on the central Arctic during the ice-growing season from late autumn to 81 

spring. For this purpose, thermistor string-based sea ice mass balance array (SIMBA) buoys 82 

deployed as a part of the Multidisciplinary drifting Observatory for the Study of Arctic Climate 83 

(MOSAiC) expedition are also used. A large number of SIMBA buoys were deployed to measure 84 

snow depth and SIT in the Arctic and Antarctic oceans (Hoppmann et al., 2015; Lei et al., 2018; 85 

Provost et al., 2019, 2017). Considering that airborne or shipborne measurements provide only 86 

snapshot observations and have limits on their data-collection periods (Wang et al., 2016), ice 87 

mass balance buoys (IMB) buoys, such as SIMBA buoys and the traditional IMB (Richter-Menge 88 

et al., 2006), are the most effective way for obtaining seasonal variations of SIT and 89 

thermodynamic ice growth (Ackley et al., 2020, 2015; Perovich et al., 2003). On the other hand, 90 

ice thicknesses and ice growth rates have a large spatial heterogeneity (Perovich et al., 2003), 91 
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which cannot be completely captured by observations of the buoys deployed individually. This 92 

limited representativeness of a single point observation was an obstacle for using the previous 93 

SIMBA or other IMB buoys to identify the average state of changes in SIT caused by 94 

thermodynamic and dynamic processes at the local scale, and to verify the SIT measured by 95 

satellite altimeters. 96 

In this respect, the MOSAiC expedition is an unprecedented opportunity to obtain 97 

homogeneous in-situ observations over the central Arctic Ocean (Shupe et al., 2020). As a year-98 

round field expedition using the German research icebreaker Polarstern, the MOSAiC expedition 99 

provided massive in-situ observations over the central Arctic Ocean from September 2019 to 100 

October 2020. The SIMBA buoys, as a part of a distributed network (DN) of MOSAiC, were 101 

deployed in the region at a scale of ~50 km from the Polarstern (Figure 1). MOSAiC DN included 102 

both multi-year ice (MYI) and first-year ice (FYI), a good representation of sea ice under the new 103 

normal condition of the Arctic (Krumpen et al., 2020). Compared to the previous scattered buoys, 104 

the SIMBA buoys of the MOSAiC expedition can provide local-scale information of SIT over the 105 

study period. 106 

Therefore, this study focuses on assessing the performance of IS2 for estimating the 107 

temporal changes of SIT over the central Arctic using MOSAiC SIMBA buoys data as a “ground 108 

truth”. Based on the understanding of SIMBA measurements that show the thermodynamic ice 109 

growth, we evaluate the accuracy of IS2 for estimating SIT and its growth rate by comparing the 110 

IS2 measurements with the SIMBA buoys through later autumn to spring. Furthermore, by taking 111 

advantage of IS2’s fine spatial resolution, we calculate the thermodynamic ice growth and dynamic 112 

ice thickening and their relative contributions to the SIT changes. 113 
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 114 

2. Data 115 

2.1. ICESat-2 data 116 

IS2’s Advanced Topographic Laser Altimeter System (ATLAS) uses laser photons at 532 117 

nm wavelength, with individual laser footprints of ~12 m separated by 0.7 m. It consists of three 118 

pairs of strong and weak beams, and strong beams have ~4 times greater pulse energies than weak 119 

beams (Magruder et al., 2020; Markus et al., 2017; Neumann et al., 2019). The improved spatial 120 

resolution of IS2 guarantees significant advantages for sea ice research compared to the previous 121 

ICESat altimeter that had footprints of ~70 m with 170 m spacing (Zwally et al., 2002) or CryoSat-122 

2 radar altimeter that has ~400 m of along-track footprint and ~1.65 km of across-track footprint 123 

(ESA, 2019). In this study, we use the IS2 ATL10 sea ice freeboard product (release 003) from 124 

NASA’s Earthdata (earthdata.nasa.gov). 125 

The ATL10 freeboard product retrieves the surface heights by aggregating 150 ATL03 126 

geolocated signal photons into a single height segment. Photon rate, width of photon distribution, 127 

and background rate were used to classify lead and ice for each height segment. Then the total 128 

freeboard was calculated by subtracting the local sea reference height from the surface height 129 

(Kwok et al., 2021). Given that strong beams have a better along-track resolution (10-200 m) than 130 

weak beams (40-800 m) for the surface heights estimation (Kwok et al., 2019b), here we only use 131 

the 3 strong beams. Since IS2 laser photons do not substantially penetrate the snow layer, herein 132 

the IS2 total freeboard represents the height of the air-snow interface above the sea level (Kwok 133 

et al., 2021; R. Kwok et al., 2020). 134 
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 135 

2.2. SIMBA buoy data 136 

 We use the data from 10 SIMBA buoys that were deployed in the vicinity of the MOSAiC 137 

Central Observatory (CO) in October and November 2019. These buoys covered a spatial scale of 138 

about 50 km and exhibited similar drift patterns (Figure 1). Since the floes of the CO and DN were 139 

formed around November to December 2018, the buoys were dominantly deployed at the area of 140 

second-year ice (Krumpen et al., 2021, 2020). The deployment sites had initial snow depth and ice 141 

thicknesses ranging from 0.05-0.30 m and 0.40-1.70 m, respectively. The average initial snow 142 

depth (0.16 m) and ice thickness (0.95 m) over these buoy sites are close to the averages (0.10 m 143 

and 0.84 m) obtained from on-ice survey along the sections of 27.4-km using a ground-based 144 

electromagnetic induction and a magnaprobe over four ice stations of the MOSAiC DN (Krumpen 145 

et al., 2020). This suggests that the deployment sites of buoys have a high representativeness. 146 

SIMBA is a thermistor string based IMB, and the vertical environment temperature (ET) 147 

profile was measured using a 4.8-m long string with embedded thermistors every 2 cm. Each 148 

sensor was also equipped with a resistor component in order to determine the temperature rise 149 

(heating temperature, HT) after 60 seconds (HT1) and 120 seconds (HT2) after the pulsative 150 

heating (Jackson et al., 2013). The thermistor string was deployed vertically in a borehole through 151 

the snow and ice layer, so the temperature profiles in air, snow, ice, and water were measured. 152 

During the ice-growing season between November 2019 and April 2020, the buoys drifted along 153 

the Transpolar Drift Stream from north of the Laptev Sea to north of Fram Strait. It should be noted 154 

that SIMBA buoys drifted north of 88°N, where IS2 has no valid data (inside the blue circle in 155 

Figure 1), between late February and early March. 156 
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 157 

 158 

Figure 1. Trajectories (Oct 2019 - Apr 2020) and distribution of 10 SIMBA buoys deployed 159 

during the MOSAiC expedition. The background map shows the sea ice extent on November 8, 160 

2019 (white = sea ice, sky blue = water, black = land). 161 

 162 

3. Method 163 

3.1. SIMBA buoys ice thickness 164 

From SIMBA buoys, we identify temporal variations of snow depth and ice thickness. The 165 

primary output from SIMBA buoys are the vertical ET or HT profiles, and various methods have 166 
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been developed to extract snow depth and ice thickness from SIMBA measurements based on the 167 

difference of vertical gradient or daily amplitude of temperature and temperature rise after the 168 

pulse heating among air, snow and ice (Cheng et al., 2020; Liao et al., 2019; Zuo et al., 2018). In 169 

this study, we manually determine the snow depth and ice thickness from the temperature profiles 170 

based on the vertical ET gradient and vertical difference of HT1/HT2. The vertical ET gradient is 171 

the optimal criterion, and the heating data is used when the judgment by ET is not clear. We cross-172 

check this manual detection by using an automatic algorithm developed by Cheng et al. (2020). 173 

Our manual detection shows ~3 cm deviation of snow depth and ~5 cm deviation of ice thickness 174 

from the automatic method, while the manual method can effectively eliminate the accidental noise 175 

brought by the automatic algorithm as shown in Figure 2. Figure 2 illustrates one example of 176 

SIMBA ET and SIMBA HT1/HT2, as well as the identified snow depth and ice thickness. 177 



Remote Sensing of Environment 

 

10 

 

 178 

Figure 2. (a) Time series of the SIMBA (FMI0601) environment temperature (ET) profile. (b) 179 

Time series of the SIMBA heating temperature (HT) ratio (HT1/HT2; HT1 = HT at 60 seconds 180 

after pulsative heating, HT2 = HT at 120 seconds after heating). The white lines are results from 181 

the automatic algorithm and the black lines are results from the manual judgement. 182 

 183 

3.2. IS2 ice thickness 184 
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Since IS2 measures the total freeboard, this freeboard measurement should be converted to 185 

ice thickness to be compared with the buoy ice thickness. Assuming hydrostatic equilibrium, IS2 186 

total freeboard is converted into sea ice thickness by using the equation (1): 187 

ℎ𝑖 =
𝜌𝑤

𝜌𝑤 − 𝜌𝑖
ℎ𝑓 +

𝜌𝑠 − 𝜌𝑤

𝜌𝑤 − 𝜌𝑖
ℎ𝑠     (1) 188 

where ℎ𝑓 is total freeboard measured by IS2, 𝜌𝑤 is the density of water, 𝜌𝑖  is the density of ice, 𝜌𝑠 189 

is the density of snow, and ℎ𝑠  is the snow depth. Since there are no individual density 190 

measurements for the buoys, we assume 1,025 kg/m3, 900 kg/m3, and 300 kg/m3 for 𝜌𝑤, 𝜌𝑖 , and 191 

𝜌𝑠 , respectively, based on the field measurements at the MOSAiC CO and previous studies 192 

(Alexandrov et al., 2010; Kwok and Cunningham, 2015; Laxon et al., 2003, 2013; Lindsay and 193 

Schweiger, 2015). For the snow depth (ℎ𝑠) in the equation (1), we use linear equations from Kwok 194 

et al. (2020) to directly convert IS2 total freeboard into snow depth. Although each SIMBA buoy 195 

measures snow depth individually, this represents only local snow depth at the buoy deployment 196 

site but does not represent larger snow depth near rough sea ice topography (i.e. ridges or 197 

hummock) (Shalina and Sandven, 2018). Since herein the IS2 ice thickness should include both 198 

level ice and ice with the topographical changes, IS2 ice thickness is calculated by only using the 199 

IS2 total freeboard and self-retrieved snow depth from Kwok et al. (2020) method. 200 

 201 

3.3. Comparison of satellite and buoy ice thickness 202 

In this study, the IS2-retrieved ice thickness is compared with the buoy ice thickness within 203 

a representative buffer distance; we set this buffer distance to be 20 km. In general, we should 204 

obtain lower thickness differences between IS2 and buoy for a shorter buffer distance. However, 205 
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if this distance is too short, the number of overlapped satellite tracks is not sufficient to represent 206 

the temporal variations of ice thickness around the buoys. In addition, since the ice floe of the 207 

MOSAiC CO shows 10.35 ± 6.22 km per day of average displacement during the study period, 208 

the buffer distance less than ~10 km can cause a spatiotemporal discrepancy between IS2 sampled 209 

tracks and buoy sites. Figure 3 shows the average differences of ice thickness between IS2 and 210 

buoys for buffer distances from 2 to 50 km; IS2 and buoy points are paired if they have < 12 hours 211 

of time gaps. It is noted that 5-15 km of buffer distance shows a higher difference, which may be 212 

attributed to the drift of ice floes between the acquisition times of IS2 and buoy data. Since 20 km 213 

shows the minimum differences after this 5-15 km range, we collect the IS2 data points that are 214 

located within 20 km from the buoys and with time gaps less than 12 hours from the buoys. 215 

 216 

 217 

 218 

Figure 3. Average differences of ice thickness between IS2 and SIMBA buoys for different buffer 219 

distances (every 2 km). The buffer distance of 20 km has the minimum difference. 220 

 221 
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After collecting the IS2 data within a 20 km radius around the buoys, three statistical 222 

parameters of IS2-derived freeboard and ice thickness are calculated within this buffer distance: 223 

mean, median, and mode. For example, as shown in Figure 4, there is one IS2 track within the 20 224 

km distance from the buoy PRIC0905 on November 13, 2019 and March 30, 2020. After the IS2 225 

data points within the buffer are selected, the mean, median, and modal freeboard and ice thickness 226 

are calculated. Since the modal thickness represents the thickness of the most frequently observed 227 

ice or level ice (Farrell et al., 2012; Hansen et al., 2013; Petty et al., 2016; Rack et al., 2021; Tian 228 

et al., 2020), we estimate the thermodynamic ice growth around the buoys by using the variations 229 

in the modal thickness. On the other hand, since the mean and median thickness potentially include 230 

the thickness of ridged or deformed ice, we estimate the contributions of dynamic topographical 231 

changes to the IS2 mean and median thickness. 232 

 233 
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 234 



Remote Sensing of Environment 

 

15 

 

Figure 4. The map of 20 km buffer area from the buoy PRIC0905 (green circle) and nearby IS2 235 

freeboard tracks, histograms of IS2 total freeboard, and freeboard profiles along the IS2 tracks on 236 

(a) November 13, 2019, and (b) March 30, 2020. As shown in the histograms, the modal, 237 

median, and mean freeboard increased by 0.160, 0.166, and 0.184 m, respectively, from 238 

November to March; the median and mean freeboards increased faster than the mode because 239 

they may include dynamic ice thickening as well as thermodynamic ice growth. In addition, 240 

along-track freeboard profiles in March are rougher (standard deviation of 0.22 m) and have 241 

more ridges (the parts above the red dashed lines of mode + 0.6 m freeboard) than in November 242 

(standard deviation of 0.13 m). 243 

 244 

 245 

In order to quantitatively compare the IS2 measurements with buoy measurements, two 246 

factors between them are calculated: root mean square difference (RMSD) and mean biased 247 

difference (MBD). RMSD and MBD are defined by Equation (2) and (3), respectively.  248 

𝑅𝑀𝑆𝐷 = √
1

𝑛
∑(𝑥𝐼𝑆2 − 𝑥𝑏𝑢𝑜𝑦)2

𝑛

𝑖=1

    (2) 249 

𝑀𝐵𝐷 =  
1

𝑛
∑(𝑥𝐼𝑆2 − 𝑥𝑏𝑢𝑜𝑦)

𝑛

𝑖=1

    (3) 250 

where 𝑥𝐼𝑆2  is the IS2 measurement, 𝑥𝑏𝑢𝑜𝑦  is the buoy measurement, and n is the number of 251 

comparison pairs. The relative RMSD and MBD can be also calculated as a percentage by dividing 252 



Remote Sensing of Environment 

 

16 

 

them with the mean of the buoy measurements. The accuracy of the IS2-derived SIT and ice 253 

growth are evaluated from these factors. 254 

Additionally, to quantify the dynamic contributions to sea ice thickness, we calculate ridge 255 

fractions, lead fractions, and ridge heights based on the IS2 freeboard measurements. According 256 

to Farrell et al. (2020), pressure ridges can be defined as the parts with freeboard 0.6 m above the 257 

level sea ice. This 0.6 m threshold distinguishes ridges from lower-amplitude surface features such 258 

as snow dunes or sastrugi (Duncan et al., 2020, 2018; Farrell et al., 2020; Tan et al., 2012). Thus, 259 

the sea ice segments above 0.6 m from the modal freeboard are regarded as ridges, and the ridge 260 

fraction is then calculated (Figure 5). Similar to the ridge fraction, we calculate lead fraction from 261 

the detected leads from the ATL10 products.  262 

Ridge fraction =  
𝐿𝑟𝑖𝑑𝑔𝑒

𝐿𝑡𝑜𝑡𝑎𝑙
× 100 (%)     (4) 263 

Lead fraction =  
𝐿𝑙𝑒𝑎𝑑

𝐿𝑡𝑜𝑡𝑎𝑙
× 100 (%)    (5) 264 

where 𝐿𝑟𝑖𝑑𝑔𝑒 is the summed length of all ridges in the IS2 track, 𝐿𝑙𝑒𝑎𝑑 is the summed length of all 265 

leads in the IS2 track, and 𝐿𝑡𝑜𝑡𝑎𝑙 is the total length of the IS2 track (Figure 5). To obtain 𝐿𝑙𝑒𝑎𝑑, we 266 

use the leads detected by the ATL10 product. The ATL10 product determines leads from the 267 

decision-tree algorithm based on photon rate, width of photon distribution, and background rate 268 

(Kwok et al., 2019b). However, it should be noted that this lead detection algorithm shows 269 

limitations in detecting dark leads so the ATL10-based lead fraction could have been 270 

underestimated (Kwok et al., 2020; Petty et al., 2020). In addition to the ridge fraction and lead 271 

fraction, we calculate the changes of ridge heights (𝐻𝑟𝑖𝑑𝑔𝑒), which represent the mean heights of 272 
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ridges above the level ice surface (Figure 5). The ridge fraction, lead fraction, and ridge height are 273 

regarded as the indicators of dynamic sea ice deformation along the IS2 track. 274 

 275 

 276 

Figure 5. Diagram of the ridge length (𝐿𝑟𝑖𝑑𝑔𝑒), lead length (𝐿𝑙𝑒𝑎𝑑), effective IS2 track length 277 

(𝐿𝑡𝑜𝑡𝑎𝑙), and ridge height (𝐻𝑟𝑖𝑑𝑔𝑒). 278 

 279 

 280 

4. Results 281 

4.1. Temporal variations of buoy measurements 282 

Snow depth and ice thickness determined using the measurements from all buoys are 283 

plotted in Figure 6. The snow depth (Figure 6a) is almost consistent from November to April for 284 

most buoys, ranging from 0.07 m to 0.29 m. However, large snow accumulations are observed in 285 
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early February for buoy PRIC0902 and PRIC0904. This snow accumulation of approximately 0.1 286 

m in early February was likely due to a snow-storm event. Since these buoys were deployed close 287 

to a ridge with a relatively large surface roughness, blowing snow could be more accumulated near 288 

these buoys. 289 

In terms of the ice thickness (Figure 6b), all buoys show a monotonically increasing trend 290 

from November to April. On the starting dates in November, the ice thickness at the buoys ranged 291 

from 0.41 to 1.67 m, while in mid-April, the thickness ranged from 1.54 to 2.27 m, with a total 292 

increase of 0.50-1.20 m. In order to check if these ice growths resulted from thermodynamic 293 

growths, we compare the measured ice growths with the ice growths estimated by an analytic 294 

model based on Stefan’s Law (Leppäranta, 1993). In the presence of the snow layer above ice, the 295 

thermodynamic ice growth (dH/dt) can be expressed by following: 296 

𝜌𝑖L
dH

dt
=

𝜅𝑖(𝑇𝑓 − 𝑇𝑠)

𝐻 + (𝜅𝑖/𝜅𝑠)ℎ
     (6) 297 

where 𝜅𝑖 is the heat conductivity of ice (assuming 2.3 W/m∙K), 𝜅𝑠 is the heat conductivity of snow 298 

(assuming 0.3 W/m∙K) (Lecomte et al., 2013; Sturm et al., 2002b), L is the latent heat of freezing 299 

(assuming 334 kJ/kg) (Leppäranta, 1993; Park et al., 2020), 𝑇𝑓 is the freezing temperature at the 300 

bottom, 𝑇𝑠 is the snow surface temperature, H is ice thickness, and h is snow depth. 301 

Based on the Equation (6), we calculate the modeled ice growths over the ice-growing 302 

season using the vertical temperature profiles of the buoys, and compare them with the measured 303 

ice growths (Figure 7). Since the ice growths measured by the 10 SIMBA buoys agree well with 304 

the modeled ice growths, we conclude that the buoy ice growths are caused by thermodynamic 305 
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effects with negligible contributions from dynamic ice thickening and the formations of snow ice 306 

or superimposed ice. 307 

 308 

 309 

Figure 6. Temporal variations of (a) snow depth and (b) ice thickness obtained from 10 SIMBAs 310 

deployed during the MOSAiC expedition. 311 

 312 
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 313 

Figure 7. The ice growths of 10 SIMBA buoys measured by buoy temperature profiles and 314 

modeled by Stefan’s Law (Leppäranta, 1993). 315 

 316 

 317 

4.2. Temporal variations of IS2 thickness 318 

The temporal changes in IS2-derived ice thickness related to individual buoys are described 319 

in Figure 8. As similar to the monotonic increase trend of the buoy ice thickness, the corresponding 320 

IS2-derived ice thickness also increased near linearly from November 2019 to April 2020. 321 

Although IS2 captures the increase in the ice thickness successfully, IS2 ice thickness shows some 322 

differences with the buoy ice thickness (Table 1). The IS2 modal thickness shows the least 323 

differences with the buoy thickness (RMSD 0.341 m and MBD -0.169 m), followed by the IS2 324 

median and mean thickness. While the IS2 median and mean measurements overestimate ice 325 

thickness (positive MBDs), the IS2 mode underestimates (negative MBD). Given that the ice 326 
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thickness measured by the SIMBA buoys represents level ice, it is reasonable that the IS2 modal 327 

thickness is the closest to the buoy measurement. On the other hand, the median and mean IS2 328 

thicknesses are greater than the buoy thickness because both of them also include the contribution 329 

of dynamic sea ice deformation (i.e. ridges). 330 

Based on the IS2 ice thickness measurements, we calculate linearly-fitted ice growth rate 331 

from each IS2 measurement and compare it with the thermodynamic ice growth from the buoys 332 

(Table 2). The ice growth estimated from IS2 modal thickness shows the least difference with the 333 

thermodynamic ice growth (RMSD 0.131 cm/day and MBD -0.054 cm/day). However, the ice 334 

growth measured by the median and mean IS2 thicknesses are greater than the thermodynamic ice 335 

growth by more than double of the mode estimation bias (+0.114 cm/day and +0.198 cm/day of 336 

MBD, respectively). Hence, the modal IS2 thickness represents the thermodynamic ice growth, 337 

but the median or mean IS2 thickness includes both the thermodynamic and dynamic 338 

contributions. 339 

By comparing the IS2 median and mean increasing rates with the IS2 mode increasing rate, 340 

we quantify the contributions of dynamic deformation to the IS2 median and mean thickness. As 341 

shown in Figure 9, the median and mean IS2 increasing rates are greater than the mode by 0.17 ± 342 

0.07 cm/day and 0.25 ± 0.08 cm/day, respectively. This implies that the dynamic thickening by 343 

sea ice deformation (i.e. increase of ridge fraction and ridge height) accounts for about 26.1 ± 10.3 344 

% and 34.4 ± 10.1 % of the total thickness increase for the median and mean, respectively; the 345 

mean includes more dynamic contributions than the median. 346 

Indeed, as shown in Figure 8b, the ridge fraction increased from November 2019 to April 347 

2020 for all the buoys. In late autumn to early winter, ridged ice accounts for a smaller portion (< 348 
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2 %) of the sea ice cover. As the sea ice becomes packed together during the ice-growing season, 349 

however, the proportion of ridged ice reaches to approximately 4 %. Whereas the ridge fractions 350 

increase, lead fraction does not show any significant increase or decrease trends because the 351 

opening due to the lead formation would refreeze soon during winter under the cold atmospheric 352 

forcing. In terms of the ridge height (Figure 8c), while the IS2 measurements at four sites 353 

(FMI0509, FMI0605, PRIC0901, and PRIC0905) do not show significant increases (p-value > 354 

0.05), those at other six sites show significant increases in ridge heights (p-value < 0.05). 355 

Therefore, the higher increase rates of the median and mean IS2 thickness could be attributed to 356 

both the increase in ridge fraction and ridge height. 357 

 358 
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 359 

Figure 8. (a) Temporal variations of buoy ice thickness (black line), nearby IS2 modal thickness 360 

(orange crosses), IS2 median thickness (brown crosses), and IS2 mean thickness (green crosses) 361 

for 10 SIMBA buoys; (b) temporal variations of ridge fractions (red dots) and lead fractions 362 

(blue dots) estimated by the IS2 data within 20 km from each buoy; (c) temporal variations of 363 

ridge heights estimated by the IS2 data within 20 km from each buoy. Gray shading vertical bars 364 
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indicate the heavy storm events with dramatic increases in wind speed in mid-November and 365 

mid-February. 366 

 367 

 368 

Table 1. Overall RMSD and MBD of ice thickness between the IS2 measurements and the 369 

SIMBA buoys. 370 

Ice thickness RMSD MBD 

IS2 mode 0.341 m (23.3 %) -0.169 m (-11.6 %) 

IS2 median 0.359 m (24.6 %) +0.190 m (13.0 %) 

IS2 mean 0.531 m (36.4 %) +0.433 m (29.7 %) 

 371 

 372 

 373 
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Figure 9. Ice growth rate from November to April estimated by buoys and IS2 (mode, median, 374 

and mean) corresponding to each buoy. 375 

 376 

Table 2. Overall RMSD and MBD between the ice growth rate (November-April) from the IS2 377 

measurements and the thermodynamic ice growth from the SIMBA buoys.  378 

Ice growth RMSD MBD 

IS2 mode 0.131 cm/day (24.8 %) -0.054 cm/day (-10.3 %) 

IS2 median 0.179 cm/day (33.8 %) +0.114 cm/day (+21.6 %) 

IS2 mean 0.248 cm/day (46.9 %) +0.198 cm/day (+37.4 %) 

 379 

 380 

In addition to the individual buoy comparison, we also compare the regional variations of 381 

SIT around the MOSAiC DN over a 50 km area surrounding the center of the SIMBA buoys 382 

network. The regionally-averaged thermodynamic ice growth is calculated from the average of the 383 

10 SIMBA buoys. Then the IS2 data around 50 km buffer area from the center of SIMBA buoy 384 

network are collected, and the variations of IS2 modal, median, and mean thickness are calculated 385 

(Figure 10). Although the IS2 modal thickness underestimates the regionally-averaged level ice 386 

thickness, it shows the lowest difference: RMSD 0.154 m and MBD -0.150 m. However, the 387 

median and mean overestimates the thickness of level ice with 0.253 m and 0.449 m of MBD, 388 

respectively (Table 3). Therefore, as similar to the individual comparisons, the IS2 modal thickness 389 

represents the thickness of level ice, but the mean and median also include the contributions from 390 

dynamic sea ice deformation. In terms of the ice growth rate, the IS2 mode measurement (0.447 391 

cm/day) is the closest to the regional thermodynamic ice growth (0.535 cm/day): only -0.088 392 
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cm/day of difference. However, the IS2 median and mean thickness overestimates the 393 

thermodynamic ice growth by 0.148 cm/day and 0.244 cm/day, respectively (Table 3). The 394 

comparison between the IS2 mode, median, and mean measurements implies that the dynamic 395 

thickening contributes to about 34.6 % of the IS2-median increasing rate and 42.6 % of the IS2-396 

mean increasing rate, which agrees with the range of dynamic contributions estimated from the 397 

individual comparison. 398 

As shown in the bottom two panels of Figure 10, both ridge fraction and ridge height 399 

increased significantly around the ~50 km MOSAiC DN area. However, the lead fraction does not 400 

show any significant increase or decrease trend during December to March, which agrees with the 401 

lead fraction observations from Krumpen et al. (2021). Therefore, the increase in ridge fraction 402 

and ridge height may contribute to the larger ice growth from the median and mean IS2 thickness. 403 

 404 

 405 

Figure 10. (a) Averaged ice thickness of 10 SIMBA buoys (black line), IS2 modal thickness 406 

(orange crosses), IS2 median thickness (brown crosses), and IS2 mean thickness (green crosses) 407 
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within 50 km buffer distance from the center of MOSAiC DN; (b) temporal variations of ridge 408 

fractions (red dots) and lead fractions (blue dots) in the 50 km buffer area; (c) temporal 409 

variations of ridge heights in the 50 km buffer area. Gray shading vertical bars indicate the heavy 410 

storm events in mid-November and mid-February. 411 

 412 

Table 3. Comparison of ice thickness and ice growth between the IS2 measurements within a 50 413 

km buffer from the center of MOSAiC DN and the average of the 10 SIMBA buoys. 414 

IS2 

measurements 

RMSD of ice 

thickness 

MBD of ice 

thickness 

Ice growth rate 

relative to the buoy-average 

IS2 mode 0.154 m (10.4 %) -0.150 m (-10.1 %) -0.088 cm/day 

IS2 median 0.214 m (14.4 %) +0.208 m (14.0 %) +0.148 cm/day 

IS2 mean 0.456 m (30.7 %) +0.449 m (30.3 %) +0.244 cm/day 

 415 

 416 

5. Discussion 417 

5.1. SAR images around the buoys 418 

 We visually explore the changes of sea ice condition around the MOSAiC DN by using the 419 

ESA (European Space Agency)’s Sentinel-1 synthetic aperture radar (SAR) images. These SAR 420 

images have been used to detect open water or thin ice on sea ice leads (Murashkin et al., 2018). 421 

Sea ice leads generally have low backscatter values on HH and HV bands because they have low 422 

surface roughness and reflectance (Longepe et al., 2019; Murashkin et al., 2018). However, open 423 

water on leads can also appear bright on HH band under high incidence angles because wind can 424 
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roughen the water surface (Murashkin et al., 2018). In addition to this feature of backscatter or 425 

brightness, leads should have distinctive elongated shapes (Murashkin et al., 2018). Based on these 426 

features of sea ice leads, therefore, we can readily identify opening and closing of sea ice leads 427 

from the Sentinel-1 images. 428 

Figure 11 shows the Sentinel-1 HH band images with sea ice leads for some successive 429 

days in November, December, and March. As shown in these images, once leads form, they last 430 

only ~2-3 days and disappear because open water and thin ice areas on leads are refrozen quickly 431 

in the ice-growing season. However, while sea ice leads are such temporary features, ridges are 432 

accumulated features. In Figure 11, while sea ice leads change fast even within one day, general 433 

sea ice textures (e.g. spatial distribution of bright or dark part) remain similar without significant 434 

changes. These ridge-like features would be steadily accumulated during the ice-growing season 435 

as the sea ice become compacted. We provide a short video clip of all Sentinenl-1 SAR images 436 

near the MOSAiC DN as auxiliary data with the manuscript. 437 

 438 

 439 
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 440 

Figure 11. Sentinel-1 HH band images of the 50 km buffer area from the Polarstern for November 441 

21-23, 2019, December 23-25, 2019, and March 18-20, 2020. Sea ice leads (dark or bright 442 

elongated features) disappear in 2-3 days after they form, but general sea ice textures (i.e., overall 443 

distribution of dark and bright features) stay consistent in the successive days. 444 

 445 
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5.2. Uncertainty in IS2-buoy comparison 446 

Although we find that the IS2 modal thickness represents well the thermodynamic ice 447 

growth, we need to consider that there are some sources of uncertainties for the IS2-buoy 448 

comparison. 449 

First, in terms of the buoy thickness estimation, the precision of the buoy measurement is 450 

~2 cm since the SIMBA string measures the temperature profile every 2 cm. Second, when we 451 

estimate ice thickness from IS2 total freeboard, one of the major sources of uncertainty comes 452 

from the retrieval of snow depth from the IS2 freeboard. In this study, we employ the linear 453 

equations proposed by Kwok et al. (2020) to directly convert IS2 total freeboard into snow depth. 454 

Although this approach can be useful for predicting snow depth where only total freeboards are 455 

available and considering the impacts of sea ice deformation on snow depth, these linear 456 

regressions have 2.5-3.0 cm of standard errors. Additionally, the snow depths retrieved from IS2 457 

freeboard potentially have a few centimeters of errors when compared with the snow depths from 458 

the OIB snow radar (Kwok et al., 2020). 459 

Another source of uncertainty can be introduced by the assumption of a constant density 460 

of snow, ice and water. When the IS2 freeboard is converted to ice thickness, snow, ice, and water 461 

density are assumed to be 300 kg/m3, 900 kg/m3, and 1,025 kg/m3, respectively, because the in-462 

situ density measurements are not available for the individual buoys. Considering snow or ice 463 

density can vary temporally or spatially even in floe scales (Iacozza and Barber, 1999; King et al., 464 

2020; Proksch et al., 2015; Sturm et al., 2002a; Warren et al., 1999), the variations of ice and snow 465 

densities can make a considerable difference on the thickness calculation from the IS2 freeboard. 466 

Indeed, the initial deployed sites of the buoys include the level ice and that close to ridges, the FYI 467 
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and MYI, and the ice with a large range of thickness, which can lead to significant point-to-point 468 

differences in sea ice density and its seasonal variation. In addition, the spatial change in surface 469 

roughness would lead to different site-to-site snow accumulation processes (Wagner et al., 2021), 470 

and potentially different snow stratification and density. 471 

In order to quantify the uncertainty of SIT estimation caused by this snow and ice density 472 

variation, the SIT is recalculated for different ice density and snow density conditions (Figure 12). 473 

Based on the previous studies (Alexandrov et al., 2010; Sturm et al., 2002a; Timco and Frederking, 474 

1996), the ice density was simulated from 860 to 940 kg/m3, and snow density from 240 to 400 475 

kg/m3. Since the snow depth is nearly consistent for each individual buoy (Figure 6a), we assume 476 

a consistent snow depth of 0.2 m and simulate the ice thickness for two different total freeboards: 477 

0.2 m (autumn to early winter) and 0.4 m (late winter to spring). As shown in Figure 12, if the ice 478 

density is lower than 900 kg/m3, the ice thickness would be overestimated by IS2 compared to the 479 

real ice thickness. On the contrary, if the ice density is higher than 900 kg/m3, the thickness would 480 

be underestimated by IS2. In addition, the IS2-derived thickness is overestimated if the real snow 481 

density is lower than 300 kg/m3, and vice versa. Since these uncertainties increase with a larger 482 

freeboard, ice thickness in later winter could be more affected by snow and ice density. Moreover, 483 

the IS2-derived thickness is more sensitive to the ice density variations than the snow density 484 

variations. 485 

In Figure 8a, FMI0601 and PRIC0903 show somewhat different patterns with the other 486 

buoys: the mode, median, and mean IS2 thickness measurements underestimate ice thickness so 487 

the mean shows the lowest bias with the buoy ice thickness. Considering that these two buoys are 488 

deployed over the sites with the relatively large initial ice thickness close to the ridge (Figure 6b), 489 

these sites might have different snow or ice density conditions with the other buoys. In addition, 490 



Remote Sensing of Environment 

 

32 

 

according to Kwok and Cunningham (2008), climatological snow density continuously increase 491 

from ~250 kg/m3 in November to ~350 kg/m3 in March over the Arctic. Considering the increase 492 

of snow density during the ice-growing season, there is a possibility that IS2 overestimates ice 493 

thickness in early winter and underestimates in late winter; therefore, IS2 could underestimate 494 

overall ice growth. This can explain the negative bias of IS2-derived ice growth in Table 2 and 495 

Table 3. 496 

 497 

 498 
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Figure 12. Potential errors of the IS2 thickness estimation due to various snow/ice density 499 

conditions at (a) ℎ𝑓= 0.2 m, (b) ℎ𝑓 = 0.4 m. The bold gray dashed lines indicate the assumed 500 

densities (𝜌𝑠= 300 kg/m3, 𝜌𝑖= 900 kg/m3). 501 

 502 

Another possible source of uncertainty is the spatiotemporal discrepancy between IS2 503 

tracks and buoy deployment site. In this study, we assume that the modal IS2 thickness represents 504 

level ice thickness within the 20 km buffer area from the buoy deployment site. Although we 505 

collect the IS2 data within 12 hours of time gaps from the buoys, the buoys drifted with ~10.35 506 

km/day on average. Since the buoy and IS2 measurements are not exactly co-located in space and 507 

simultaneous in time, therefore, the level ice thickness measured by IS2 could be different from 508 

the buoy ice thickness. In addition, given that the IS2 data is track data, they only represent a 509 

certain part of the 20 km circle, not the entire circle area. Thus, the sampled area where the IS2 510 

tracks pass through is different whenever the overlapped IS2 data are sampled. For example, as 511 

shown in Figure 4, the IS2 tracks in the 20 km buffer have different coverage area on November 512 

13 and March 30. 513 

Indeed, the thickness of level ice can vary over a few km scales. Figure 13a shows one 85-514 

km IS2 track. We calculate the modal thickness every 5 km, and this 5-km modal ice thickness 515 

changes even within a single IS2 track (standard deviation of the 5-km modal ice thickness ~0.22 516 

m for this 85-km track). As shown in Figure 13b, the standard deviation of the level ice thickness 517 

generally increases with a longer track distance. For a track distance longer than 50 km, however, 518 

the standard deviations stays consistent value of ~0.25 m. Thus, if the sampled IS2 track and the 519 

buoy site are not exactly coincident, IS2 and buoy measurements are likely to be different. This 520 
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issue of different sampling principle between IS2 and buoy can be mitigated by combining and 521 

averaging multiple data. In the section 4.2, both individual buoy comparison (~20 km scale) and 522 

regional average of the 10 buoys (~50 km scale) are checked. As shown in Table 1, Table 2, and 523 

Table 3, the regionally-averaged comparison has a lower RMSD and MBD than the individual 524 

comparison. This also implies that the deployment scale of the MOSAiC SIMBA buoys is suitable 525 

for comparison with the IS2 measurements. 526 

 527 

 528 

Figure 13. (a) An 85-km IS2 track and level ice thickness (modal thickness) for every 5 km in 529 

this track. In this 85-km track, the standard deviation of level ice thickness is 0.22 m; (b) 530 

Standard deviation of level ice thickness by track length. 531 

 532 

5.3. Outlooks for the application of IS2 533 
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This study demonstrates the ability of IS2 to capture thermodynamic and dynamic ice 534 

thickening based on its high resolution. However, for a clearer explanation of the thermodynamic 535 

and dynamic sea ice thickening processes in our study area (central Arctic Ocean across the 536 

Transpolar Drift Stream), various data sources are required: e.g., divergence, convergence, or shear 537 

stress of sea ice, ocean temperature, air temperature, ocean current, wind direction, etc. A series 538 

of various satellite data or other field observations from the MOSAiC expedition (e.g. drilling data, 539 

airborne observations, and underwater robot observations) would provide detailed information 540 

about these factors. Once these data are combined to analyze, which is ongoing, they will help us 541 

better understand the mechanism of thermodynamic and dynamic ice thickening over the Arctic 542 

Ocean. Moreover, there might be a significant difference in sea ice conditions between our study 543 

area and other regions (e.g. the Beaufort Gyre) and by season. Therefore, by further examining the 544 

spatiotemporal changes in thermodynamic or dynamic ice thickening for different regions and 545 

years using IS2, we will be able to characterize and compare how various atmospheric and 546 

oceanographic factors affect the sea ice thickening processes for different regions and seasons. 547 

 548 

6. Summary and Conclusions 549 

This study demonstrates the ability of IS2 for measuring the seasonal variations of ice 550 

thickness and distinguishing thermodynamic and dynamic ice thickening through the comparison 551 

with the MOSAiC SIMBA buoys. While most of the previous studies focused on the validation of 552 

the satellite freeboard or thickness value itself based on an airborne measurement in a short time 553 

period (one or a few days) (e.g. OIB), we focus on assessing the temporal variations of ice 554 

thickness and ice thickening during the ice-growing season, by taking advantage of the long-term 555 
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and continuous measurements from the IMB buoy data. Our results show that IS2 is able to detect 556 

the increases of sea ice thickness during the ice-growing season of the Arctic. 557 

In addition, it is noted that the three different measurements of IS2 thickness (i.e. mode, 558 

median, and mean) show significant differences in estimating ice thickness and ice growth. The 559 

IS2 modal thickness shows the least difference (RMSD 0.341 m and MBD -0.169 m) with the 560 

buoy ice thickness. However, the median and mean IS2 thickness overestimate the buoy ice 561 

thickness by around 0.190 m and 0.433 m, respectively. In addition, while the ice growth estimated 562 

by the IS2 modal thickness shows a similar increasing rate with the thermodynamic ice growth 563 

estimated by the buoys (-0.054 cm/day of MBD), the median and mean IS2 thickness are greater 564 

than the thermodynamic ice growth by 0.114 cm/day and 0.198 cm/day, respectively. 565 

Consequently, this result implies that the IS2 modal thickness represents the thermodynamic ice 566 

growth. On the other hand, the median and mean IS2 measurements explain the dynamic 567 

contributions from sea ice deformation, accounting for averagely 26% and 34 % of the total 568 

increasing rate, respectively. 569 

Indeed, the IS2 measurements around ~50 km area from the MOSAiC CO show that ridge 570 

fraction increased from < 2 % in November to ~4 % in late March, with about +0.029 %/day of 571 

increasing rate. Along with the increase of ridge fraction, ridge height also shows a significant 572 

increase trend with +0.047 cm/day of increasing rate. However, lead fraction does not show any 573 

significant trend during the same period. This is because sea ice leads appear only 2-3 days and 574 

they are refrozen quickly during the ice-growing season, whereas ridges are generally 575 

accumulated. The weathering of ice ridges is obviously weaker than the cumulative strengthening 576 

of dynamics. Both the temporary formation of leads and long-term existence of ridges are observed 577 

in a series of the Sentinel-1 SAR HH band images. 578 
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Despite the good correlation between IS2 and buoy data in estimating sea ice thickness and its 579 

growth rate, we need to consider various sources of uncertainties. First, buoy measurements have 580 

~2 cm of implicit uncertainty. Second, there can be significant uncertainties in converting IS2 total 581 

freeboard into ice thickness, which is associated with the retrieval of snow depth, snow density 582 

and ice density. Finally, there is a spatiotemporal discrepancy between IS2 and buoy data: the 583 

sampling time and location of the IS2 data and buoys are not exactly the same due to the drift of 584 

sea ice. Since the thickness of level ice can vary within a few km scale, the comparison between 585 

IS2 and buoy has inevitable uncertainties. Based on the findings of this study, IS2 will be able to 586 

provide important clues for the thermodynamic and dynamic ice thickening processes over the 587 

Arctic Ocean. 588 
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	1. Introduction
	2. Data
	Figure 1. Trajectories (Oct 2019 - Apr 2020) and distribution of 10 SIMBA buoys deployed during the MOSAiC expedition. The background map shows the sea ice extent on November 8, 2019 (white = sea ice, sky blue = water, black = land).
	3. Method
	3.1. SIMBA buoys ice thickness
	From SIMBA buoys, we identify temporal variations of snow depth and ice thickness. The primary output from SIMBA buoys are the vertical ET or HT profiles, and various methods have been developed to extract snow depth and ice thickness from SIMBA measu...
	Figure 2. (a) Time series of the SIMBA (FMI0601) environment temperature (ET) profile. (b) Time series of the SIMBA heating temperature (HT) ratio (HT1/HT2; HT1 = HT at 60 seconds after pulsative heating, HT2 = HT at 120 seconds after heating). The wh...
	3.2. IS2 ice thickness
	Since IS2 measures the total freeboard, this freeboard measurement should be converted to ice thickness to be compared with the buoy ice thickness. Assuming hydrostatic equilibrium, IS2 total freeboard is converted into sea ice thickness by using the ...
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	where ,ℎ-𝑓. is total freeboard measured by IS2, ,𝜌-𝑤. is the density of water, ,𝜌-𝑖. is the density of ice, ,𝜌-𝑠. is the density of snow, and ,ℎ-𝑠. is the snow depth. Since there are no individual density measurements for the buoys, we assume ...
	3.3. Comparison of satellite and buoy ice thickness
	In this study, the IS2-retrieved ice thickness is compared with the buoy ice thickness within a representative buffer distance; we set this buffer distance to be 20 km. In general, we should obtain lower thickness differences between IS2 and buoy for ...
	Figure 3. Average differences of ice thickness between IS2 and SIMBA buoys for different buffer distances (every 2 km). The buffer distance of 20 km has the minimum difference.
	After collecting the IS2 data within a 20 km radius around the buoys, three statistical parameters of IS2-derived freeboard and ice thickness are calculated within this buffer distance: mean, median, and mode. For example, as shown in Figure 4, there ...
	Figure 4. The map of 20 km buffer area from the buoy PRIC0905 (green circle) and nearby IS2 freeboard tracks, histograms of IS2 total freeboard, and freeboard profiles along the IS2 tracks on (a) November 13, 2019, and (b) March 30, 2020. As shown in ...
	In order to quantitatively compare the IS2 measurements with buoy measurements, two factors between them are calculated: root mean square difference (RMSD) and mean biased difference (MBD). RMSD and MBD are defined by Equation (2) and (3), respectively.
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	where ,𝑥-𝐼𝑆2. is the IS2 measurement, ,𝑥-𝑏𝑢𝑜𝑦. is the buoy measurement, and n is the number of comparison pairs. The relative RMSD and MBD can be also calculated as a percentage by dividing them with the mean of the buoy measurements. The accu...
	Additionally, to quantify the dynamic contributions to sea ice thickness, we calculate ridge fractions, lead fractions, and ridge heights based on the IS2 freeboard measurements. According to Farrell et al. (2020), pressure ridges can be defined as th...
	Ridge fraction= ,,𝐿-𝑟𝑖𝑑𝑔𝑒.-,𝐿-𝑡𝑜𝑡𝑎𝑙..×100 ,%.     (4)
	Lead fraction= ,,𝐿-𝑙𝑒𝑎𝑑.-,𝐿-𝑡𝑜𝑡𝑎𝑙..×100 ,%.    (5)
	where ,𝐿-𝑟𝑖𝑑𝑔𝑒. is the summed length of all ridges in the IS2 track, ,𝐿-𝑙𝑒𝑎𝑑. is the summed length of all leads in the IS2 track, and ,𝐿-𝑡𝑜𝑡𝑎𝑙. is the total length of the IS2 track (Figure 5). To obtain ,𝐿-𝑙𝑒𝑎𝑑., we use the leads...
	Figure 5. Diagram of the ridge length (,𝐿-𝑟𝑖𝑑𝑔𝑒.), lead length (,𝐿-𝑙𝑒𝑎𝑑.), effective IS2 track length (,𝐿-𝑡𝑜𝑡𝑎𝑙.), and ridge height (,𝐻-𝑟𝑖𝑑𝑔𝑒.).
	4. Results
	4.1. Temporal variations of buoy measurements
	Snow depth and ice thickness determined using the measurements from all buoys are plotted in Figure 6. The snow depth (Figure 6a) is almost consistent from November to April for most buoys, ranging from 0.07 m to 0.29 m. However, large snow accumulati...
	In terms of the ice thickness (Figure 6b), all buoys show a monotonically increasing trend from November to April. On the starting dates in November, the ice thickness at the buoys ranged from 0.41 to 1.67 m, while in mid-April, the thickness ranged f...
	,𝜌-𝑖.L,dH-dt.=,,𝜅-𝑖.(,𝑇-𝑓.−,𝑇-𝑠.)-𝐻+(,𝜅-𝑖./,𝜅-𝑠.)ℎ.     (6)
	where ,𝜅-𝑖. is the heat conductivity of ice (assuming 2.3 W/m∙K), ,𝜅-𝑠. is the heat conductivity of snow (assuming 0.3 W/m∙K) (Lecomte et al., 2013; Sturm et al., 2002b), L is the latent heat of freezing (assuming 334 kJ/kg) (Leppäranta, 1993; Par...
	Based on the Equation (6), we calculate the modeled ice growths over the ice-growing season using the vertical temperature profiles of the buoys, and compare them with the measured ice growths (Figure 7). Since the ice growths measured by the 10 SIMBA...
	Figure 6. Temporal variations of (a) snow depth and (b) ice thickness obtained from 10 SIMBAs deployed during the MOSAiC expedition.
	Figure 7. The ice growths of 10 SIMBA buoys measured by buoy temperature profiles and modeled by Stefan’s Law (Leppäranta, 1993).
	4.2. Temporal variations of IS2 thickness
	The temporal changes in IS2-derived ice thickness related to individual buoys are described in Figure 8. As similar to the monotonic increase trend of the buoy ice thickness, the corresponding IS2-derived ice thickness also increased near linearly fro...
	Based on the IS2 ice thickness measurements, we calculate linearly-fitted ice growth rate from each IS2 measurement and compare it with the thermodynamic ice growth from the buoys (Table 2). The ice growth estimated from IS2 modal thickness shows the ...
	By comparing the IS2 median and mean increasing rates with the IS2 mode increasing rate, we quantify the contributions of dynamic deformation to the IS2 median and mean thickness. As shown in Figure 9, the median and mean IS2 increasing rates are grea...
	Indeed, as shown in Figure 8b, the ridge fraction increased from November 2019 to April 2020 for all the buoys. In late autumn to early winter, ridged ice accounts for a smaller portion (< 2 %) of the sea ice cover. As the sea ice becomes packed toget...
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