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Abstract


Arctic sea ice extent has continued to decline in recent years, and the fractional coverage of multi-year sea ice has decreased significantly during this period. The Beaufort Sea region has been the site of much of the loss of multi-year sea ice, and it continues to play a large role in the extinction of ice during the melt season. We present an analysis of the influence of satellite-derived ice surface temperature, ice thickness, albedo, and downwelling longwave/shortwave radiation as well as latitude and airborne snow depth estimates on the change in sea ice concentration in the Beaufort Sea from 2009 to 2016 using a Lagrangian tracking database. Results from this analysis indicate that parcels that melt during summer in the Beaufort Sea reside at lower latitudes and have lower ice thickness at the beginning of the melt season in most cases. The influence of sea ice thickness and snow depth observed by IceBridge offers less conclusive results, with some years exhibiting higher thicknesses/depths for melted parcels. Parcels that melted along IceBridge tracks do exhibit lower latitudes and ice thicknesses, however, which indicates that earlier melt and breakup of ice may contribute to a greater likelihood of extinction of parcels in the summer.
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1. Introduction


Arctic sea ice continues to decline in extent as a result of changes in global climate [1]. This reduction in ice contributes to changes in freshwater balances, the region’s biosphere, energy input at the surface, and the future hardiness of the ice pack against climatic forcing [2]. A reduction of the extent of multi-year sea ice has coincided with this loss of total ice extent, which has led to weakening of the Arctic ice pack [3]. Further study of the major variables influencing these changes in the Arctic is of significant interest to governments, commercial entities, and regional stakeholders [4,5,6].



The Beaufort Sea region of the Arctic in particular has acted as a “sink” for sea ice over the past decade, and it accounts for a significant portion of the total areal loss of sea ice each year [7,8,9,10,11]. The region is the extinction location for many of the multi-year ice floes that advect from the Canadian Archipelago. The loss of multi-year sea ice further weakens the Arctic ice cover against future warming, as older ice floes are typically thicker and stronger than younger floes [12], which can help increase their odds of surviving the summer melt season. Given this region’s relative importance in sea ice loss, it is valuable to explore the factors leading to the survival and/or extinction of ice parcels that reside there.



Through the use of Lagrangian tracking methods, the trajectory of sea ice parcels in the Arctic can be tracked and recorded. These sea ice parcel positions provide a means by which parcels that inhabit a specific region such as the Beaufort Sea can be sorted and analyzed. Further, coincident airborne and satellite data products can be tracked with these parcels over time.



We examine the influence of ice surface temperature (IST), ice thickness, surface albedo, downwelling longwave/shortwave radiation, and snow depth on the change in ice concentration in the Beaufort Sea from 2009 to 2016. Our analysis utilizes a Lagrangian tracking database developed at the University of Colorado that matches sea ice parcel locations with ice surface temperature, albedo, and downwelling longwave and shortwave radiation from satellite-based datasets, and ice thickness from a sea ice model [13]. Furthermore, we compare individual sea ice parcel ice thickness and snow depth as estimated along flight tracks during NASA’s Operation IceBridge [14]. The use of Lagrangian tracked data provides a means by which changes in the health of individual sea ice parcels can be observed over time, with additional initial conditions provided by the airborne observations.




2. Study Area and Data Sources


The Beaufort Sea study region mask utilized in this study is shown in Figure 1. This region contains roughly 6000 12.5 km EASE-Grid cells that formed the study area for this analysis. The landward boundaries of the study region were also conservatively masked in order to prevent the inclusion of parcels that made landfall in this analysis. Sea ice parcel positions were compared against the final Beaufort Sea region mask to determine weeks in which they were present during the study period.



This analysis utilizes six surface products derived from satellite measurements that are built into a Lagrangian tracking sea ice product [13,15]. Additional airborne data from NASA’s Operation IceBridge Campaigns were also incorporated into the study [14].



2.1. Lagrangian Tracking Product


A database of pan-Arctic Lagrangian tracked ice parcel locations with ancillary sea ice property datasets was utilized for this study [13,15]. The database provides weekly sea ice parcel positions in the Arctic that were used to determine whether particular parcels inhabited the study region. Parcel positions are determined using EASE-Grid sea ice motion vectors [16,17] and ancillary data products from the nearest grid cell to each parcel are provided as part of the dataset [13]. Data are available for 2001–2016 through the Pangaea Data Publisher [15].



2.1.1. APP-x Products


Broadband albedo, downwelling shortwave, and downwelling longwave are obtained from the AVHRR Polar Pathfinder-Extended (APP-x) dataset [18,19]. The data are provided on a 25 km EASE-Grid that is re-gridded to a 12.5 km grid by splitting each 25 km grid cell into four equal-valued cells [13]. Albedo is corrected for clouds, and is derived through the procedures described in [20]. Comparisons of APP-x albedos with SHEBA measurements yielded a bias of −0.05 and an RMSE of 0.1 [19]. Downwelling shortwave and longwave fluxes at the surface are computed using FluxNet: a neural network that was trained to simulate a radiative model [21]. Comparisons of downwelling shortwave radiation with SHEBA campaign measurements obtained a bias of    9 . 8  W  m 2      and an RMSE of    34 . 4  W  m 2     . Comparisons between downwelling longwave and SHEBA yielded a bias of    2 . 1  W  m 2      and an RMSE of    22 . 4  W  m 2      [19].




2.1.2. MODIS Terra IST


MODIS ice surface temperatures (IST) are provided through the National Snow and Ice Data Center (NSIDC) on a 4 km EASE-Grid [22], and are re-gridded to fit the 12.5 km EASE-Grid as described in [13]. Comparisons with other IST sources and in-situ measurements have yielded estimated accuracies of 1–3 Kelvin under ideal conditions [23]. The accuracy of the IST data degrades in the presence of clouds and water vapor, which lends to seasonally lower accuracy during the summer [24,25].




2.1.3. SSM/I and SSMI-S Sea Ice Concentration


Sea ice concentrations from SSM/I and SSMI-S are derived through the NASA team algorithm [26], and are available through NSIDC [27]. The data are provided on a 25 km EASE-grid, and are interpolated to fit a 12.5 km EASE-grid as described in [13]. The concentration data are less accurate in the presence of thin ice, melt ponds, and near the ice edge where ocean and atmospheric effects can be mistaken for sea ice. The seasonality of error sources lends to a    ± 5 %    accuracy during the winter and a    ± 15 %    accuracy during the summer [27]. Further discussion of the error and performance of the product can be found in [28,29].




2.1.4. PIOMAS Modeled Ice Thickness


The Pan-Arctic Ice-Ocean Modeling and Assimilation System (PIOMAS) provides modeled sea ice thickness derived from a multi-category thickness and enthalpy distribution model [30,31,32]. The model has been compared against submarine and moored ULS and airborne electromagnetic measurements of ice thickness, and has been found to exhibit mean RMS differences near 0.78 m. The model also overestimates thin ice thickness and underestimates thick ice thickness [30]. The product is provided on a stretched generalized orthogonal curvilinear coordinate (GOCC) grid with a displaced north pole that is located in Greenland. The mean resolution of the grid is stated as 4–5    ∘   , with the greatest resolutions and accuracies being found in the Greenland Sea, Baffin Bay, and the Eastern Canadian Archipelago [32]. The data are re-gridded and interpolated to fit the 12.5 km EASE-Grid as described in [13].





2.2. EASE-Grid Sea Ice Age Data


EASE-Grid sea ice age data based on Lagrangian tracks were obtained from NSIDC in order to investigate the age of parcels advecting through the Beaufort Sea [33]. Sea ice age is based on the NSIDC sea ice motion product [16]. Sea ice motion is estimated by merging calculations from three types of motion vectors: from successive SSM-I passive microwave images, from IABP buoys, and from winds provided by the NCEP/NCAR Reanalysis [16]. Sea ice age is calculated by initially assigning all ice as first-year ice and then, as the model spins up over five simulated years, adding one year of age to each ice parcel that survives the summer melt. The NSIDC sea ice age product is available for 1984–2016, and are provided on a 12.5 km EASE-Grid [33].




2.3. Operation IceBridge Data


Airborne data from spring NASA Operation IceBridge Campaigns were also incorporated into this analysis for years 2009–2016 [14]. The level-4 airborne data were obtained from NSIDC on a 40 m length scale, and are further described in their related documentation page and publication [14,34]. The data include KT-19 infrared pyrometer IST values [35], snow depth estimates retrieved using the University of Kansas’ snow radar [36,37,38], Digital Mapping System (DMS) derived open water concentrations [39], and Airborne Topographic Mapper (ATM) derived thickness estimates [40,41,42].



IceBridge thickness data rely on ATM estimates of freeboard and retrieval of snow depth from radar measurements [14,34]. Freeboard measurements are further refined through the use of DMS measurements to detect leads that are used as surface tie points [34], and final thickness is determined through the use of the hydrostatic balance equation [14]. The mean uncertainty of the thickness data used in this study was 0.82m, and was obtained by averaging the provided uncertainty in each measurement utilized in this analysis. This value is highly variable however, as it depends on several factors that can change in flight [43]. The uncertainty in snow depth estimates is cited as 5.7–5.8 cm [34,44].





3. Methodology


A set of sea ice parcel tracks for 2009–2016 was generated by searching the parcel database files for parcels that resided in the Beaufort Sea study region during any part of each analysis year. Parcels were sorted into two categories containing those that melted during the study year, and those that survived that year’s melt season through the use of a melting threshold of 15% sea ice concentration. Additional checks removed parcels that were considered lost when they coincided with the shore of a land-mask, as these parcels could introduce potentially misleading results into the analysis. The result was a set of weekly observations for parcels that inhabited the Beaufort Sea study area during the years of study. An example of the behavior of the populations in 2009 demonstrates some of the general relationships between the melted and surviving populations present in this data set, such as lower average albedos and ice thickness in the melted parcels (Figure 2).



Weekly averages for values of IST, concentration, thickness, albedo, latitude, and shortwave/ longwave energy input were then computed for both the melted and surviving populations of parcels, with sample sizes shown in Table 1. These values were used to determine Pearson Correlations (measures of the linear relationship) between major variables and change in sea ice concentration. The results of this branch of the analysis are further discussed in Section 4.



The Operation IceBridge airborne data were processed by converting the provided latitude and longitude coordinates to EASE-Grid coordinates through the use of the Python Basemap package. Once grid coordinates were obtained, the Operation IceBridge data points were compared against the Beaufort Sea region mask to determine which observations were obtained in the study region. These observations were binned and averaged for each cell with data, and were stored in separate files for use in generating statistics.



The IceBridge flights available in the Beaufort Sea region were sorted by week, and combined to form weekly observation files for each year of study (Table 2). The data used in this analysis included averages of snow depth, concentration, IST, and thickness for each overflown cell along the tracks shown in Figure 3. Parcels with coincident Operation IceBridge data during the weeks of observation were separated into their own distinct melted and surviving populations for the second thrust of this analysis, which is further described in Section 5.




4. Results of Analysis of Satellite Data


4.1. Parcel Ages


The percentage of parcels in each age class (1–5+ years) in the Beaufort Sea from 2009–2016 are shown in Figure 4. During years 2009 and 2010, the studied ice parcel population was comprised of approximately 30% old ice (5+ years) that melted. Twenty-five percent of the studied population in 2009 was older ice that survived the transit through the Beaufort Sea, while only 2% of parcels in 2010 were surviving older ice. Years 2011–2016 show a general trend of large losses of first-year sea ice parcels in the Beaufort Sea, with varying losses in the older age classes. In 2013 and 2014, there was an increase in surviving ice aged 5+ years (8% and 11%, respectively), but this increase was followed by an 8% increase in melted older ice during 2015. In 2016, the amount of surviving and melted older ice decreased, with a corresponding rise in melted and surviving young ice (1–2 years). Melted first-year ice made up the largest percent share of ice in all years excepting 2009, in which a large section of multi-year ice had advected into, and melted in, the Beaufort Sea. We observe that in most cases a higher fraction of multi-year ice survives over first-year ice.



The age of the Arctic ice cover has been declining over recent decades as measured by the EASE-Grid Sea Ice Age Product [3,33]. The extent of ice older than four years of age has decreased from 2.54 million km    2    to 0.13 million km    2    from March 1985 to March 2017 [1]. We observe significant loss of older (5+ years) ice during 2009 and 2010 in the Beaufort Sea, with a large reduction in ice that survived the transit through the region between the two years. While there was a slight recovery in surviving older ice during 2013 and 2014, the following years 2015 and 2016 returned to the general trend of more older ice being extinguished than surviving. The Beaufort Sea has accounted for much of the loss of older ice in previous years [3], and these data suggest that it has continued to play a role in the reduction of older ice in the Arctic due to the advection of older ice from the Canadian Archipelago into the Beaufort Sea.




4.2. Ice Surface Temperatures


Weekly mean ISTs obtained from MODIS data [22] for the melted and surviving parcels in this study are shown in Figure 5. Temperatures for the melted population of sea ice parcels exceeded those of the surviving population for every year of study by an average of 1.8     ∘   C. This gap in mean temperatures persisted until the melt season, during which the ice surface is uniformly at its melting temperature. The warmer IST for melted parcels is likely due to the melted population having lower average latitudes, which typically exhibit higher spring temperatures due to greater downwelling shortwave flux and/or advection of warm air masses [45,46].




4.3. Ice Thickness


Mean weekly sea ice thickness for the melted and surviving parcel populations were obtained from the the Pan-Arctic Ice-Ocean Modeling and Assimilation System (PIOMAS) for years 2009–2016 (Figure 6) [30,31]. Parcels that survived a melt season were 0.5 m thicker on average than their melted counterparts in a given study year. Thicker sea ice parcels should be more likely to survive the melt season due to the larger mass of ice that must be melted to bring the sea ice parcel to the melted threshold of 15%, and their greater ability to resist breakup during collisions. In 2009, we observe an increase in mean thickness for melted parcels near the end of the study period. This is due to a smaller population of thicker parcels surviving at that point in the year.




4.4. Mean Latitudes


The mean latitudes of the sea ice parcels, which are shown in Figure 7, had a strong influence on the probability of survival in all years of study. Surviving parcels were typically 2–3    ∘    higher in latitude than melted parcels prior to the onset of melt. As the melt season progressed, the mean latitude of melted parcels progresses northward with the retreating ice edge, but this is a typical seasonal pattern of ice retreat.




4.5. Downwelling Radiative Fluxes


Downwelling shortwave and longwave radiative fluxes were obtained from the APP-x dataset [19]. Mean downwelling shortwave radiative fluxes for melted and surviving parcels were very similar for all years in the study period (Figure 8). The melted population typically received 10–15 W/m    2    more downwelling shortwave flux during the first part of the year, but after Week 20 the surviving population received up to 20 W/m    2    more downwelling flux. Mean downwelling longwave radiative fluxes were also very similar for both the surviving and melted parcels, with periods of up to 10 W/m    2    greater downwelling flux for the melted parcel population (Figure 9). The relationship of greater downwelling longwave flux for melted parcels typically held during later parts of the study years.




4.6. Surface Albedos


The mean APP-x [19] albedos of the melted and surviving parcels in this study are shown in Figure 10. The albedos in the melted populations were lower than the surviving parcel population means, which led to greater energy input for equal radiative forcing at the surface in the melted population. The mean difference was typically 0.1, which represents a significant difference in available shortwave radiation during the melt season.




4.7. Pearson Correlations between Major Variables and Concentration Change


Pearson correlations were calculated to explore the linear relationship between the major thermodynamic variables discussed above, and the change in sea ice parcel concentration obtained from SSMI/SSMI-S [27] for the overall sample population in each year (Table 3). Due to the use of total change in parcel concentration as the variable to compare against, positive correlations imply that an increase in the variable will lead to an increase in melt rate, while negative correlations imply that an increase in the variable will lead to a decrease in melt rate.





5. Results for Parcels with Coincident Operation IceBridge Data


The Operation IceBridge data analyzed in this study were comprised of twenty-six separate flights over the Beaufort Sea study region during the analysis period. Files containing coincident data for a given week were combined to form weekly observation files for use in computing mean surface conditions for each year (Table 4). The year 2009 featured one week of data, while the years 2010–2016 each had two weeks of data to use as a point of comparison (Table 2). These data provided initial values for parcels prior to the onset of melt.



Ice surface temperature measurements from Operation IceBridge were available in the region of study for all observation years except 2009, 2011, and 2016 [35]. These data showed an average IST difference between melting and surviving populations of 5.8     ∘   C. The relationship of higher average temperatures for melted parcels as compared to surviving parcels held for all years in this analysis. This relationship is also present in the satellite IST means for this subset of parcels. These results match those described in the previous section, where the population of melted parcels endured higher surface temperatures than the surviving population during the spring. IST can change quickly from day to day however, so these results are limited due to their sparse sampling.



Snow depth was also considered in this analysis, as its higher albedo and negative heat flux contribution can help prevent the loss of an ice parcel by delaying melt [47]. Snow depths were greater in the surviving sea ice parcel population for all years except 2010 and 2016. Outside of years 2010 and 2016, the surviving parcels possessed an average of 5 cm greater snow depths than their melted counterparts.



Results from Operation IceBridge ice thickness estimates and PIOMAS model thicknesses yield contrasting results. In the IceBridge data, the melted parcels had an average of 27 cm greater mean ice thickness than surviving parcels in 2009, while melted parcels in 2010 and 2012 were an average of 4.5 cm thicker than surviving parcels. In 2014, the average thickness of surviving parcels exceeded that of melted parcels by 48 cm, and surviving parcels were an average of 10.5 cm thicker than melted parcels in 2015 and 2016. Coincident PIOMAS thickness data for these parcels indicate that surviving parcels were thicker in every year by an average of 30 cm.



IceBridge concentration data for all years in which they were available indicate that sea ice parcels in both populations were near 100% sea ice concentration. SSMI sea ice concentrations along the flight tracks were also at or near 100%. While lower ice concentrations are possible in some regions during the spring, there weren’t parcels lower then 100% present in the IceBridge estimates used in this study.




6. Discussion


For the satellite data studied from 2009–2016, we observe that albedo exhibited the strongest negative Pearson correlation with change in ice concentration. This is likely a result of the ice albedo feedback [48,49]. The downwelling longwave radiative flux had the highest positive Pearson correlation with change in ice concentration. These results agree well with other studies that have found that greater downwelling longwave radiation in the spring, and other linked processes, contribute to earlier melt onset and lower end of season ice extent [50,51,52]. We note that downwelling shortwave flux correlated negatively with change in ice concentration, but this is likely due to the observed seasonal decline in downwelling shortwave radiation (Figure 8) while melt continues at the end of the melt season [46]. Other studies have suggested that longwave radiation anomalies have a greater impact on melt onset, while shortwave radiation anomalies act as an amplifying feedback once melt has started [51].



We observe that melted out parcels are located at lower latitudes and are thinner than surviving ice parcels prior to the onset of melt. These parcels are more likely to break up due to their lower ice thickness, which further contributes to their extinction due to increased lateral melt from the surrounding ocean [53]. We also observe that first year ice comprised the majority of melted ice in all years except 2009. The predominance of younger ice in the melted population is linked to the thickness of the ice, as older parcels are generally thicker than younger ones [12].



For the subset of parcels that had IceBridge data available during 2009–2016, we observe that spring snow depth may influence the survival of ice parcels in the Beaufort Sea, but these results are inconclusive. Sea ice parcels that survived a summer melt season had an average of 5 cm of additional snow cover when compared against those that did not survive the melt season. Snow depth data from two of the study years exhibited greater average snow depth for the melted parcel population however, so there isn’t conclusive evidence that snow depth directly contributes to survival. The potential importance of snow is linked with our previous discussion of albedo, as snow on the sea ice surface helps to delay melt onset by protecting the ice from further energy input through its higher albedo [47,54]. This is limited to the summer melt season however, as snow can dampen sea ice growth during the fall and winter seasons [55].



We observe that IceBridge parcels had mixed results for parcel ice thickness throughout the study period, with half of the years exhibiting greater mean ice thickness in the melted population. The mean latitude of melted parcels was     2.5 ∘     lower than that of the surviving parcels, which may have contributed to the extinction of thicker parcels during years in which mean thicknesses in the melted population exceeded those of the survivors. PIOMAS model data for these parcels show that surviving parcels were thicker than melted parcels in all study years. The reported uncertainties for PIOMAS model thicknesses and IceBridge thickness estimates were similar for this study. The difference between the IceBridge and PIOMAS results may be a result of the smaller 40 m footprint of IceBridge observations as compared to the 12.5 km PIOMAS values. This difference in sampling size causes IceBridge tracks to report thicknesses for a much smaller region of ice as compared to the PIOMAS averages over entire EASE-Grid cells, which could lead to the mixed results that we observe for IceBridge thicknesses.



We note that, while this study has demonstrated the use of Lagrangian tracks to study sea ice parcel histories in a region of interest, its results are limited by several key factors. This analysis excludes ocean surface temperatures under the ice, which are an important factor during the melt season [56]. Dynamic variables such as surface winds and their impact on the deformation and further breakup of sea ice were also not considered. In addition, the variables considered in this work, such as snow cover and albedo, are not independent [57], and there are other factors that influence the extinction of ice in the Beaufort Sea. The results from this study do suggest that albedo, initial latitude, and thickness are the strongest predictors of ice survival for the variables studied. Results for snow are less conclusive, but snow on sea ice is an ongoing area of study [47,55,58,59]. Future sources of snow data should help to further clarify its influence on the survival of sea ice parcels in the Beaufort Sea.




7. Conclusions


Major variables influencing the survival of sea ice in the Beaufort Sea during 2009–2016 have been considered through the combined use of a Lagrangian tracking database of sea ice parcels and coincident Operation IceBridge airborne observations. The parcels have been sorted into melted and survived categories, and their weekly average values of IST, albedo, latitude, and downwelling longwave/shortwave radiation have been compared against weekly concentration change. Additional average values of snow depth, thickness, IST, and concentrations estimates from NASA’s Operation IceBridge flights during the spring have also been compared.



The results of this study indicate that albedo appears to linearly correlate most with percent change in sea ice concentration, and thus survival, of sea ice parcels in the Beaufort Sea. Parcels that survived the summer melt had consistently higher initial albedos than those that melted. The Pearson correlation between albedo and change in concentration was found to have the strongest negative correlation of the variables studied, while downwelling longwave radiative flux was most positively correlated with change in concentration.



We also observe that melted parcels were located at lower latitudes earlier in the year, and were thinner than their surviving counterparts. This led to earlier reduction in sea ice concentration that likely contributed to the extinction of these sea ice parcels. Melted parcels with coincident IceBridge data were located at lower latitudes than surviving parcels, but there were several years in which melted parcels had greater mean ice thickness. This is in contrast with PIOMAS model data along the flight tracks, which exhibit greater mean thicknesses for surviving parcels in all years. We conclude that the disagreement between the IceBridge and PIOMAS data is likely due to the limited footprint of the IceBridge observations, which can misrepresent the overall thickness of a 12.5 km EASE-Grid cell due to sampling limitations. Results from IceBridge snow radar estimates are inconclusive, as melted and surviving parcels did not exclusively exhibit higher or lower depths in all cases.



Additional research with more sources of snow data throughout the spring are warranted. The inclusion of more thermodynamic and dynamic data sources to this analysis would also help provide context for possible breakup of ice and input of additional energy at the surface and from the underlying ocean. The use of statistical learning techniques on the Lagrangian tracking data utilized in this study may also be of future interest for addressing these relationships.
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	APP-x
	Extended AVHRR Polar Pathfinder



	ATM
	Airborne Topographic Mapper



	DMS
	Digital Mapping Sensor



	EASE
	Equal-Area Scalable Earth



	GOCC
	Generalized Orthogonal Curvilinear Coordinate



	IST
	Ice surface temperature



	LW
	Longwave Radiation



	MODIS
	Moderate Resolution Imaging Spectroradiometer



	NSIDC
	National Snow and Ice Data Center



	PIOMAS
	Pan-Arctic Ice Ocean Modeling and Assimilation System



	SSM/I
	Special Sensor Microwave Imager



	SSMIS
	Special Sensor Microwave Imager/Sounder



	SW
	Shortwave Radiation
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Figure 1. Beaufort Sea Study Region Shaded in Black. 






Figure 1. Beaufort Sea Study Region Shaded in Black.



[image: Remotesensing 10 00267 g001]







[image: Remotesensing 10 00267 g002] 





Figure 2. Example plots of four studied variables for melted (red) and surviving (black) parcels during 2009. Dotted lines indicate one standard deviation away from the main curve. 
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Figure 3. Operation IceBridge flight track sections utilized for 2009–2016. 
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Figure 4. Percent of population in age categories 1–5+ years for surviving (black) and melted (red) ice parcels in the Beaufort Sea during 2009–2016. 
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Figure 5. Ice Surface Temperature trends for melted (red) and surviving (black) parcels during 2009–2016. 
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Figure 6. PIOMAS model ice thickness of melted (red) and surviving (black) sea ice parcels during 2009–2016. 
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Figure 7. Mean latitudes of sea ice parcel populations during 2009–2016. Melted parcels are shown in red, surviving parcels are shown in black. 
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Figure 8. Mean downwelling shortwave radiation in W/m    2    for surviving (black) and melted (red) parcels during 2009–2016. 
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Figure 9. Mean downwelling longwave radiation in W/m    2    for surviving (black) and melted (red) parcels during 2009–2016. 
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Figure 10. Mean albedo for melted (red) and surviving (black) parcels during 2009–2016. 
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Table 1. Number of melted and surviving parcels analyzed for each year of study.






Table 1. Number of melted and surviving parcels analyzed for each year of study.





	Year
	Surviving Parcels
	Melted Parcels
	Total





	2009
	967
	1204
	2171



	2010
	94
	1116
	1210



	2011
	583
	1776
	2359



	2012
	394
	1809
	2203



	2013
	946
	1263
	2209



	2014
	982
	934
	1916



	2015
	636
	1966
	2602



	2016
	518
	1421
	1939










 





Table 2. Weeks of IceBridge data for years 2009–2016.
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	Year
	Flights Over Beaufort Sea
	Week(s) Covered





	2009
	2
	14



	2010
	3
	14 and 16



	2011
	2
	11 and 12



	2012
	3
	11 and 12



	2013
	2
	12 and 13



	2014
	6
	11 and 12



	2015
	5
	13 and 14



	2016
	3
	16 and 17










 





Table 3. Pearson correlations between studied variables and total change in concentration for 2009–2016. Values with p > 0.05 are shown in red.
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	Variable
	2009
	2010
	2011
	2012
	2013
	2014
	2015
	2016





	Temperature
	0.60
	0.61
	0.65
	0.47
	0.47
	0.51
	0.76
	0.69



	Latitude
	0.39
	0.31
	0.52
	0.29
	0.24
	0.38
	−0.18
	−0.66



	Downwelling LW
	0.68
	0.71
	0.77
	0.72
	0.53
	0.77
	0.84
	0.95



	Downwelling SW
	−0.67
	−0.71
	−0.28
	−0.26
	−0.39
	−0.15
	−0.10
	−0.82



	Thickness
	−0.75
	−0.95
	−0.64
	−0.69
	−0.74
	−0.69
	−0.64
	−0.91



	Albedo
	−0.93
	−0.91
	−0.93
	−0.85
	−0.84
	−0.84
	−0.87
	−0.89










 





Table 4. Mean Operation IceBridge and satellite derived spring surface conditions of melted (red) and surviving (black) ice parcels.






Table 4. Mean Operation IceBridge and satellite derived spring surface conditions of melted (red) and surviving (black) ice parcels.





	
Variable

	
Source

	
2009

	
2010

	
2011

	
2012

	
2013

	
2014

	
2015

	
2016






	
Latitude (deg)

	
OIB

	
71.98

	
75.36

	
73.67

	
74.38

	
72.21

	
72.55

	
73.34

	
73.92




	
Latitude (deg)

	
OIB

	
75.73

	
77.08

	
76.05

	
76.78

	
74.07

	
75.34

	
76.27

	
76.08




	
IST (C)

	
OIB

	
−10.94

	

	
−33.48

	
−21.11

	
−21.16

	
−21.49

	




	
IST (C)

	
OIB

	
−21.29

	

	
−35.69

	
−25.88

	
−26.24

	
−28.18

	




	
IST (C)

	
MODIS

	
−29.23

	
−21.03

	
−29.64

	
−33.43

	
−22.91

	
−22.90

	
−22.19

	
−15.89




	
IST (C)

	
MODIS

	
−33.06

	
−21.78

	
−32.03

	
−34.89

	
−25.95

	
−27.01

	
−26.54

	
−18.11




	
Snow Depth (cm)

	
OIB

	
29

	
27

	
14

	
16

	
13

	
13

	
22

	
16




	
Snow Depth (cm)

	
OIB

	
33

	
24

	
16

	
18

	
25

	
18

	
28

	
11




	
Thickness (m)

	
OIB

	
2.66

	
2.99

	
2.00

	
2.32

	
1.13

	
1.957

	
2.59

	
2.36




	
Thickness (m)

	
OIB

	
2.39

	
2.95

	

	
2.27

	

	
2.44

	
3.48

	
2.46




	
Thickness (m)

	
PIOMAS

	
2.17

	
2.30

	
2.44

	
2.60

	
1.77

	
1.99

	
2.29

	
1.86




	
Thickness (m)

	
PIOMAS

	
2.46

	
2.51

	
2.71

	
2.89

	
1.80

	
2.51

	
3.00

	
2.00












© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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