
1. Introduction
Synoptic-scale storms play important roles in modulating turbulent heat, moisture, and momentum ex-
changes between the atmosphere, sea ice, and ocean, and driving transient energy and water transport (e.g., 
Hoskins & Hodges, 2002; X. Zhang et al., 2004; X. Zhang et al., 2013; Vihma et al., 2016; Villamil-Otero 
et al., 2018). Studies have suggested a poleward shift of storm tracks and intensification of Arctic storm ac-
tivities, though the changes in different storm characteristics are regionally and seasonally dependent (e.g., 
X. Zhang et al., 2004; Yin, 2005; Serreze & Barrett, 2008; Simmonds et al., 2008). Superimposed on the long-
term changes, intense storms have been more frequently observed in the Arctic Ocean during recent years 
(Inoue et al., 2011; Simmonds & Rudeva, 2012; Aizawa & Tanaka, 2016; Tao, Zhang, Fu, & Zhang, 2017; Tao, 
Zhang, & Zhang, 2017). These storms may enhance atmosphere-ice-ocean interactions and cumulatively 
contribute to accelerating Arctic climate change (Kim et al., 2017; Moore, 2016; Rinke et al., 2017; Semenov 
et al., 2019).

A number of studies have examined impacts of individual storms or integrated storm activities on various 
aspects of Arctic sea ice and ocean properties (e.g., Yang et al., 2001, 2004; X. Zhang et al., 2004; Pickart 
et al., 2009; J. Zhang et al., 2013; Kriegsmann & Brümmer, 2014; Wei et al., 2019; Semenov et al., 2019). 
Along with the recently amplified Arctic warming (e.g., Huang et al., 2017), drastically thinning ice has be-
come vulnerable to synoptic scale storms (e.g., Simmonds & Keay, 2009). The occurrence of the superstorm 
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in August 2012 and the record low sea ice extent in the following month inspired new interest in the ques-
tion about how individual intense storms influence sea ice physical processes, which, in turn, cause sea ice 
loss (e.g., Parkinson & Comiso, 2013; J. Zhang et al., 2013).

Despite this renewed interest, studies on the topic have been few and realistic measurements of storm im-
pacts have been hindered by the lack of in -situ observations in the Arctic Ocean. Another intense storm 
occurred in the summer 2016 and was followed by the third lowest minimum sea ice extent on record. In-
tense storms also consecutively entered the Arctic Ocean during the winters of 2015/2016 and 2016/2017, 
causing record warming events (Kim et al., 2017; Moore, 2016; Rinke et al., 2017), impacting surface energy 
budgets and, in turn, the underlying sea ice growth/melt. Fortunately, the Ice-Breaking Research Vessel 
(IBRV) Araon expedition captured the Arctic cyclone in August 2016. This provided a unique opportunity 
to analyze in situ observations within an active storm and gain a better understanding of the air-ice-ocean 
interactions that affect sea ice melt.

2. Data and Methodology
The in situ observations were acquired during the IBRV Araon expedition in the Chukchi and East Siberi-
an seas from 5 to 21 August 2016. The atmospheric parameters collected included temperature, humidity, 
pressure, downward shortwave and longwave radiative fluxes, and wind. The wind was measured at the 
33 m, which was then converted to the standard 10 m height in this study. Visible sky images were taken by 
an all-sky camera at 15-min intervals to provide cloud information. The sea ice surface temperatures and 
velocities were obtained from the ice mass balance buoy deployed approximately at (78°N, 177 W) dur-
ing August 14–15, 2016. Ocean temperature, salinity, and pressure were observed using a Seabird 911 plus 
Conductivity-Temperature-Depth (CTD) instrument. We applied an empirical correction to the tempera-
ture and salinity profiles using the previous years’ CTD measurements in the same area (the plus signs in 
Figure S1) to minimize the influence of slightly different locations of the CTD deployments (Text S1). With 
the available observations, we estimated the unobserved components of surface energy budgets (Text S2). 
Ocean currents measured at the CTD locations by a Lowered Acoustic Doppler Current Profiler (LADCP, 
RDI, 300 kHz) were used to diagnose Ekman transport based on the method in Cole et al. (2017; Text S3).

We also used the fifth generation of the European Center for Medium-Range Weather Forecasts (ECMWF) 
atmospheric reanalysis hourly data at a spatial resolution of 31 km (ERA5; Hersbach et al., 2020). The varia-
bles include sea level pressure (SLP), 850 hPa geopotential height, 2 m and 850 hPa temperature, net surface 
shortwave and net longwave radiative fluxes, and sensible and latent heat fluxes. The SLP data were used 
to detect the intense storm with a storm identification and tracking algorithm (X. Zhang et al., 2004). The 
daily Bootstrap sea ice concentration (SIC) at a spatial resolution of about 25 km (Comiso, 2017) was used 
to analyze the overall variation of sea ice extent. An additional SIC data product at a higher resolution of 
6.25 km (Spreen et al., 2008) was employed to detect finer-scale changes of sea ice during the storm process. 
The polar pathfinder daily 25 km EAST-grid sea ice motion vectors (version 3) were also used for evaluating 
possible sea ice dynamic influence (Tschudi et al., 2016).

3. Synoptic Analysis of the Storm
The intense storm originated from the Barents Sea (Figures 1a–1f). At 00 UTC on August 13, 2016, a weak 
low-pressure center emerged near Novaya Zemlya, and a prior storm with moderate intensity existed over 
the central Arctic Ocean. The low-pressure quickly intensified when moving eastward through the Eurasian 
shelf seas and finally northeastward into the central Arctic Ocean. During this process, a merging with the 
existing storm in the central Arctic Ocean considerably contributed to its intensification. At 00 UTC on Au-
gust 16, the storm developed to its mature phase with a central surface pressure of 967 hPa. Afterward, the 
storm entered the weakening phase. Meanwhile, another low-pressure center that underwent cyclogenesis 
in the Chukchi Sea coast traveled northeastward and merged with the intense storm, which sustained the 
storm’s intensity over an extended period. A brief examination of the storm development indicates that, 
during the merging and resultant restrengthening processes, the baroclinic instability associated with the 
surface thermal contrast and an amplified upper-level Rossby wave extending into the Arctic is responsible 
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for the intensification of the storm in the early phase. The downward intrusion of the stratospheric vortex 
with its resulting warm core near the tropopause further intensified the storm and played primary driv-
ing role in the storm persistence, which enhanced positive vorticity advection and upper-level divergence. 
These specific structures and mechanisms are consistent in the findings of the existing Arctic cyclone stud-
ies (e.g., Simmonds & Rudeva, 2012; Aizawa & Tanaka, 2016; Tao, Zhang, Fu, & Zhang, 2017; Tao, Zhang, & 
Zhang, 2017; Yamagami et al., 2017).

The surface observations onboard Araon in the Chukchi Sea (star symbol in Figure 1) captured the surface 
pressure decrease with a minimum of 983 hPa on August 15, when the storm approached the ship and 
developed into its mature phase (Figure 1g). The ship observations then showed a weakening of the storm 
after 16 August. During August 18–19, the surface pressure decreased again to reach its second low value 
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Figure 1. Geopotential height (black contours) and air temperature (color shading) at 850 hPa (a–f) using ERA5. The magenta line shows the storm track. 
The black dot along the track displays the storm centers. The thin magenta line shows the track of the low-pressure born in the Chukchi Sea. The black star 
indicates Araon’s locations. The blue dash line highlights the study domain. (g) The time series of the surface pressure (black line), temperature (red line), and 
wind speed (green line) observed onboard Araon.
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when the storm merged with a new low-pressure system coming from and generated in the Chukchi Sea. 
The observed temperature demonstrated a large decrease from 14 to 15 August due to cold air advection 
when the storm became closer to Araon and intensified, and a follow-up increase and fluctuations due to 
a time-varying intrusion of warm air to the north associated with the time evolution of the storm and the 
merging process with the low-pressure from the Chukchi Sea.

4. Accelerated Sea Ice Decrease Associated With the Storm
To examine sea ice changes associated with the storm, we defined a study domain from 72 N to 82 N and 
from 158 E to o148 W (the blue-dashed box in Figure 1). This domain was defined to be large enough to cov-
er a relatively complete section of pack ice and small enough to be approximately represented by the in situ 
observations. The SICs and sea ice area (SIA) within the domain show an obvious decrease throughout the 
storm’s lifetime (Figures 2a–2f). A considerably large SIC decrease occurred along the western edge since 
August 16, while the eastern edge only shows a slight westward retreat. Another large decrease appeared 
around the two open leads within the pack ice.

For a better understanding of the total sea ice changes, we constructed daily SIA anomalies in August for 
each year from 2010 to 2016, relative to the multiyear-mean daily SIA during the same period. We then 
used the SIA on 1 August to standardize the anomaly time series to reveal SIA changes with the minimized 
influence of different initial conditions by years. A comparison of the SIA anomalies indicates that chang-
es in SIAs in August 2012 and 2016 drastically departed from the multiyear-mean track after the first five 
days, leading to the negative anomalies lower than the 25th percentile of multiyear-mean distribution (Fig-
ure 2g). Especially, the sea ice anomalies in 2012 reached the minimum value on each day among the range 
of sea ice anomalies from 2010–2016 all the way throughout the end of August. Note that a superstorm 
occurred during August 2–14 of 2012 (Simmonds & Rudeva, 2012), which was obviously responsible for the 
large negative SIA anomalies and could contribute to the record low SIA in September, though continuing 
studies are needed to reach an agreement (Parkinson & Comiso, 2013; J. Zhang et al., 2013).

The trajectory of SIA decrease in August 2016 was similar to that in August 2012 though the magnitude of 
the anomalies was smaller with the exception of the last five days of the study period. The decreasing rate 
was larger than its multiyear-mean value during August 13–22 but considerably accelerated during August 
14–17 along with the storm intensification (Figure 2h). The maximum SIA decreasing rate was about 5.7 
times larger than the multiyear-mean rate of 0.016 km2 day−1 on August 16 when the storm reached its 
strongest phase. As a consequence, the SIA decreases in the study domain disproportionally contributed to 
about 43% of total SIA decrease in the entire Arctic Ocean, though the SIA in the study domain accounted 
for only about 14% of the total SIA.

5. Energy Budgets Analysis for Accelerated Sea Ice Decrease
To examine mechanisms for the accelerated SIA decrease, we quantitatively analyzed the energy budgets 
over the study domain. Although the westerly winds associated with the storm blew over the study domain, 
the pack ice was persistently limited within this domain and did not exhibit evident movement as a whole 
(Figure 2). The major changes in sea ice were characterized by the western and eastern ice edges shrinking 
toward the center of the pack ice and the enlarged opening within the pack ice. The sea ice dynamic effects 
mainly became an internal process within the study domain. The enhanced day-by-day, overall decrease 
in SIC for the whole pack ice, in particular after the drastic storm intensification, may also suggest that 
thermodynamically forced sea ice decrease dominated in the study domain, even if there were dynamically 
forced sea ice changes (e.g., deformation and fragmentation) within the domain that may enhance or weak-
en thermodynamic processes. To further confirm this, we employed sea ice motion and sea ice concentra-
tion dataset to calculate the sea ice area outflow across the boundaries of the study domain. We found that 
the mean sea ice area outflow rate (−4,274.2 km2 day−1) is only about 14.4% of the domain-mean sea ice area 
decreasing rate (−29,785.3 km2 day−1). We, therefore, focused on the sea ice energy budget analysis here.
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The net surface shortwave radiative flux FSW (positive downward; weighted by sea ice and open water areas 
(e.g., Zhang & Zhang, 2001); the same for the net surface longwave radiative flux FLW, sensible heat flux FS 
and latent heat flux FL) dominated throughout the study period (Figure 3a). It ranged from about 40 W m−2 
to 120 W m−2, considerably larger than other energy flux terms. FSW became generally smaller during Au-
gust 13–19 when the storm influenced the study domain. In particular, FSW reached a minimum on August 
15 along with the drastic storm intensification. Further analysis indicated that FSW decrease was mainly 
caused by the reduced downward shortwave radiation. Images from the upward-looking sky camera show 

PENG ET AL.

10.1029/2021GL092714

5 of 10

Figure 2. (a) Sea ice concentration (SIC) on August 13. The differences of SIC from (a) on (b) August 14, (c) August 16, 
(d) August 17, (e) August 18, and (f) August 19. The high-resolution SIC data display spatial distribution in gray in (a) 
and in color in (b)–(f). The Bootstrap SIC data show the ice edge in red. The thick dashed red line marks the southern 
boundary of the study domain. The selected CTD deployment locations on August 16 and 19 are respectively marked 
with A and B in (c) and C and D in (f). (g) The boxplot (showing the median, first and third quartiles, and maximum 
and minimum) of sea ice area (SIA) anomalies in August from 2010 to 2016, which is superimposed by the time series 
of the anomalies in August of 2012 (blue) and 2016 (red). (h) The ratio of SIA decreasing rate from 13 to 21 August 
between 2016 and the time-mean during 2010–2016.
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that the reduced downward shortwave radiation was due to an increase 
in cloud cover (Figure 3c). FSW largely increased following the storm dis-
sipation as the clear sky prevailed after August 19. The decrease in SIC 
also contributed to the FSW increase due to decreased surface albedo and 
upward shortwave radiation.

FLW, FS, and FL were generally negative, except the small positive values 
of FS on August 15 and 16 when storm-generated warm air advection 
occurred in the study area. Since August 17, FLW and FL showed an in-
crease in magnitude with time, though FS was smaller. The increasing 
heat loss with time can be attributed to a combination of several contrib-
uting factors. One is the warmer sea ice surface temperature compared 
to the air temperature. The air temperatures generally dropped down to 
about −2.0°C at the observation site during August 17–21 (Figure  1g); 
whereas, the ice mass balance buoy observed an average temperature of 
−0.55°C over the same period. Also, the near-surface ocean temperature 
measured by CTD was around −1.2°C. The differences between sea ice/
ocean and air increased vertical gradients of temperature and humidity 
as well as decreased near-surface boundary layer stability, leading to an 
increased upward turbulent heat flux. The vertical temperature differenc-
es were also manifested by the decreased downward longwave radiation 
measured onboard Araon.

As a result, the net total surface heat flux demonstrated positive values, 
predominantly determined by the net shortwave radiation, with an obvi-
ous decrease during the August 13–14 period when the storm intensified. 
The two minimum values on August 14 and 18 were ascribed to relative-
ly large heat loss by the combined negative net longwave radiation and 
turbulent heat fluxes due to cold surface air temperatures and decreased 
cloudiness (Figures 1g and 3c). In addition, we have also analyzed the 
domain-averaged energy budgets from ERA5, which show good agree-
ment with the results above (Figure 3a). This demonstrates the robust-
ness of the energy budget analysis using the in situ observations and its 
representation of the study domain.

The conventional energy budget analysis above for the blended sea ice 
and open water surfaces indicates an overall surface energy gain. Howev-
er, further analysis on the partitioning of the total heat energy into the sea 
ice and open water surfaces separately shows a large heat loss from the 
sea ice surface despite a slight heat gain on August 13 and 15 (Figure 3b). 
The largest heat loss at sea ice surface occurred on August 19 when the 
combined negative FLW and FL became relatively large, but the positive 

FSW had not greatly increased due to cloud cover. This suggests that changes in the sea ice surface heat 
budgets did not contribute to the observed acceleration of sea ice decrease during storm passage (Figure 2). 
Nevertheless, the open water surface in the domain gained heat due to the increased net total heat flux 
(Figure 3a) and decreased SIC (Figure 2), which may have contributed to an increase in mixed layer ocean 
temperature and heat content and, in turn, basal sea ice melt.

To understand the role of ocean temperature change in sea ice bottom melt, we estimated oceanic heat flux 
Fio, (i.e., turbulent heat flux from the ocean to the bottom of sea ice; McPhee, 1992) using CTD measure-
ments. The CTD was deployed from the Araon. We selected two groups of the available CTD measurements 
(Group 1: A and B in Figure 2c; Group 2: C and D in Figure 2f) for estimating Fio. The result shows an 
increase in surface mixed layer (SML) temperature (an average above 20 m, seeing discussions in the next 
section) by 0.05°C (0.05°C above salinity-dependent freezing points) from 06 UTC to 19 UTC on 16 August 
and 0.12°C (0.11°C above salinity-dependent freezing pints) from 02 UTC to 11 UTC on 19 August (A vs. 
B and C vs. D) (SI Table S1). Correspondingly, Fio largely increased from 98.5  37.2 W m−2 at 06 UTC to 
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Figure 3. (a) Daily averaged net surface shortwave radiative flux (FSW), 
net longwave radiative flux (FLW), sensible heat flux (FS), latent heat flux 
(FL), and net total surface flux for the blended sea ice and open water 
surface. The plus signs show the daily- and domain-averaged fluxes 
using ERA5. (b) Net total energy into the open water (red) and sea ice 
(blue) surfaces. (c) All-sky camera images showing cloud conditions. The 
numbers at the bottom-right corner indicate the days in August 2016. The 
image on August 18 is not shown because its similarity to those on August.
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102.1  38.6 W m−2 19 UTC on August 16 and 148.1  56.1 W m−2 at 02 
UTC to 206.0  78.1 Wm−2 at 11 UTC on 19 August. During the summer 
season, conductive heat flux is negligible and Fio is predominantly used 
for sea ice bottom melt. Following Steele and Ermold (2015), the sea ice 
bottom melt rate was estimated to increase from 2.83 ± 1.07 cm day−1 to 
2.93 ± 1.11 cm day−1 on August 16 and from 4.25  1.61 cm day−1 to 5.91 
 2.24 cm day−1 on August 19. Consequently, the sea ice melt in the study 
domain could be solely attributed to the increased oceanic heat flux con-
sidering the net heat energy loss at the sea ice surface.

Now, another question emerges: Is the absorbed heat energy by the 
open water surface from the atmosphere the only source for the SML 
warming? To answer this question, we estimated the possible SML tem-
perature changes caused by the net energy input from the open water 
surface for the two periods corresponding to the deployment times in 
each of the two CTD groups. We found an increase of 0.0076°C on 16 
August and 0.0063°C on August 19 in SML temperature, which is much 
smaller than the changes in the CTD measured SML temperatures (Ta-
ble S1). Therefore, we need to identify other sources in the ocean, which 
we hypothesized would be from changing ocean dynamics driven by 
the storm.

6. Role of Storm-Forced Changes in Ocean Dynamics
To identify heat source in the ocean and examine its role in increasing 
SML temperature and accelerating sea ice melt, we analyzed the verti-
cal profiles of temperature and salinity measured by the two groups of 
CTDs. We also conducted a diagnostic analysis of mixed layer depth and 
Ekman dynamics associated with the winds observed onboard Araon 
(Text S3).

The temperature and salinity profiles show nearly constant from the surface down to 20–25 m (Figure 4). 
This depth is consistent with the diagnosed mixed layer depth, which is defined as the level where the 
potential density relative to 0  dbar exceeds its value at the shallowest level by 0.1  kg m−3 (e.g., Toole 
et al., 2010). This suggests a dynamic role of the storm in the upper ocean mixing process. The storm 
drastically intensified from 15-16 August, and the observed in situ wind speed increased accordingly (Fig-
ure 1). The stronger wind generated deeper mixed layer depth than the multiyear composite means and 
previous climatological estimates in the region (e.g., Peralta-Ferriz & Woodgate, 2015). The small decrease 
in the mixed layer depth from 06 UTC to 19 UTC on August 16 could be attributed to the slight weakening 
of winds (Figure 1g). Restratification from the increased basal sea ice melt might also have a contribution. 
Similarly, a deeper mixed layer depth also occurred on 19 August along with the largely increased wind 
speed during the same period when the storm reenergized due to the merging process with a new low 
pressure originating from the Chukchi Sea as discussed above (Figure 1). Nevertheless, the mixed layer 
depth also showed a decrease from 02 UTC to 11 UTC, which can be explained by the changes in the 
salinity profile below.

Consistent warming of SML occurred on both 16 and 19 August. In contrast, the maximum warm tempera-
tures from 30 to 70 m in Group 1 and 50–80 m in Group 2 largely decreased, indicating a large cooling of the 
Pacific-origin warm water. Meanwhile, an increase in temperature occurred in the layer just beneath SML 
and above the Pacific-origin warm water layer from 20 to 30 m in Group 1 and 40–50 m in Group 2. These 
can be ascribed to the storm-induced changes in ocean dynamics. According to Figure 4, the diagnosed 
Ekman transport shows a clockwise spiral vertically. Considering that the CTDs were deployed to the south 
of the storm center, the Ekman transport diverged ocean water within the Ekman layer from the northern 
Chukchi-Beaufort seas, but simultaneously caused convergences underneath. The resulting Ekman pump-
ing led to vertical heat transport into SML and an elevation of the Pacific warm water layer, weakening 
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Figure 4. (a) Profiles of the temperature-above-freezing-point and salinity 
from the CTDs and the diagnosed corresponding Ekman transport and 
mixed layer depths at 06 UTC and 19 UTC (denoted by A and B) on August 
16, 2016. (b) The same as (a) but for 02 UTC and 11 UTC (denoted by C 
and D) on August 19, 2016. The locations of A-D are shown in Figure 2. 
The dashed lines show the original profiles at A and (c) The solid orange 
and light blue lines represent the corrected profiles at A and C relative to B 
and D shown by the solid red and blue lines. The thick black arrow at the 
surface indicates the surface ocean velocity, and the thin black and brown 
arrows at each vertical level represent the Ekman velocity with scales 
shown at the bottom of (a) and (b). The gray shaded planes represent the 
mixed layer depths.
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the original Pacific warm water layer. A further analysis of surface wind stress curl using the ERA5 data 
suggests a dominant upward motion in the study domain (Figure S2). This supports the theoretical analysis 
here based on the ship observation. The larger wind speed resulted in a deeper mixed layer depth and a 
shallower Pacific water layer on August 19 compared with that on August 16. During this process, enhanced 
mixing would have occurred across different water mass between the SML, halocline, and Pacific warm 
water, leading to a deeper and well-mixed SML.

Also, the Ekman transport was in the opposite direction to the climatologically westward to northwestward 
currents along the shelf break, reducing the Pacific-origin warm water inflow into the study domain. This 
would further suggest that the combined impacts of the upward Ekman pumping and enhanced SML mix-
ing (including entraining process with diapycnal mixing) largely contributed to the observed SML warming.

Accompanying the SML warming, slight salinization occurred in Group 1 on August 16. This could also 
be attributed to the upward Ekman transport of and mixing with the underneath saltier Pacific-origin wa-
ter when the sea ice melting water had not been enough to dominate the SML. However, the accelerated 
sea ice melt on August 19 diluted the saltier water by the Ekman pumping, leading to a freshening SML 
(Figure  4b). At the same time, the enhanced Ekman upwelling advected a larger amount of the saltier 
Pacific-origin water to the bottom of the SML as shown by the salinization between 50 and 20 m in the 
salinity profiles in Figure 4b. Taken together, a shallowing of the mixed layer depth and a strengthening of 
stratification of the halocline occurred as mentioned above.

7. Discussion and Summary
We employed in situ observations to quantitatively analyze changes in sea ice and underlying physical pro-
cess associated with an intense storm in mid-August 2016, which was followed by the third lowest sea ice 
extent on record. The results indicate that sea ice melt considerably accelerated during the process of the 
intense storm compared with climatology for recent decades. The result of the diagnostic analysis shows 
a net heat energy loss at the sea ice surface, which did not support the observed acceleration of sea ice 
melt. Although the open water surface gained net heat energy from the overlying atmosphere, it was not 
sufficient to increase SML temperature to CTD observed values. The upper ocean dynamic analysis using 
the in situ wind observational data suggests that the storm-induced Ekman pumping enhanced upward 
heat transports and caused the elevation of the Pacific-origin warm water layer. The wind stress curl anal-
ysis based on the ERA5 reanalysis for the entire study domain also provides an additional support for the 
enhanced Ekman-pumping. During this process, although the SML lost heat to melt sea ice, the combined 
heat input into the SML from the open water surface and deeper ocean layer exceeded this heat loss, leading 
to a warmed SML, which is manifested by the increase in the SML temperature measured by CTDs. Mean-
while, the increased ocean mixing results in a well-mixed, homogenously distributed warmer temperature 
in the SML. These dynamically driven processes predominantly contributed to an increase in oceanic heat 
flux and an enhanced basal sea ice melt.

This study reveals opposite net heat energy budgets at sea ice surface and open water surfaces and sug-
gests a leading role of dynamically-driven vertical ocean heat transport and upper ocean mixing in sea ice 
melt associated with an intense storm. The results and the associated in situ observations provide obser-
vational insight, facilitating evaluation and improvement of model simulations on the topic (e.g., J. Zhang 
et al., 2013; Semenov et al., 2019). Nevertheless, there are still existing uncertainties and open questions. 
In situ observations are continually deficient. This raises a grand challenge for better understanding of 
storm-induced changes in the Arctic system in different regions and seasons with different atmosphere, 
sea ice, and ocean states. More feedback processes need to be carefully examined with improved, high-res-
olution data and models. Especially, the observed changes in sea ice concentration include those caused 
by both dynamically forced opening and thermodynamically driven melt. The interactions of dynamic and 
thermodynamic processes in causing an overall sea ice melt have therefore been included in the heat energy 
budget analysis in this study. It is still interesting to further distinguish how each particular piece of sea ice 
is drifted to a warmer or colder area to accelerate or decelerate sea ice melt. But this needs high-resolution, 
spatially-well-covered data and beyond the scope of the current study, which would also be a follow-up 
research using a high-resolution model when available and realistic.

PENG ET AL.

10.1029/2021GL092714

8 of 10



Geophysical Research Letters

Data Availability Statement
The ERA5 data were obtained from the Copernicus Climate Change Service (C3S) Climate Data Store 
(https://cds.climate.copernicus.eu/) and the satellite sea ice concentration data were from the NSIDC 
(https://nsidc.org/). The Araon observations are available at the Korea Polar Data Center (https://kpdc.ko-
pri.re.kr) with the data DOIs https://dx.doi.org/doi:10.22663/KOPRI-KPDC-00001456.1 for the CTD data, 
https://dx.doi.org/doi:10.22663/KOPRI-KPDC-00001637.1 for the meteorological data, https://dx.doi.org/
doi:10.22663/KOPRI-KPDC-00001458.1 for the sea ice buoy data, and https://dx.doi.org/doi:10.22663/KO-
PRI-KPDC-00001634.1 for the LADCP data at the four CTD deployment sites.
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