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Key Points:  22 

Identification of large ice melt rates in pack ice along the pathway of the Atlantic Water. 23 

Two main types of large melt events: a) ice advection over warm SST and b) enhanced vertical 24 

heat fluxes due to wind driven mixing. 25 

Boundary current strengthening accompanied by shoaling of the Atlantic Water layer is a 26 

secondary factor leading to large melt rates.  27 

 28 

Abstract 29 

The ocean is suggested to play a major role in the ongoing winter decay of the sea ice cover in 30 

the western Eurasian Basin. Using a high-resolution sea ice-ocean model, we investigate the 31 

processes influencing the ice-ocean interactions in winter in the waters north of Svalbard, with 32 

a particular focus on those contributing to sea ice melt events of large amplitude. These short 33 

term events, lasting 5-10 days, are associated with locally large melt rates mostly found along 34 

the pathway of the Atlantic Water. The sum of all these events over the simulation period is 35 

found to contribute 40% of the total winter melt. Episodes of strong surface winds, occasionally 36 

associated with enhanced velocity shear at the mixed layer base can trigger enhanced 37 

entrainment of Atlantic Water through the relatively shallow upper thermocline in the Atlantic 38 

Water boundary current, leading to substantial ocean heat transfer to the sea ice. In some cases, 39 

strengthening of the boundary current also contributes to fueling the heat transfer to the ice. 40 

Another type of large melt events, not linked to increased ocean vertical heat flux but due to ice 41 

being advected over warm surface waters is also identified, sometimes associated with episodes 42 

of ice close-up. Sea ice budget calculations show that, overall, large melt events contribute 43 

significantly to the eastward retreat of the winter marginal ice zone on the upper slope east of 44 

Svalbard while episodes of northward advection of ice largely dominate the ice edge retreat 45 

over the shelf north of Svalbard.  46 

Plain text summary.  47 
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Model simulations show that large sea-ice melt events can be found in winter within the Arctic 48 

pack ice. These events are generated by a transfer of heat from the underlying ocean to the sea 49 

ice. The melt is mainly confined above the Atlantic Water boundary current which is known to 50 

carry warm water from the Atlantic Ocean to the Artic. During periods of strong winds, part of 51 

the heat stored in the subsurface Atlantic Water reservoir can be transferred to the surface layer 52 

to help melt the ice. On some occasions, a strengthened current contributes to bringing warm 53 

water closer to the ocean surface, reinforcing the wind effect. Large melt rates are also found 54 

when ice is being moved over warm surface waters.  55 

 56 

  57 
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1. Introduction  58 

The negative trend in the Arctic sea ice extent is characterized by a regional dependency and 59 

acceleration in the recent years (Close et al., 2015; Onarheim et al., 2018). In the Atlantic sector 60 

of the Arctic, the negative trend is larger in winter and is marked by a northeast retreat of the 61 

sea ice edge north of Svalbard (Onarheim et al., 2014). This decadal trend has been shown to 62 

be linked to oceanic influence and the Atlantic Water (AW) heat transport (e.g., Årthun et al., 63 

2012; Ricker et al., 2021), which can lead to significant skill in decadal Arctic sea ice prediction 64 

in the Atlantic sector (Yeager et al., 2015, Årthun et al., 2017). The regions of skillful prediction 65 

could extend farther east into the Nansen Basin in the near future (Årthun et al., 2019).  66 

The AW flows into the Arctic via the Barents Sea and Fram Strait branches. The former one 67 

loses a large part of the transported heat before entering the Arctic through St Anna Trough 68 

(Skagseth et al., 2008). The second branch is indeed the main heat source for the Arctic Ocean. 69 

The AW is carried from Fram Strait into the Arctic Ocean via different pathways which have 70 

their common source in the West Spitsbergen Current (Aaagaard et al., 1987; Cokelet et al., 71 

2008; Crews et al., 2019; Meyer et al., 2017; Koenig et al.,  2017; Menze et al., 2019) and then 72 

merge east of Svalbard  to form a 30-50 km wide eastward boundary current along the southern 73 

slope of the Nansen Basin (Våge et al., 2016;  Pérez‐Hernández et al., 2017).  74 

Several studies have indeed pointed out the role of the AW in the decline of the winter sea ice 75 

cover in the Eurasian Basin during the recent decades (Polyakov et al., 2010; 2017; 2020b). 76 

The growing role of the AW in this decline is attributed to AW warming and weakened 77 

stratification in the upper halocline known as the “Atlantification” of the Arctic Ocean. First 78 

detected in the Barents Sea and western Nansen Basin, as patterns of enhanced sea ice thickness 79 

decrease  along the AW pathway (Ivanov et al., 2012), the impact of the ocean is now detected 80 

in the eastern Eurasian Basin where weakening of the stratification in early winter would 81 
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precondition the region to enhanced winter ventilation and substantial heat flux from the AW 82 

layer to the sea ice (Ivanov et al., 2016; Polyakov et al., 2020b). The resulting decrease in winter 83 

sea ice growth would have contributed to the recent negative trend in the winter sea ice 84 

thickness in this region in similar proportions to the thermodynamic atmospheric forcing 85 

(Polyakov et al., 2017). Both thermal and haline convection would play a major role in this 86 

mechanism, but the increase of the velocity shear, coupled with a weakening of the stratification 87 

could also potentially increase the vertical heat fluxes through enhanced vertical mixing 88 

(Polyakov et al., 2020c). 89 

The region north of the Svalbard archipelago is the place where the AW encounters the sea ice 90 

and contributes to significant ice melt through the release of large amounts of heat to the surface. 91 

On average, in the region extending immediately north and east of Svalbard (hereafter referred 92 

to as the North Svalbard region) the sea ice budget is dictated by a balance between the 93 

southward ice transport into the region and bottom melt fed by the convergence of warm AW 94 

(e.g. Duarte et al., 2020). The AW layer is found just below the surface mixed layer, and large 95 

vertical heat fluxes in the range 240-300 W/m2 have been measured in the upper thermocline 96 

on the shelf north of Svalbard in winter and, with same order of magnitude, in the under-ice 97 

boundary layer (Sirevaag and Fer, 2009). These values contrast with the central Arctic Ocean 98 

where weak vertical mixing at intermediate depth is responsible for small vertical heat fluxes, 99 

on order of 1 W/m2 or less at the top of the AW layer (Guthrie et al., 2013; Carmack et al., 100 

2015).  101 

The winter sea ice extent in the North Svalbard region is subject to large interannual variability 102 

being the result of both ocean and atmosphere variability. While, on the long-term, these 103 

variations correlate significantly with the AW temperature anomalies (Onarheim et al., 2014), 104 

ice advection was found to explain most anomalous winter sea ice seasons of the period 2012-105 

2019 (Lundesgaard et al., 2021). On shorter time scales, occurrences of large ice-free areas in 106 
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mid-winter are suspected to be associated with enhanced ocean influence along the AW 107 

pathway over the recent years (Ivanov et al., 2016). AW influence is effective despite the 108 

existence of a strong halocline which normally isolates the AW from the cold, fresh Polar Water 109 

filling the upper 20-30 meters of the water column as a result of annual sea ice melt (Rudels et 110 

al., 2004). Indications of deep reaching winter mixing were indeed reported for winter 2013 111 

over the Eurasian slope at 30°E, when winter convection reached into the AW layer down to 112 

400-500 m (Pérez-Hernández et al., 2019). In winter 2015, during the N-ICE2015 drift 113 

experiment in the waters north of Svalbard, entrainment of AW was observed to be enhanced 114 

during storm events, leading to ocean-ice heat flux of several tens of W/m2 on average when, 115 

at the same time, the AW layer depth was particularly shallow (Meyer et al., 2017). Composite 116 

estimates of the sea ice melt rates focusing on the major storms in the same period would even 117 

lead to higher values on order of 200-300 W m-2 (once converted into ice-ocean heat flux), 118 

peaking at up to 600 W m-2 over the AW pathway (Graham et al., 2019).  119 

The above results were obtained from a limited number of events, and for a particular winter 120 

(2015) with low sea ice conditions and would deserve a robust assessment over a longer time 121 

span using a consistent evaluation of the ice-ocean interactions. Such an approach was used 122 

recently by Duarte et al. (2020) with a one-dimensional sea ice model coupled to a slab ocean. 123 

While their model results show consistent order of magnitude between observed sea ice melt 124 

rates and the model predictions in a number of case studies, the idealized ocean model physics, 125 

especially water column restoring to observations to account for the missing physics (e.g. ocean 126 

advection), call for a more detailed representation of the ocean in order to assess the relative 127 

importance of the various processes at play. Moreover, sea ice melt rate estimates rely on sea 128 

ice budgets which are subject to large uncertainties due in particular to the low spatial resolution 129 

of the sea ice drift satellite products and the largely unknown sea ice thickness. 130 
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An interesting question is to evaluate the separate contributions of forcing and ocean 131 

preconditioning to the variability of the ocean-ice heat fluxes. In all the cases mentioned above, 132 

vertical mixing appears to be largely influenced by the three-dimensional distribution of the 133 

AW and halocline layer, in particular, the actual depth of the upper AW layer interface. The 134 

latter controls the reachability of the subsurface heat reservoir for vertical mixing. In the eastern 135 

Eurasian Basin, recent shoaling of the AW layer was indeed found to contribute to enhancing 136 

winter convection (Polyakov et al., 2020b). According to the simplified dynamic framework of 137 

an idealized slope current, the equilibrium depth of the AW layer is set by a balance between 138 

lateral mean and eddy transport and vertical diffusion, with the halocline rising toward the basin 139 

periphery, over the core of the Atlantic boundary current (Spall, 2013). However, the 140 

mechanisms underlying the variability of the halocline depth are still debated. Over the upper 141 

slope at 30°E, the upper part of the halocline was observed to rise to depths as shallow as 25 m 142 

(Pérez-Hernández et al., 2019; Renner et al., 2018). Shelf break upwelling (e.g. Lind and 143 

Ingvaldsen, 2012) may also help occasionally bring the AW layer closer to the surface, a 144 

mechanism which has been already documented by Pickart et al., (2009) off northern Alaska, 145 

and mentioned by Falk-Petersen et al. (2015) to possibly explain the presence in winter of AW 146 

in surface north of Svalbard. Similarly, Ekman pumping in response to cyclonic surface wind 147 

stress curl can lead to significant (order of 20 m over one month) shoaling of the AW layer on 148 

the northern Barents Sea slope (Renner et al., 2018). Despite these valuable observations, the 149 

variability of the AW layer geometry and how this influences the distribution of the sea ice melt 150 

in the North Svalbard region is still largely unknown.  151 

To identify the dominant factors controlling the upward heat transfer to the under-ice ocean 152 

layer and ultimately the sea ice in the North Svalbard region, in this study we investigate the 153 

large-scale ocean conditions that could lead to enhanced influence of the AW on the winter sea 154 

ice and evaluate the contribution of the associated sea ice melt to the winter sea ice distribution. 155 
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By focusing on the intra-seasonal variability of winter sea ice melt, we aim to identify the 156 

preferred areas and the conditions of occurrence of the most significant short-term melt events 157 

and to assess their contribution to the mean winter sea ice budget. The analysis is primarily 158 

based on results of a sea ice-ocean simulation covering the period 1997-2017, therefore 159 

providing a temporal context to earlier studies based on shorter-term observations. 160 

2. Data and model set-up  161 

The outputs of a simulation with a regional coupled sea ice-ocean model are used to analyze 162 

the relationship between the sea ice variability and the AW properties and circulation. The 163 

model is based on NEMO (Nucleus for European Modelling of the Ocean) version 3.6 (Madec, 164 

2008) coupled to the LIM3 (Rousset et al., 2015) sea ice model. The equations are discretized 165 

on 75 vertical levels with thickness varying from 1 m in the top layer to roughly 250 m at the 166 

deepest model level. Partial steps are used to better represent the bottom topography. A 167 

turbulent kinetic energy closure scheme that represents the evolution of the turbulent kinetic 168 

energy is used for vertical mixing of momentum and tracers (Blanke and Delecluse, 1993). 169 

The model grid has a horizontal resolution varying from ~ 2.5 km in the Arctic Ocean to 4 km 170 

in the subtropics. The domain encompasses the Arctic Ocean and the North Atlantic Ocean, 171 

with open boundaries at 28°N in the Atlantic and at Bering Strait, along which the velocity and 172 

tracer distributions are prescribed from the 5-day outputs of a global ¼° resolution hindcast 173 

simulation which has been run by the Drakkar group (https://www.drakkar-ocean.eu/) over the 174 

same period and using the DFS5 surface forcing (Dussin et al., 2018).  175 

The model is initialized from rest with initial temperature and salinity distributions from the 176 

PHC 3.0 global ocean climatology, updated from Steele et al. (2001). The model surface forcing 177 

is based on 6-hour surface atmospheric fields from the ERA-I reanalysis (Dee et al., 2011). 178 

Turbulent heat fluxes are computed using the Large and Yeager (2004) bulk formulae with 179 

https://www.drakkar-ocean.eu/
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daily dew point temperature, surface air temperature, wind speed and sea level pressure (SLP) 180 

as the main atmospheric inputs. Other forcing fields from the reanalysis include the 10-meter 181 

wind and the downward radiative fluxes. Surface albedos and temperatures simulated by the 182 

model are used to calculate the upward components of the radiative fluxes. Regional corrections 183 

have been made to improve the radiation fluxes over the North Atlantic and the surface air 184 

temperature over the Arctic. All corrections have been applied to the annual climatological 185 

cycle (obtained by averaging the daily fields between the 34 years of the reanalysis), while the 186 

field anomalies (obtained by subtracting this climatology from the original daily fields) are kept 187 

unchanged. Over the Atlantic Ocean, the ISCCP (International Satellite Cloud Climatology 188 

Project) radiation climatology (Rossow and Schiffer, 1999) is used instead of ERA-I while in 189 

the Arctic Ocean (north of Fram Strait) the ERA-I  air temperature climatology is replaced by 190 

the IABP (International Arctic Buoy Programme) climatology (Rigor et al., 2000) in order to 191 

remove unrealistic positive summer values. Precipitation is extracted from the DFS5 forcing 192 

fields (Dussin et al., 2018), which are derived from ERA-I. Continental runoff is prescribed 193 

from the monthly climatology of Dai and Trenberth (2002). The simulation is performed over 194 

the period 1995-2017, and the analysis is based on the period 1997-2017. Restoring of the 195 

surface salinity to the PHC climatology is applied with a time scale of 30 days in the first 9 196 

years but not applied for the remaining 14 years of the simulation. 197 

To assess the simulated sea ice variability against observations we use daily sea ice 198 

concentrations (SIC), which are estimated from satellite borne passive microwave radiometer 199 

(the Special Sensor Microwave / Imager (SSM/I) and Special Sensor Microwave / Imager 200 

Sounder (SSM/IS) ) observations by applying the ARTIST Sea Ice (ASI) algorithm (Kaleschke 201 

et al., 2001) and are provided on a 12.5x12.5 km grid.  202 

The present analysis is based on 5 day-average model outputs. Winter is defined as the period 203 

extending from December to March, November and April being excluded as transition months 204 
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between seasons (the year attributed to each winter corresponds to that of January). The 205 

variability is characterized based on 5-day averaged anomalies which are constructed by 206 

removing separately for each year, the average of the winter period. The reconstructed 207 

anomalies thus characterize the intra seasonal variability over the winter period (hereafter 208 

referred to as the winter variability) without incorporating the interannual and longer-term 209 

variability.  210 

 211 

3. Results 212 

3.1 Simulated mean AW pathways and transports 213 

Figure 1 shows the simulated mean depth of the 0°C isotherm (which can be viewed as the 214 

upper limit of the AW layer) and velocity at 60 m, in the upper part of the AW core, averaged 215 

over the period 1997-2017. North of Fram Strait, the current splits into three branches, in 216 

agreement with earlier descriptions of the circulation in this region (e.g. Aagaard et al., 1987; 217 

Koenig et al., 2017; Crews et al., 2019): the Svalbard Branch which stays south of the Yermak 218 

Plateau on the upper slope north of Svalbard, the Yermak Pass Branch which flows over the 219 

plateau and the Outer Yermak Branch which tends to follow the slope around the plateau. 220 

Northeast of Svalbard, the different branches merge into a boundary current which is localized 221 

between the 250 and 1000 m isobaths. The width of the current (30-50 km) and the seasonal 222 

evolution of the AW T S properties, with shallower, warmer core in the fall-winter season (Fig. 223 

S1 and S2) are consistent with earlier observations, as well as the spatial distribution of the 224 

properties in late summer (Fig. S3) (Våge et al., 2016; Pérez‐Hernández et al., 2017). Yet, the 225 

onset of the AW warming occurs later in the model as compared with the observations, leading 226 

to overestimated AW temperature in winter. When computed with the same criteria as those 227 

used by Perez-Hernandez et al., 2019, the model AW transport averaged over the period 2012-228 

2013 agrees well with observations over the same period (Perez-Hernandez et al., 2019) with 229 
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an annual mean of 2 Sv and a similar seasonal evolution (Fig. S4). A model-data comparison 230 

performed upstream in Fram Strait shows reasonable agreement between the model and the 231 

observations also in the West Spitsbergen Current, yet with a current velocity core slightly 232 

shifted offshore in the model  (Fig. S5-S6). More details on the model skill in representing the 233 

Atlantic Water properties and transports can be found in the Supporting Information. 234 

3.2 Winter variability of the sea ice concentration  235 

The mean winter distributions of sea ice concentration and thickness simulated by the model 236 

are in reasonable agreement with available observations, although systematic bias toward a 237 

more compact, thinner ice cover can be identified in our region of interest (see supporting 238 

information, Fig. S7 for further details). To determine the spatial and temporal structure of the 239 

winter variability of the ice cover, an empirical orthogonal function (EOF) analysis has been 240 

performed on the SIC observations over the period 1997-2017 and the domain 79°N-84°N, 0°E-241 

50°E (Fig. 2). The EOF analysis shows occurrences of short-term (duration of 5-20 days) low 242 

sea ice concentration events extending all along the northern Svalbard and Barents Sea slope 243 

area (Fig. 2b), including large amplitude events in winter 2000, 2006, 2013 and 2017 (Fig. 2c).  244 

A similar analysis has been performed on the simulated SIC over the same period (Fig. 2a,c). 245 

Similar major low concentration events are found in the simulation, and the correlation between 246 

the first principal component of the observed and simulated SIC is 0.74, suggesting that the 247 

model reproduces rather well the winter variability of the SIC (Fig. 2c). However, the loading 248 

pattern of the simulated SIC does not extend as far northward and eastward. The origin of the 249 

discrepancy is a persistent overestimation of the winter sea ice extent in this region in the 250 

simulation, with the marginal ice zone (MIZ, defined as the region where the sea ice 251 

concentration is between 15 and 80% and is expected to be the most variable), being located 252 

more persistently over the shelf than over the slope region like in the observations. The first 253 
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EOF of the simulated sea ice thickness (not shown) displays a similar loading pattern as the 254 

SIC, and the correlation of 0.75 between the respective principal components suggests similar 255 

time evolution for the two properties.  256 

3.3 Contribution of the melt to the sea ice volume budget.  257 

As shown in Figure 3a, which displays the mean winter sea ice volume change over our study 258 

area (see the geographical extent of the study area in Fig, 2a), sea ice on average tends to grow 259 

throughout the winter season over the entire area (here and in the following the ice volume 260 

stands for ice volume per unit area). While no particular pattern of this winter growth is found 261 

over the upper slope area (the region encompassed between the 250 m and 1000 m isobaths), 262 

both its dynamic (transport convergence) and thermodynamic contributions show a pattern of 263 

large convergence and melt aligning with these isobaths (Fig. 3c,e). Enhanced convergence 264 

there coincides with weaker thermodynamic growth or even net melt, which extends eastward 265 

into the inner pack (the pattern is almost identical if one selects only melt occurring in locations 266 

where the SIC is larger than 80%). The signature of enhanced melt, concentrated over the AW 267 

current path (compare Fig. 1 with Fig. 3e), is consistent with a response to higher ocean heat 268 

flux in this area (Fig. 3b). The mean winter melt is in part due to short term (5-10 days) large 269 

melt events (Fig. 2d, see next section for an explanation of the index), which can lead to major 270 

ice volume decrease as observed, for instance, in January or in February 2006 (Fig 4a, green 271 

line). The standard deviation of the thermodynamic contribution (Fig. 3f) to the mean winter 272 

ice volume change averaged over the study area remains, however, 3 times smaller than that of 273 

the dynamic contribution (Fig. 3d) over the full period of the simulation. Actually, large ice 274 

volume changes driven by variations of the ice transport convergence (Fig. 3d), although 275 

affecting primarily the MIZ over the shelf north of Svalbard, also extend into the pack ice 276 

interior, immediately east of Svalbard. By contrast, the thermodynamic contribution affects the 277 

ice volume over the AW current pathway (Fig. 3f).  278 
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3.4 Large melt events. 279 

To characterize the episodes of large melt and identify their likely causes, a time series of the 280 

area-weighted ice melt rate has been built by averaging only negative values of the net growth 281 

rate (or equivalently setting growth rate to zero where positive) over the study area. Doing so 282 

we aim to better represent the episodes of large melt, without incorporating the compensating 283 

effects of areas of positive net growth (note that changes in the melt rate amplitude were found 284 

to dominate over changes in the area of melt in the index variability). We then define a melt 285 

index by removing, separately for each year, the mean of the winter period to construct winter 286 

melt anomalies (Fig. 2d). Large melt events have been defined as those for which the index is 287 

larger than 1 standard deviation (similarly occurrences of low melt are defined as those for 288 

which the index is smaller than 1 standard deviation). Over the 1998-2017 winter period 46 5-289 

day episodes of large melt are found, of which 12 contribute to pairs of consecutive episodes, 290 

leading to a total of 40 large melt events with duration ranging between 5 and 10 days. The 291 

amplitude and number of large melt events per winter are quite variable (the number ranges 292 

from a maximum of 5 events in 2001 to none in 2014) but, in total, they account for about 40% 293 

of the cumulated winter melt over the whole period. In the next section, we analyze three large 294 

melt events which occurred in 2006 and were associated with different driving processes. Then, 295 

we will evaluate the relevance of the conclusions drawn from these events to the other large 296 

melt events.   297 

3.4.1 Case study: large melt events in 2006.  298 

During winter 2006, the ice cover starts to decrease on January 10 in response to large 299 

divergence of the ice volume transport (Fig. 4a). The decrease accelerates on January 15, due 300 

in particular to a large melt event, before the SIC reaches a minimum on January 25. From 301 

January 30 the ice cover starts to reconstruct due to ice being transported into the study area, 302 
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but the ice close-up is slowed down due to a second large melt event between February 24 and 303 

March 1 which tends to oppose a concomitant large convergence event.  304 

During the first large melt event, the melt increases concomitantly to the occurrence of strong 305 

southeasterly wind (Fig. 4b and 5a), and melt rates larger than 6 cm/d can be observed within 306 

the pack ice over the path of the boundary current (and also in the Kvitoya Trough) (Fig. 5b). 307 

The melt pattern coincides with large values of ice-ocean heat flux which can reach more than 308 

400 W/m2 (Fig. 5c). A vertical section across the shelf-slope area at 31°E shows that the largest 309 

melt rates are found just above the region where the AW layer is closer to the surface (the depth 310 

of the 0°C isotherm is about 15-20 m) and the largest vertical diffusive heat flux and the 311 

warmest temperature can be observed (Fig. 6a,b). The vertical diffusive flux is responsible for 312 

the heat transfer from the upper part of the pycnocline to the surface layer. Between 81°N and 313 

81.4°N, the maximum of this flux is in the subsurface and the flux decreases towards the surface 314 

in the upper 10 meters suggesting a convergence of heat and a warming of this layer. Between 315 

81.45°N and 81.6°N the vertical gradient of the diffusive heat flux is of opposite sign, 316 

suggesting an additional heat source near the surface. However, when forming a heat budget 317 

for the upper 10 meters of the water column over the area where the melt rate is larger than 2 318 

cm/day during the large melt event (hereafter referred to as the melt area), the vertical diffusive 319 

heat flux appears as the major heat source for this layer on January 15 (Fig. S8), and all this 320 

heat is lost to the ocean surface with very minor contributions from both vertical and horizontal 321 

advection. On average over the melt area, horizontal advection is indeed negligible, which 322 

suggests that this process mainly contributes to horizontal redistribution of the heat within the 323 

area (being responsible, for instance, for local input to the surface layer as identified on the 324 

northern part of the 31°E section). When the heat budget is computed over a layer which extends 325 

further down, below the pycnocline (Fig. S8), the dominant heat source on January 15 is 326 

provided by vertical advection, suggesting that the heat provided to the surface by vertical 327 
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diffusion through the upper pycnocline is refueled by vertical advection. This is consistent with 328 

the positive vertical velocity found in the pycnocline (Fig. 6d). Actually, the time evolution of 329 

the vertical advection contribution between January 5 and 25 follows that of the Ekman suction 330 

velocity averaged over the melt area (later on, other processes are involved in the subsequent 331 

ice opening), suggesting a response to the surface stress curl.     332 

The maximum of the vertical diffusive heat flux (Fig. 6b) is found in the area of substantial 333 

deepening of the mixed layer and where the mixed layer was the shallowest before the 334 

occurrence of the large melt event (Fig. 6a). Here, the mixed layer is defined as the depth at 335 

which the potential density exceeds the surface density by 0.1 kg/m-3.  The maximum of the 336 

diffusive heat flux also coincides with a narrow area where both the strongest near-surface 337 

stratification (maximum of the Brunt Väsäilä frequency) (Fig. 6f), and the maximum vertical 338 

shear of velocity (Fig. 6e) are found. A vertical profile in the area of large heat flux (Fig. S9) 339 

shows that the Richardson number (computed using 5-day averaged variables) remains close to 340 

the critical values at the base of the mixed layer, suggesting that enhanced mixing is not only 341 

due to an increased input of energy at the surface by larger surface stress but might also result 342 

from increased shear instability at the mixed layer base. The January large melt event 343 

contributes to eastward expansion of the ice pack opening (compare SIC isopleths on January 344 

15 and 20 in figure 5b) that has started on January 10 (Fig. 4a).  345 

Between February 24 and March 1 2006, a second large melt event occurs (Fig 4a) but the 346 

driving processes are distinct from those explaining the first event. On February 24, the MIZ 347 

north of Svalbard is fairly far north (Fig. 7c), as a consequence of the large ice opening which 348 

started at the beginning of January, and open water occupies a large area north of Svalbard, 349 

extending from the shelf northeastward to the slope region. Then, the large persistent northerly-350 

northwesterly winds (Fig. 7a) during the next days drive a westward-southwestward ice drift, 351 

advecting the ice pack over the warm water present on the shelf-upper slope (Fig. 7g). The large 352 
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melt rate area (Fig. 7c) coincides indeed with the area of large ice transport convergence (Fig. 353 

7e). Despite it being a large melt event, this event is thus associated with a close-up of the ice 354 

pack (Fig 4a).    355 

During the next winter, on December 26, 2006, a third large melt event begins, which is less 356 

intense than the two previous ones (Fig. 4a and 8g). The event, which is marked by moderate 357 

wind anomalies (Fig. 4b, 8a), lags by 1-2 weeks a strengthening of the boundary current 358 

between December 1 and December 16 (Fig. 4b and 8c). The increase of the current which can 359 

be traced back into the WSC, is associated with shoaling of the AW layer along the AW 360 

pathway in our study area (Fig. 8e and 9a,b). Despite moderate winds, these oceanic conditions 361 

may have favored enhanced vertical mixing on December 26, with a deepening and warming 362 

of the mixed layer, and subsequent ice melt (Fig. 9c).   363 

3.4.2 Large melt events over the simulation period 364 

Building on the information gained from the 2006 case study, we pursue the analysis by 365 

performing a more systematic analysis of the large melt events over the full period of the 366 

simulation. Composites are constructed based on indices which best represent the different 367 

mechanisms that have been identified in the previous section in relation to the large melt events 368 

of year 2006.  369 

3.4.2.1 Large melt associated with ice advection over warm water.  370 

In order to identify the large melt events which are associated with advection of ice over warm 371 

water, we define a sea surface temperature (SST) index as the average of the SST over the melt 372 

area. After analyzing the time evolution of the sea ice response, a time lag of 5 days was 373 

identified as the lag of maximum response and, therefore, the SST index is based on the SST 374 

averaged over the 5 days preceding the melt event. Composites of the ice melt rate averaged 375 

over the large melt events which are associated with a value of the SST index higher than -376 
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1.5°C are constructed. 8 such large melt events are identified (Fig. 10), with two of them lasting 377 

10 days. The melt pattern associated with these events indicates enhanced melt occurring 378 

predominantly to the west of 27°E and mainly in the MIZ (Fig. 7d). As described for the second 379 

large melt event of the winter 2006, these large melt events are associated with high ice volume 380 

transport convergence (Fig. 7f), a process which is likely driven by strong northeasterly winds, 381 

as shown by the corresponding composites of the surface wind (Fig. 7b). In that case the 382 

convergence of the transport is due to advection of ice over open water, which is consistent 383 

with an ice edge being advected over the warm water pool located to the southwest of the ice 384 

edge (Fig 7h). The ice transport tends to overcompensate the ice melt, a balance which leads to 385 

an expansion of the ice cover (compare the black and blue lines in Fig. 7h). These close-up 386 

episodes can be consecutive to ice opening events (Fig. 10), which, as in 2006, can be sustained 387 

more than one month. 388 

3.4.2.2 Melt driven by large surface stress events 389 

During the January 2006 event, wind driven mixing is the dominant mechanism. We then 390 

investigate if this process can drive other large melt events. Accordingly, we define a surface 391 

stress index by averaging, over the study area, the magnitude of the stress at the ocean surface 392 

(defined, for a given model grid cell, as a combination of the ice-ocean stress in the ice-covered 393 

part of the grid cell and the wind stress over the ice-free part). Large stress events have been 394 

defined as those which are associated with stress anomalies of amplitude larger than 1 standard 395 

deviation. 25 out of the 36 5-day periods of large melt which are not preceded by warm SSTs 396 

are associated with large stress (Fig. 10). The composite of the melt rate averaged over these 397 

events (Fig.11a) differs from the pattern in Figure 7d and displays a pattern with an enhanced 398 

signature above the boundary current pathway which extends eastwards into the pack ice as far 399 

as 40°E (a similar pattern is obtained when the composite is calculated over areas where the 400 

SIC exceeds 80%).  401 
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The pattern of the melt reflects that of the mean depth of the 0°C isotherm, with areas of larger 402 

melt located over shallow 0°C isotherm (compare Fig. 11a with Fig. 1). The largest melt is 403 

found around 24°E, where the boundary current narrows and the 0°C shoals due to the steep 404 

topography. A vertical section along 24°E shows the deepening of the mixed layer during the 405 

large melt events accompanied by the formation of negative temperature anomaly in the 406 

pycnocline just below the area of large melt (Fig. 11b). This would be consistent with an 407 

enhanced vertical heat flux from the pycnocline to the ocean surface, with a part being lost to 408 

slightly warm the mixed layer. North of the boundary current, where the mixed layer is deeper 409 

and the vertical temperature gradient is weaker, vertical mixing is not strong enough to affect 410 

significantly the ice melt. More generally, while the mean depth of the upper boundary of the 411 

AW layer is decisive for the pattern of sea ice melt, the composite differences of the AW depth 412 

based on the large melt events associated with large stress do not show significant anomalies, 413 

suggesting that Ekman suction anomalies would only contribute to sea ice melt in some specific 414 

cases as in January 2006. 415 

These large melt events are not linked with a preferred wind direction (Fig. S10). This finding 416 

is consistent with correlation maps (not shown) between the melt index and the zonal and 417 

meridional components of the 10 m wind which do not display absolute values exceeding 0.2. 418 

In contrast, the correlation map of the melt index with the wind speed indicate absolute values 419 

of 0.4-0.5 north of Svalbard. 420 

While wind driven mixing appears to be the dominant process to generate large melt events, 421 

not all the large melt events are associated with strong winds, and only slightly more than 50% 422 

of the large stress events can be linked to large melt events suggesting that other processes 423 

might modulate the melt.  424 

3.4.2.3 Influence of the boundary current.  425 
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As aforementioned, the pathway of the boundary current is reflected in the pattern of the ice 426 

melt, suggesting that the current may play a role in the winter variability of the ice melt. A 427 

velocity index is thus defined based on the along-slope velocity distribution at 20°E, 428 

downstream of the merging of the AW Svalbard and Yermak branches. The index represents 429 

the mean velocity over the upper part (between 20 and 40 m depth) of the current core and does 430 

not consider the velocity variations in the Ekman layer. The composite of the mean velocity 431 

anomalies in the layer 20-40 m averaged over the strong current events (i.e events for which 432 

the velocity index exceeds 1 standard deviation) suggests a strengthening of the boundary 433 

current which occurs all along the current pathway, including in its upstream region in the WSC 434 

(see Fig. 8d). This anomalous circulation appears to be associated with anticyclonic wind 435 

anomalies centered on the northern Barents Sea (Fig. 8b). These strong current events are more 436 

persistent than the large melt events: their mean duration is about 15 days, but they can last up 437 

to 25 days. They are linked with a shoaling of the 0°C isotherm (Fig. 8f), and subsurface 438 

warming along the AW pathway, with the strongest values located east of 24°E (not shown). 439 

This warming remains significant when the temperature lags by 10 to 15 days. It is also 440 

interesting to notice the local impact of these strong current events on the surface stress, which 441 

depends, in ice covered areas, on the relative velocity of the ice with respect to the ocean surface 442 

current. During these events, a dipole pattern of the surface stress curl is observed along the 443 

path of the boundary current (Fig. 12), which could contribute to the shoaling of the AW layer.  444 

Based on the boundary current velocity index, we identify 17 5-day episodes of large melt 445 

events which are preceded by or in phase with strong current events (Fig. 10a). With the 446 

increase of the subsurface heat content, the strong current events generate favorable ocean 447 

conditions for increased vertical transfer of heat through mixing to the ice (Fig. 8h). This 448 

mechanism does not require strong winds, as demonstrated by the significant proportion (6 out 449 
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of 17) of events which occur during moderate surface stress conditions, and by the event 450 

documented on December 25, 2006.  451 

4. Discussion 452 

Focusing on the winter variability of the coupled ice-ocean system north of Svalbard, we have 453 

shown that sea ice melt can occur as large amplitude, short term (5-10 days) events, which are 454 

mainly located over the AW pathway. Large melt rates are found in the MIZ but also in the 455 

interior pack ice where they can reach as far east as 40°E. Concomitant direct observations of 456 

sea ice melt rates and ice-ocean heat fluxes are too sparse to enable systematic validation of the 457 

model results. However, local observations of large ice-ocean heat fluxes during the N-ICE2015 458 

drift (Meyer et al., 2017; Graham et al., 2019), can be used to check if these are concomitant to 459 

simulated large melt events. The first of these large flux events which occured during a storm 460 

between February 3 and 9 indeed emerges as a large melt event in our simulation, being 461 

identified as an event of advection of ice over warm waters (Fig. 10). An episode of strong 462 

northerly winds between February 6 and 9 (also mentioned by Graham et al., 2019), indeed 463 

followed strong southerly winds during February 4 to 5 which might have led to an ice cover 464 

opening.  The second observed event also occurred during a storm and the model does show an 465 

increase of the 5-day averaged melt rate over the period including this storm (not shown), but 466 

not high enough for this event to be identified as large melt event. The reason for the low melt 467 

rate may be related to the spatial-temporal distribution of the wind anomalies. The strong winds 468 

were mostly confined to the northwestern part of our study region (not shown) and lasted only 469 

one day, and therefore might have not appeared as strong enough when averaged over the study 470 

area and a 5-day period.   471 

An increase of the ice-ocean heat flux was indeed observed to coincide with storm activity and 472 

the presence of AW in the sub-surface ocean in earlier observations (Meyer et al. 2017; Graham 473 
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et al., 2019). In our simulation wind driven mixing, entraining warm AW into the upper layer, 474 

appears as the dominant mechanism generating large ice melt events. These episodes of 475 

enhanced mixing correspond to above-average ocean surface stress. Although 5-day averaged 476 

wind events are used in this analysis, the role of high frequency atmospheric forcing is certainly 477 

important. For instance, the largest melt event on March 11, 2004 (Fig 10a), is linked to a 478 

moderate 5-day average surface stress (Fig. 10b), while wind data at higher temporal resolution 479 

indeed reveal weak winds over this 5-day period except for a short (1 day) wind burst. To 480 

investigate if some of the melt events may be mis-classified with regards to the strength of the 481 

wind stress forcing, we compare two wind speed indices. One is based on the maximum of the 482 

5-day averaged wind speed (the surface stress, which is an output of the model saved every 5-483 

day and cannot be used here) and the other is based on the 5-day mean wind speed. Both indices 484 

are averaged over the study area. The two groups of large melt events associated with large 485 

values (i.e > 1 std) of these two wind indices are very similar, suggesting the robustness of our 486 

analysis based on 5-day averages.  487 

Only 55% of the large stress events present in the simulation are associated with large melt 488 

events, 45% of the large stress events are thus associated with moderate melt events. Part of the 489 

explanation may be found in the different surface stress distributions between the two groups 490 

of melt events which reveal a comparatively lower mean stress and absence of very large stress 491 

events in the moderate melt group. However, even when restricting the comparison between 492 

the two groups to events with stress lower than 0.13 N.m-2 (so that the mean stress of the two 493 

groups become similar) we find that the vertical shear of the current at the base of the mixed 494 

layer in the melt area is indeed drastically reduced during moderate melt events compared with 495 

the large melt events (the difference between the mean shear of the two groups is large and 496 

statistically significant). This increased shear is also accompanied by a significant strengthening 497 

of the stratification during the large melt events, but overall, the area where the Richardson 498 
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number remains in the range of the critical values is significantly larger in the large melt group, 499 

suggesting that shear instability could contribute to enhance the vertical heat fluxes and the melt 500 

rate during large melt events. 501 

The mean melt rate in our simulation is clearly shaped by the depth of the upper boundary of 502 

the AW layer (taking, e.g., the depth of the 0°C isotherm as a proxy for the upper limit of this 503 

layer), with the largest melt located above regions where the AW layer is shallower. This is a 504 

strong suggestion that the topography of the AW layer maintained by the boundary current 505 

exerts some preconditioning with regards to further vertical mixing events. However, melt 506 

events triggered by large surface stress (which represent the large majority of the large melt 507 

events) are not sensitive to the depth of the AW layer. While this may be partly due to the weak 508 

variability of the AW layer, it also suggests that upwelling (in particular shelf break upwelling 509 

in the region of enhanced melt) cannot be a leading mechanism in producing large sea ice melt, 510 

a result which is probably linked to the rather deep shelf found north of Svalbard (as already 511 

mentioned by Randelhoff and Sundfjord, 2018). Some occurrences of AW upwelling can 512 

however be identified which lead to subsurface warming and enhanced upward heat fluxes and 513 

sea ice melt. In such cases, the AW layer rise would accompany a strengthening of the boundary 514 

current which may have been forced by an anticyclonic wind anomaly centered over the 515 

northern Barents Sea. This latter finding is consistent with conclusions by Lien et al. (2013) 516 

and Herbaut et al. (2017) who suggested that negative wind curl over the Northern Barents Sea 517 

could enhance the anticyclonic circulation on the shelf around the Svalbard Archipelago, and 518 

in particular strengthen the boundary current in the western Eurasian basin. However, the 519 

impact of the current on its own may be limited since, despite 50% of those large melt events 520 

not associated with ice advection over warm SST appear to be preconditioned by large current, 521 

most of these large current events need large stress to trigger a large response of the sea ice 522 

melt.  523 
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None of the large melt events show significant deepening of the surface mixed layer in the 524 

simulation. In addition, buoyancy driven convection does not seem to play a role in the 525 

occurrence of large melt events since only one episode of deep convection is detected in our 526 

study area. The event occurs in the boundary current during periods of ice-free conditions and 527 

can lead to mixed layers as deep as 300-400 meters. Buoyancy driven convection has been 528 

mentioned as the process responsible for winter ventilation of the Atlantic Water layer in the 529 

interior ice pack in the deep Nansen Basin (Polyakov et al., 2017, 2020). Occurrences of ocean 530 

convection under low sea ice concentrations, as found in our analysis, have also been reported 531 

in the literature in observations (Pérez-Hernández et al., 2019) and ocean model operational 532 

systems (Athanase et al., 2020). While convective mixing in open water does not contribute 533 

directly to sea ice melt in our simulation, it does contribute in a delayed mode to the sea ice 534 

volume budget by transferring large amounts of heat to the surface layer and thus slowing down 535 

the return to heavier ice conditions. Advection of ice into surface waters which have been 536 

previously warmed by convective mixing can indeed generate large melt events subsequently 537 

to the convective events.  538 

The January 2006 case study illustrates how large melt rates can contribute to the eastward 539 

retreat of the ice edge north of Svalbard in mid-winter. Composites of the SIC change during 540 

large melt events over the entire simulation show that the largest reduction in the sea ice 541 

concentration is usually found over the shelf north of Svalbard, decreasing to values less than 542 

10% over a 5-day period further offshore, while northeast of Svalbard, as far as 36°E, anomalies 543 

do not exceed 5% (Fig. 13a). However, similar composites based on the events of large ice 544 

transport divergence do not show the same decrease of ice concentrations northeast of Svalbard 545 

(Fig. 13b) which suggests that ocean-driven sea ice melt is the main mechanism responsible for 546 

the episodes of sea ice concentration decrease observed northeast of Svalbard. Conversely, on 547 

the shelf north of Svalbard, the SIC decrease is mainly explained by large divergence of the ice 548 
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volume transport, which is driven by southeasterly wind (not shown) enhancing northward 549 

advection of thinner ice from the south (Fig. 13c).  550 

This mechanism was also mentioned by Onarheim et al., (2014) to explain the interannual sea 551 

ice variability in the same region. However, while these authors only stressed the impact of the 552 

wind stress on the ice transport, we could show that, in case of particularly high wind speed, a 553 

thermodynamic effect can add to the dynamic response of the ice. Because of this additional 554 

effect, the impact of the wind on the sea ice may be stronger than previously postulated. In 555 

particular, during periods of large southerly winds, larger ice divergence and enhanced 556 

entrainment could combine to drive particularly large ice cover decrease, with each process 557 

driving ice reduction over a specific distinct area. Actually, the four largest ice cover decrease 558 

events in 2000, 2006, 2013 and 2017, as identified by the EOF analysis of the winter SIC (Fig. 559 

2), occurred during periods of large southerly winds (not shown).  560 

Graham et al., (2019), using ice drift and area from satellite observations and constant ice 561 

thickness to compute the ice volume budget, estimate that over a domain equivalent to our study 562 

area, ice-ocean heat flux up to 600 W/m2 (to account for the melt rate estimated) over about 2 563 

days could occur during a storm. In the simulation such large ice-ocean heat fluxes can happen 564 

in localized areas but on average over the study area, the 5-day heat fluxes exceed only twice 565 

100 W/m2 (Fig 2e). This discrepancy between the heat fluxes can be due to the model limitations 566 

and to the large uncertainties inherent of the method used by Graham et al. (2019).  567 

Over the time of the simulation, we do not find significant correlation between a preferred wind 568 

direction and sea ice melt index. This finding is in contrast to Duarte et al.’s (2020) conclusion 569 

which highlights significant correlations between southeasterly winds and sea ice melt rates. 570 

The fact that Duarte et al. calculation is done over a region that is located closer to the ice edge 571 

and further west compared to our study area may explain the discrepancy. This limitation in the 572 
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comparison is even reinforced by the fact that, as aforementioned, the processes highlighted in 573 

our simulation take place in an area which is mainly covered by compact ice. In contrast, the 574 

domain analyzed by Duarte et al. includes a larger fraction of the MIZ where, under northerly 575 

winds, ice advection can lead to large melt when ice encounters warm waters. 576 

The goal of the present analysis was to explore the sensitivity of the Arctic sea ice cover to 577 

some ocean processes. As such, it emphasizes the role of the mechanical surface forcing in 578 

controlling important processes like vertical mixing, advection or sea ice motion, but also the 579 

upper ocean temperature distribution and stratification. The sensitivity of these processes to the 580 

forcing is however likely to depend on the mean sea ice state. Underestimated sea ice thickness 581 

in the simulation, for instance, should imply a more efficient energy transfer between the 582 

atmosphere and the ocean, an effect however modulated by the higher compactness of the ice 583 

cover so that the net impact is difficult to estimate. On the other hand, due to too compact sea 584 

ice in the model climatology, the SIC variability is underestimated along the AW boundary 585 

current (Fig. 2) and the ice conditions simulated in this region may therefore be more 586 

representative of more compact ice conditions observed farther downstream. One of the 587 

consequences of this could be an underestimation of the number of large melt events associated 588 

with ice advection over warm SST: with a MIZ, which would be located closer to the boundary 589 

current, close-up of the ice following opening should be accompanied by larger ice-ocean heat 590 

flux. While the simulated winter AW temperature distribution in the West Spitsbergen Current 591 

matches reasonably well the observations in Fram Strait, the AW core appears too warm in 592 

winter northeast of Svalbard. While this discrepancy might be a consequence of a shift in the 593 

seasonal cycle as discussed earlier, the overestimated ice extent and compactness during most 594 

of the year may also contribute to limiting direct heat loss through air sea interactions. In 595 

principle, the warm bias in the upper part of the AW layer (that part which is eroded during 596 

large melt events) should lead to overestimated upward heat flux and ice bottom melt under 597 
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vertical mixing. However, larger sea ice extent in the model is also associated with a fresher 598 

ocean surface layer and a stronger upper halocline which limits the mixing efficiency and 599 

mitigates the impact of warmer subsurface water, therefore suggesting that our results are 600 

conservative regarding the impact of vertical mixing on the sea ice. Still, further investigation 601 

would be necessary to disentangle the different contributions to the model sensitivity with 602 

respect to mixing. More generally, additional observations are needed to validate the 603 

relationship between winter sea ice melt and the underlying ocean dynamics and its dependency 604 

on the different sea ice regimes, a prerequisite to assessing their impact on the sea ice cover at 605 

the basin scale. 606 

5. Summary and conclusions 607 

Using an ice-ocean simulation forced by the ERA-I reanalysis over the period 1997-2017, large 608 

ice melt events have been identified in winter in the area north of Svalbard. These short duration 609 

(5-10 days) melt events, which show enhanced signature along the AW pathway and can occur 610 

in the pack ice, can contribute to 40% of the total winter ice melt. The net growth pattern 611 

associated with the large melt events clearly reflects the mean pattern of the 0°C isotherm. 612 

Different types of events have been established depending on the scenario responsible for 613 

enhanced sea ice melt. Enhanced melt can happen concomitantly to large ice transport over 614 

warm surface waters in the ice edge region, a scenario which predominates during the close-up 615 

following a large sea ice cover opening. This process is also a factor controlling the SIC budget 616 

on interannual time scales (Lundesgaard et al., 2021) and may become more frequent in the 617 

area in the future with the expansion of the ice-free areas and the ice becoming more mobile.  618 

Apart from these events, large melt rates are mainly driven by increased mixing and entrainment 619 

of warm water into the mixed layer. Strong winds are the main driver of the large mixing events 620 

but the shoaling of the pycnocline during episodes of strengthened boundary current can also 621 
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modulate the vertical heat flux into the mixed layer. Shear instability is likely to enhance the 622 

heat transfer to the surface layer. While wind driven mixing appears to be the controlling factor 623 

of the winter sea ice melt in the western Eurasian Basin, thermohaline convection has been 624 

pointed out as the main driver of the winter ice melt in the eastern Eurasian Basin (Polyakov et 625 

al., 2017). With the expansion of the ocean conditions prevailing north of Svalbard to the 626 

eastern Eurasian Basin as a result of the Atlantification of the Arctic Ocean (Polyakov, 2017; 627 

Polyakov et al., 2020a), the nature of the drivers of the ice melt in this part of the basin may 628 

also change and the impact of wind driven mixing and boundary current dynamics on the future 629 

of the Arctic sea ice cover become visible on a wider scale. 630 
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The model initialization is based on the PHC3 climatology 638 

(http://psc.apl.washington.edu/nonwp_projects/PHC/Climatology.html).  Continental runoff is 639 

extracted from the monthly climatology of Dai and Trenberth (2002) 640 

(https://rda.ucar.edu/datasets/ds551.0/). The atmospheric forcing is based on the ERA-Interim 641 

reanalysis (https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era-interim). The 642 

ISCPP climatology of the radiation fluxes over the North Atlantic 643 

(https://isccp.giss.nasa.gov/projects/flux.html) and the surface air temperature from the IABP 644 

climatology (http://research.jisao.washington.edu/data_sets/iabppoles/) have been used.  645 

Precipitation is extracted from the DFS5 dataset (https://ige-meom-opendap.univ-grenoble-646 

http://psc.apl.washington.edu/nonwp_projects/PHC/Climatology.html
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alpes.fr/thredds/catalog/meomopendap/extract/FORCING_ATMOSPHERIQUE/DFS5.2/ALL647 

/catalog.html).  The sea ice concentration data were retrieved from the Integrated Climate 648 

Data Center of Hamburg University (https://www.cen.uni-649 

hamburg.de/en/icdc/data/cryosphere/seaiceconcentration-asi-ssmi.html).  650 
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 832 

 833 

Figure 1: Simulated winter (December-March) velocity at 60 m depth (arrows) and depth (m) 834 

of the 0°C isotherm (color) averaged over the 1997-2017 period. The red dots indicate the 835 

positions of the moorings which were used for the model-observation comparison (see 836 

supporting information).  837 
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 840 

Figure 2: (a)-(b) Loading patterns of the first EOF mode of the winter (DJFM) SIC in (a) the 841 

model simulation and (b) the observations. (c) Normalized Principal Component associated 842 

with the first EOF mode of the (blue) simulated and (red) observed winter SIC. SIC anomalies 843 

are constructed by removing the mean of each winter. (d) Melt index (see definition in text) 844 

with its standard deviation (dashed line). (e) Ice-ocean heat flux (W m-2, positive values indicate 845 

upward fluxes) averaged over the study area (shown as a black box in (a)). Also shown in (a) 846 

and (b) are the 250 m and 1000 m isobaths (grey), the 50% (dashed white contour) and 80% 847 

(solid white contour) isopleths of mean winter SIC.   848 
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 849 

Figure 3: Left panels: Simulated mean winter (DJFM) ice volume change (cm day-1): (a) net 850 

volume change and the contributions from (c) the ice volume transport convergence and (e) the 851 

net thermodynamic growth. Right panels: (b) ice-ocean heat flux (W m-2, positive values 852 

indicate upward fluxes), (d) standard deviation of  the ice volume transport convergence (cm 853 

day-1) and (f) standard deviation of the net thermodynamic growth (cm day-1). Standard 854 

deviations calculated over all winters of the simulation. Also shown in (a), (b) (c), and (e) are 855 

the 50% (dashed blue) and 80% (solid blue) isopleths of the mean winter SIC. Grey contours 856 

represent the 250 m and 1000 m isobaths. The black contour in (c) and (e) represents the 0 857 

isopleth.   858 
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 859 

Figure 4: (a) 5-day ice volume change (cm day-1) averaged over the study area over 2005-2006: 860 

net volume change (blue) and the part contributed by subregions of net ice melt (solid green), 861 

contributions from the ice volume transport convergence (red) and the thermodynamic ice 862 

growth (black). Also shown in (a) are, the limit on the mean winter melt rate for identification 863 

of large melt events (dashed green) and the SIC averaged over the study area (dashed grey). (b) 864 

Surface stress index (blue) and boundary current index (red), with their limits for identification 865 

of large stress events (dashed blue) and strong current events (dashed red), respectively (see 866 

sections 3.4.2.2 and 3.4.2.3 for the definition of the indices). 867 
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 870 

Figure 5: (a) 10 m wind vector (arrows) and wind speed (m s-1) (color), (b) thermodynamic ice 871 

growth (cm day-1) and (c) ice-ocean heat flux (W m-2, positive values indicate upward fluxes) 872 

on January 15, 2006. The 50% (dashed line) and 80% (solid line) SIC isopleths are also shown 873 

in (b) and (c) for January 15, 2006 (white) and in (b) for January 20, 2006 (black). Grey contours 874 

represent the 250 m and 1000 m isobaths.   875 
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 876 

 877 

Figure 6: (a) Temperature (°C), (b) vertical diffusive heat flux (W m-2, positive values indicate 878 

upward fluxes), (c) vertical diffusion coefficient (m2 s-1) expressed as log10(Kv), (d) vertical 879 

velocity (10-5 m s-1), (e) velocity shear (10-3 s-1), and (f) Brunt Väisälä frequency (10-3 s-1) on a 880 

meridional section along 31°E on January 15, 2006. On top panels are shown the 881 

thermodynamic ice growth (cm day-1, blue) and the Ekman pumping velocity (10-5 m s-1, red). 882 

The mixed layer depth is shown as a white line in all panels for January 15 (solid) and in (a) for 883 

January 10 (dashed). 884 
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887 
Figure 7: Left panels: (a) 10 m wind (arrow) and wind speed (m s-1) (color), (c) thermodynamic 888 

ice growth (cm day-1), and (e) ice volume transport convergence (cm day-1) on February 24, 889 

2006. (g) SST (°C) on February 19, 2006. Also shown in (c)-(g) as black contours are the 50% 890 

(dashed) and 80% (solid) SIC isopleths on February 24. Right panels: (b, d, f) Composite 891 

difference between large melt events associated with ice advection over warm SST and other 892 

events for (b) the 10 m wind, (d) the thermodynamic ice growth (cm day-1), (f) the ice volume 893 

transport convergence (cm day-1). Also shown in (d) and (f) as black lines are the 50% (dashed) 894 

and 80% (solid) SIC isopleths averaged over these large melt events. (h) composites of the SST 895 

(°C) five days prior to the large melt events. Also plotted in (h) are the 50% (dashed) and 80% 896 

(solid) SIC isopleths 5 days before (red), in phase (black) and 5 days after (blue) the large melt 897 

events. The area of 95% confidence level for the composites is delimited by yellow shading in 898 

(b) and white lines in (d), (f) and (h). Grey contours represent the 250 m and 1000 m isobaths.   899 
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 900 

Figure 8: Left panels: (a) 10 m wind (arrows) and wind speed (m s-1, color shading) and (g) 901 

thermodynamic ice growth (cm day-1) on December 26, 2006. (c) current velocity anomaly 902 

(arrows) and velocity speed anomaly (m s-1, color shading) averaged between 20 and 40 meters 903 

and (e) anomaly of the depth (m) of the 0°C isotherm, on December 11, 2006.  The 50% (dashed 904 

white line) and 80% (solid white line) SIC isopleths are also shown in (g). Right panels: 905 

Composites of anomalies of (b) the 10 m wind (arrows) and surface wind curl (10-6 s-1, color 906 

shading), (d) the current velocity averaged between 20 and 40 m and (f) the depth (m) of the 907 

0°C isotherm, for the strong current events, (h) composites of anomalies of the thermodynamic 908 

ice growth (cm day-1) for large melt events associated with strong current. All anomalies are 909 

calculated relative to the winter average. 910 
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 911 

Figure 9: Temperature (°C, color shading) and density (sigma units, black contours) overlaid 912 

with the mixed layer depth (white line) on a meridional section along 31°E on (a) December 1, 913 

(b) December 16 and (c) December 26, 2006. On top of each panel, the thermodynamic ice 914 

growth rate along the section is also plotted.   915 
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 916 

 917 

Figure 10: (a) ice volume change (cm day-1) averaged over the study area for all the large melt 918 

events (grey bar), overlaid with the ice melt contribution (narrow bar) for those large melt 919 

events only associated with large stress (blue), ice advection over warm SST (green), large 920 

stress and strong current (red), and large current (cyan). Large melt events which are not 921 

associated with any specific process are shown in black. (b) surface stress (N m-2) averaged 922 

over the study area with same color code for the different types of large melt events defined in 923 

(a), and its standard deviation (dashed line). 924 
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 927 

 928 

Figure 11: (a) Composite difference of the thermodynamic ice growth (cm day-1) between the 929 

large melt events associated with large stress and other melt events. (b) Composites of the 930 

temperature (°C, black contours) for the large melt events associated with large stress and the 931 

difference between the in-phase temperature and the temperature 5 days prior to these events 932 

(°C, color shading) on a meridional section along 24°E. Also shown as white lines in (a) are the 933 

50% (dashed) and 80% (solid) isopleths of the SIC averaged over these large melt events and 934 

in (b) is the mixed layer depth in phase with (solid) and five days prior to (dashed) the melt 935 

event. On top of (b), the thermodynamic ice growth rate (cm day-1) is shown along the section.  936 
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 939 

 940 

Figure 12: Composites of anomalies of the Ekman suction velocity (10-6 m s-1) for the strong 941 

current events. Anomalies are calculated relative to the winter average. 942 
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 945 

Figure 13: Composites of the SIC change between two consecutive 5-day periods for (a) the 946 

large melt events and (b) the events of large ice volume transport divergence. (c) Composites 947 

of the ice drift anomalies (arrows) superimposed on the mean winter ice thickness (m, color 948 

shading) for events of large ice volume transport divergence. In (a) and (b) the thin black line 949 

represents the 95% confidence level for the composites. Grey contours represent the 250 m and 950 

1000 m isobaths.   951 


