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  Abstract        Arctic sea ice cover has decreased dramatically over the last three decades. This study 
quantifi es the sea ice concentration (SIC) trends in the Arctic Ocean over the period of 1979–2016 and 
analyzes their spatial and temporal variations. During each month the SIC trends are negative over the Arctic 
Ocean, wherein the largest (smallest) rate of decline found in September (March) is -0.48%/a (-0.10%/a). 
The summer (-0.42%/a) and autumn (-0.31%/a) seasons show faster decrease rates than those of winter 
(-0.12%/a) and spring (-0.20%/a) seasons. Regional variability is large in the annual SIC trend. The largest 
SIC trends are observed for the Kara (-0.60%/a) and Barents Seas (-0.54%/a), followed by the Chukchi 
Sea (-0.48%/a), East Siberian Sea (-0.43%/a), Laptev Sea (-0.38%/a), and Beaufort Sea (-0.36%/a). The 
annual SIC trend for the whole Arctic Ocean is -0.26%/a over the same period. Furthermore, the infl uences 
and feedbacks between the SIC and three climate indexes and three climatic parameters, including the 
Arctic Oscillation (AO), North Atlantic Oscillation (NAO), Dipole anomaly (DA), sea surface temperature 
(SST), surface air temperature (SAT), and surface wind (SW), are investigated. Statistically, sea ice provides 
memory for the Arctic climate system so that changes in SIC driven by the climate indices (AO, NAO and 
DA) can be felt during the ensuing seasons. Positive SST trends can cause greater SIC reductions, which is 
observed in the Greenland and Barents Seas during the autumn and winter. In contrast, the removal of sea 
ice (i.e., loss of the insulating layer) likely contributes to a colder sea surface (i.e., decreased SST), as is 
observed in northern Barents Sea. Decreasing SIC trends can lead to an in-phase enhancement of SAT, while 
SAT variations seem to have a lagged infl uence on SIC trends. SW plays an important role in the modulating 
SIC trends in two ways: by transporting moist and warm air that melts sea ice in peripheral seas (typically 
evident inthe Barents Sea) and by exporting sea ice out of the Arctic Ocean via passages into the Greenland 
and Barents Seas, including the Fram Strait, the passage between Svalbard and Franz Josef Land (S-FJL), 
and the passage between Franz Josef Land and Severnaya Zemlya (FJL-SZ). 

  Keyword : sea ice concentration (SIC); Arctic Ocean; surface air temperature (SAT); sea surface temperature 
(SST); surface wind (SW); interannual and decadal oscillation 

 1 INTRODUCTION 

 Sea ice is an essential component of the climate 
system at high latitudes (Laxon et al., 2013; Zhai et 
al., 2015). It infl uences the weather and climate 
patterns at both the regional and global scales 
(Heygster et al., 2012; Overland et al., 2015). It serves 
as a sensitive indicator for changes in the global 
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climate system and a diagnostic parameter for climate 
variations (Screen and Simmonds, 2010; Screen et al., 
2015; Liu et al., 2016a, b). Normally, the albedo of 
sea ice is greater than 0.6 while that of water ranges 
from 0 to 0.07 (Perovich et al., 2007; Kharbouche and 
Muller, 2017). Therefore, sea ice is an effi  cient 
insulator that refl ects solar radiation back to the sky, 
blocks wind from blowing over the sea, and reduces 
the fl uxes of heat, momentum and water vapor 
between the ocean and the atmosphere (Lüpkes et al., 
2008; Tschudi et al., 2008; Zhan and Davies, 2017). 
As a result, changes in Arctic sea ice play an important 
role in modulating the atmospheric and oceanic 
circulation modes (Liu et al., 2004; Ding et al., 2017).  

 Over the past few decades, increases in greenhouse 
gases within the atmosphere have contributed to the 
advancement of global warming (Mei et al., 2012). 
Moreover, the Arctic areas have been warming at a 
faster rate, corresponding to about two times the 
global average (Comiso, 2012), and possibly leading 
to a further extensive sea ice melting (Perovich and 
Richter-Menge, 2009; Ruckert et al., 2016). Therefore, 
thinner and younger sea ice cover components are 
highly expected in the Arctic Ocean in the near future 
(Maslanik et al., 2007b, 2011; Kwok et al., 2009).The 
physical mechanisms underlying the Arctic sea ice 
decline are complex, aff ected by both dynamical and 
thermodynamic processes. Existing investigations of 
the declining Arctic sea ice extent have analyzed the 
infl uences of diff erent climate processes on the Arctic 
sea ice variations in terms of atmospheric and oceanic 
heat transport, air temperature, and the radiative 
eff ects of clouds (Francis and Hunter, 2006, 2007; 
Serreze et al., 2007; Liu et al., 2009; Liu and 
Schweiger, 2017). In addition, multiple studies have 
examined the changes in Arctic sea ice extent/area 
associated with the Arctic Oscillation (AO), North 
Atlantic Oscillation (NAO), Dipole anomaly (DA) 
(Kwok, 2000; Wang and Ikeda, 2000; Jung and 
Hilmer, 2001; Rigor et al., 2002; Holland, 2003; Wu 
et al., 2006; Seierstad and Bader, 2009; Strong et al., 
2009), surface air temperature (SAT), sea surface 
temperature (SST), and atmospheric circulation 
patterns (Rayner et al., 2003; Liu et al., 2004; Gerdes, 
2006; Zhao et al., 2006; Serreze et al., 2007; Holl and 
Stroeve, 2011; Comiso, 2012; Stroeve et al., 2012; 
Comiso and Hall, 2014; Ding et al., 2017). However, 
current studies mostly document a relatively shorter-
term or single-case report for the feedbacks between 
climate changes and sea ice concentration (SIC). For 
example, some case studies assess the infl uences or 

feedbacks of substantial ice loss on the air temperature 
(Screen and Simmonds, 2010), clouds (Liu et al., 
2004; Kay et al., 2008; Sedlar and Tjernström, 2017) 
and winds (Comiso et al., 2008), and SST anomalies 
in line with ice losses observed in the Pacifi c sector of 
the Arctic Ocean in the summers of 2007 (Perovich et 
al., 2008) and 2012 (Parkinson and Comiso, 2013).  

 To our knowledge, relatively few studies of long-
term sea ice change from the perspective of SIC 
trends over diff erent seasons and regions have been 
published. Comiso et al. (2008) examined the SIC 
trend in the Arctic Ocean for the period 1979–2006, 
while Parkinson and Cavalieri (2012) extended their 
time series to 2010. In addition, Stroeve et al. (2012) 
investigated the SIC trend only for the ice cover in 
September (1979–2012). More recently, Comiso and 
Hall (2014) discussed the SIC trend in the Arctic 
Ocean for the period 1979–2012 and reviewed its 
possible eff ects on the ocean/land surface temperature, 
snow cover, Greenland ice sheet, and landside 
permafrost temperature. However, the causes and 
feedbacks of SIC trends associated with the SAT, 
SST, and surface winds over the Arctic Ocean were 
not discussed despite the broad importance and 
interests represented by the changes in these 
parameters among the community studying climate 
change.  

 One of the objectives of this study is to investigate 
the spatiotemporal trends of the SIC in the Arctic 
Ocean over a longer period of 38 years (1979–2016). 
We also aim to examine the correlations between the 
SIC with the AO, NAO, DA, SAT, SST, and surface 
wind (SW) fi elds. This study is organized as follows. 
The data and methodology are described in Section 2. 
The SIC trends for the diff erent seas in the Arctic 
Ocean are presented in Section 3. The coupled 
relationships between the SIC trends and the climate 
indexes and climatic parameters are analyzed in 
Section 4, and our concluding remarks are given in 
Section 5.  

 2 DATA AND METHODOLOGY 

 2.1 Data 

 2.1.1 SIC 

 Passive microwave sensors have provided a 
successive source of information about polar sea ice 
changes since October 1978. The monthly mean SIC 
data for the period from January 1979 to December 
2016 was obtained from the National Snow and Ice 
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Data Center (NSIDC, http://nsidc.org/data/
NSIDC-0051) and mapped onto a polar stereographic 
projection with a grid cell size of 25 km×25 km. 
These data are derived from multiple satellite 
measurements, such as the Scanning Multichannel 
Microwave Radiometer (SMMR) on the Nimbus-7 
satellite and by the Special Sensor Microwave/Imager 
(SSM/I) sensors aboard the Defense Meteorological 
Satellite Program (DMSP) F8, F11, and F13 satellites. 
Recent measurements from the Special Sensor 
Microwave Imager/Sounder (SSMIS) aboard 
DMSP-F17 are also included (Parkinson and 
Cavalieri, 2012). Because of the orbits of the satellites 
and the instrument swath widths, SMMR data 
(November 1978 through June 1987) do not include 
measurement poleward of 84.5°N, the SSM/I data 
(July 1987 through December 2007) leaves a data gap 
north of 87.2°N and the SSMIS data (January 2008 to 
present) shows a very small data hole north of 89.18°N 
(Holland, 2014). For consistency, a mask is used to 
separate the overlapped data zone of above-mentioned 
diff erent satellite sensors, ranging from 84.5°–90°N. 

 The used NSIDC sea ice concentration (SIC) data 
was generated by applying the NASA TEAM 
algorithm to the brightness temperatures acquired by 
these satellite radiometers. Inter-sensor corrections 
were applied to reduce measurement diff erences 
(Comiso and Nishio, 2008). Therefore, a consistent 
time series of sea ice concentration data spanning the 
coverage of several passive microwave instruments is 
expected. Sea ice concentrations based on passive 
microwave retrievals have several known 
restrictiveness, especially due to the impact of surface 
conditions: snow melt (melt ponding, increase of 
snow wetness), thin ice (new ice, young ice, nilas) 
and atmospheric eff ects (liquid water, water vapor). 
Despite these problems, passive microwave data 
provide a continuous record of concentrations, with a 
daily nearly-complete Arctic coverage. According to 
the data instruction, the accuracy of the total sea ice 
concentration is within ±5% of the actual sea ice 
concentration during the winter and ±15% in the 
Arctic during the summer when melt ponds are 
present atop the sea ice.  

 2.1.2 SST 

 The monthly mean SST reanalysis data (Reynolds 
et al., 2002) for the period 1982–2016 is obtained 
from National Oceanic and Atmospheric 
Administration (NOAA) (this product is referred as to 
NOAA_OI_SST_V2, available at https://www.esrl.

noaa.gov/psd/data/gridded/data.noaa.oisst.v2.html). 
This product (version 2.0) is available at a 1°×1° grid 
cell resolution and represents an assimilated dataset 
from buoy and ship data, satellite SST data, and 
simulated SST data derived from sea ice coverage 
(Reynolds et al., 2007). In the ice-covered areas, SST 
is mainly produced from homogenized SIC data in 
grid boxes, since a large potential error occurs in the 
ice-covered areas wherein satellite observations tend 
to be sparse due to cloud cover and situ observations 
tend to be scarce because of navigation perils. Firstly, 
Reynolds et al. (2002) used recent in bias-adjusted 
AVHRR SST observations and situ to statistically 
determine by regression the unknown coeffi  cients in 
Eq.1, which specify the functional relationships 
between SIC and SST. They then used that formula, 
along with the SIC fi elds, to generate simulated SST 
data in the marginal ice zone (MIZ), wherever SICs 
were at least 15% and less than 90%. Where SICs 
were at least 90%, simulated SST data were set to 
-1.8°C. Using formula, the coeffi  cients ( a ,  b , and  c ) 
were computed separately for each hemisphere and 
calendar month in each of 360 overlapping 31° 
longitude sectors. 

 SST= aI  2 + bI + c ,                          (1) 
 where  I  represents SIC with a range of 0–1 (0%–
100%);  a ,  b , and  c  are constant coeffi  cients. After an 
improved version (2.0) of the OI analysis is developed 
from the OI version 1.0 (Reynolds and Smith, 1994). 
The OI.v2 analysis has a modest improvement in the 
bias correction owing to the addition of more in situ 
data. However, a small uncorrected residual bias of 
roughly -0.03°C remains. Comparisons with other 
SST products show that the diff erences among SST 
products occur on space scales—and large time with 
monthly rms diff erences exceeding 0.5°C in the Arctic 
where data are sparse. Because 1982 is the fi rst year 
for which the data are available for the full seasons, 
the trend relationship between SST and SIC in 1982–
2016 is discussed below. Besides, the readers should 
bear in mind that the SST data used here was produced 
by sea ice in ice-covered areas, wherever SIC was at 
least 15%. 

 2.1.3 SAT and wind speed 

 Gridded 1.875°×1.915° daily reanalysis air 
temperature of 2 m level, V-wind and U-wind of 10 m 
level were obtained from National Center for 
Environmental Prediction/Department of Energy 
(NCEP/DOE) for the period of 1979 through 2016 
(https://www.esrl.noaa.gov/psd/data/gridded/data.
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ncep.reanalysis2.html). The NCEP/DOE AMIP-II 
Reanalysis (Reanalysis-2) based on the widely used 
NCEP/NCAR Reanalysis is an improved version of 
the NCEP Reanalysis I model that fi xed errors and 
updated paramterizations of physical processes. The 
NCEP-DOE Reanalysis 2 project has incorporated 
upgrades to the forecast model and a diagnostic 
package, and is using a state-of-the-art analysis/
forecast system to perform data assimilation using 
past data from 1979 through the previous year. 
Besides, the R-1 errors in the snow cover analysis and 
snowmelt term had been fi xed by R-2. The 2 m level 
SAT over water is based on a general circulation 
model (GCM) prediction. The inputs in the model are 
observed SST, observed sea ice, and atmospheric 
state based on a 3-D var assimilation system. The 
SAT over water or over sea ice is infl uenced by the 
heat fl ux from water or ice surface. The root-mean-
square-error (RMSE) of 2 m level SAT is roughly 
1.8°C and NCEP-DOE underestimated wind speed by 
1 m/s (Jakobson et al., 2012). 

 2.2 Method 

 Geographically, the Arctic consists of the Arctic-
basin Ocean, adjacent seas and surrounding lands 
including Russia, Finland, Sweden, Norway, Iceland, 
Greenland (Denmark), Northern Canada and Alaska 
(United States). Sea ice in these diff erent areas is 
subject to diff erent climatic impacts. In order to 

analyze the regional variation trend of Arctic sea ice 
concentration, our study area is divided into nine sub-
regions (Fig.1) following Meier et al. (2007): the 
Central Arctic Ocean, Beaufort Sea, Bering Sea, 
Chukchi Sea, East Siberian Sea, Laptev Sea, Kara 
Sea, Barents Sea and Greenland Sea. 

 Before conducting the following calculations, the 
grid cell sizes of the diff erent datasets (i.e., the SST, 
SAT, and surface wind) are interpolated and geo-
registered to those of the NSIDC SIC data grids 
(25 km×25 km). Then the monthly trend of the SIC for 
a grid cell is linearly fi tted over the period 1979–2016. 
The corresponding trends for the SAT and SW (1979–
2016) and the SST (1982–2016) are also derived. 
Mathematically, the retrieved linear function ( y = a + bx ) 
fi ts the paired data ( x  i ,  y  i ) by minimizing the chi-square 
error statistic, which is computed using Eq.2: 

    22
1

, ,N
i ii

a b y a bx


    (2) 

 where  χ  2  is the chi-square error statistic,  i =1, 2...,  N  
corresponds to the number of data pairs used for the 
fi tting equation,  x  is the year,  y  is the monthly mean 
data for the SIC, and a and b denote the derived 
intercept and slope, respectively. The slope of the grid 
(i.e.,  b ) represents the trend of the SIC for that grid in a 
specifi c month (January to December) over the 
investigated period. Bad and missing data have been 
removed as invalid information, and regional masks 
(as indicated in Fig.1) are used to extract the information 
of the mean monthly SIC trends for the diff erent sub-
regional seas. Similarly, the corresponding trends for 
the other variables (the SST, SAT, and SW) are also 
computed. The trends are then examined using a 
student-test method for the confi dence level. A trend 
analysis is also applied to retrieve the seasonal trends 
for the diff erent parameters. Following the general 
behavior of sea ice freezing-and-melting cycles in the 
Arctic Ocean, we diff erentiate the seasons as follows: 
winter (January through March), spring (April through 
June), summer (July through September), and autumn 
(October through December).  

 To compute the correlation between any two 
parameters, the monthly anomaly estimates for each 
variable are obtained for each grid cell over the 
investigated period. With these anomaly estimates, 
the correlations for each grid cell between the SIC 
and the climate variables (the SAT, SST, and SW) are 
obtained over the investigated period. The anomaly 
values are computed as the diff erence between the 
monthly mean estimate and the climatology of the 
corresponding month for the period 1979–2010.   
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 Fig.1 Location map of the nine subregions used for this 
analysis 
 Land is marked by white, coast by black. The sea areas or lakes 
outside the study area are denoted with blue. The central white 
circle represents the satellite observation gap by SMMR. 
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 3 SPATIAL AND TEMPORAL 
VARIATIONS IN THE SIC TRENDS 

 3.1 Temporal variations of SIC trends 

 Figure 2 presents the trends and variability of SIC 
from 1979 through 2016 for the Arctic as a whole. 
Annually, there is a negative trend of -0.26±0.02%/a, 
reaching to a confi dence level of 99%, which is 
consistent with earlier study (-0.28±0.03%/a) reported 
for November 1978 to December 1996 by Parkinson 
et al. (1999), and but less steep than the trend 
(0.31±0.04%/a) that reported by Comiso (2001) for 
the period of 1981 to 1999. 

 Seasonally, the highest trend is -0.43±0.03%/a in 
summer, followed by a weakened trend of 
-0.31±0.04%/a in autumn, -0.20±0.02%/a in spring, 
and -0.13±0.02%/a in winter. All these listed quantities 
are signifi cant at a 99% level.  

 Figure 2 also suggests that the interannual 
oscillations of SIC is signifi cant during the period of 
1979 to 2016. The SIC variability in winter and spring 
are very similar that strenuous oscillations throughout 
the whole period. However, It has a diff erent oscillations 
in summer, autumn, and annual average, wherein the 
SIC time series generally fl uctuate weakly from 1979 
through 1983, followed by a strong oscillations from 
1984 through 1996, and steady decreased in the period 
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 Fig.2 Trends and seasonal and interannual variability of Arctic SIC for the years 1979–2016 
 The line denotes the least squares fi tted through the data points, “S” represents the slope, “SIG” is the signifi cance, “P” indicates the Pearson correlation 
coeffi  cient. The winter, spring, summer, and autumn values cover the months January–March, April–June, July–September, and October–December, respectively. 
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of 1997 to 2006, and then followed by a violent 
oscillations from 2007 through 2016.  

 Despite of these large interannual variability, the 
SIC for the Arctic is showing a robust decline for the 
period investigated. These facts have been widely 
documented since the Arctic may be on the verge of a 
fundamental transition toward a seasonal ice cover 
(Stroeve et al., 2013). The rise of SST, thinning of the 
pack ice, making large areas prone to becoming ice-
free during the summer melt season, coupled with an 
unusual pattern of atmospheric circulation would be 
the key factors behind these records ice loss in recent 
decades (Maslanik et al., 2007a; Nghiem et al., 2007; 
Stroeve et al., 2013). The accelerated trends of decline 
seemed to be enhanced by the record lows that 
frequently occurred since the beginning of the 21 st  
century. Clearly, satellite-observed record lows of 
Arctic sea ice extent have been reset three times, in 
2007, 2012, and 2016, respectively, which 
corresponding to 40.56%, 39.98%, and 37.86% of the 
climatology value (1979–2016). The nine subregions 
also reveal a signifi cant decline (99% level), except 

for Bering Sea and Greenland Sea (see Section 3.2 for 
more details) where sea ice generally vanishes in 
summer months. 

 3.2 Regional SIC trends 

 The spatial distribution patterns of the SIC trends 
for each season are presented in Fig.3. During the 
winter (Fig.3a), a clearly decreasing SIC trend of 
approximately -2% per year (signifi cant at the 99% 
level) is observed on the North Atlantic Ocean side 
(i.e., the Barents Sea, southern Greenland Sea, and 
southern Baffi  n Bay). In these areas, warmer 
northward-fl owing Atlantic water is expected to heat 
the surface water and thus contribute to the signifi cant 
decreases in the SIC. In contrast, a narrow belt of 
increased SIC values is found in the northern Bering 
Sea with a magnitude of -0.5%/a (not statistically 
signifi cant). During the spring (Fig.3b), the marginal 
seas including the Beaufort Sea (-0.20%/a), Chukchi 
Sea (-0.21%/a), Laptev Sea (-0.21%/a), Kara Sea 
(-0.51%/a), and Barents Sea (-0.75%/a) experienced a 
more signifi cant reduction in their SIC trends 
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compared to those during the winter period. However, 
the SIC trends in the Greenland Sea and Baffi  n Bay 
are not as strong as those during the winter. In 
addition, the decrease in the SIC in the northern 
Hudson Bay (approximately -1%/a, signifi cant at 
99%) is apparent. Meanwhile, the negative SIC trend 
in the Bering Sea is weaker during the spring, and it 
shrank to a smaller extent compared to the SIC during 
the winter. 

 During the summer (Fig.3c), the extensive sea ice 
cover in the Arctic Ocean, especially over the marginal 
seas (from the Beaufort Sea westward through to the 
Kara Sea), are observed with signifi cantly decreased 
SIC trends. In these areas, the SIC trends are generally 
decreasing at a rate faster than -1.5%/a (signifi cant at 
the 99% level). Decreased SIC trends are also 
identifi ed over the channels and passages between the 
scattered islands in the western Canadian Archipelago. 
Interestingly, the Barents Sea shows a consistent and 
signifi cant SIC decrease for all of the seasons except 
the summer. During the autumn, the areas that have 
signifi cantly decreasing SIC trends retreat to smaller 
areal extents toward the periphery of the Arctic Ocean 
relative to the summer, but their distributions are still 
broader than those during the spring and winter 
seasons.  

 Temporal variations in the SIC ablation trends 
among the Arctic sub-regions are indicated in the 

variations of the monthly trends (Fig.4), for which the 
detailed statistics are summarized in Table 1. From 
January to May, the variations in the monthly sea ice 
trends for the most parts (except the Barents Sea) are 
small (Fig.4), ranging from -0.40%/a (May in the 
Kara Sea, signifi cant at a 99% confi dence level) to 
0.07%/a (April in the Bering Sea, 90% level). The 
Barents Sea shows a faster SIC decrease than the 
other regions, ranging between -0.69% (March, 99% 
level) and -0.82%/a (April, 99% level). After June, 
the negative trends of sea ice in the Beaufort Sea, 
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 Table 1 SIC trends (%/a) for the period 1979–2016 

 Month  Central  Beaufort  Chukchi  East Siberia  Laptev  Kara  Barents  Greenland  Bering  Total 

 1  -0.02    0.07    0.04    0.04    0.01    -0.28     -0.75     -0.20    0.03    -0.14   

 2  -0.02    0.10    0.06    0.05     0 . 03     -0.23     -0.76     -0.21    0.05    -0.13   

 3  0.02    0.09     0 . 06     0.03    0.02    -0.15     -0.69     -0.17    0.04    -0.11   

 4  0.02   0.01   0.02   0.01   - 0 . 05     -0.21     -0.82     -0.13    0.07    -0.13   

 5  -0.03   - 0 . 18     -0.17    -0.06    -0.18     -0.40     -0.81     -0.10    -0.03    -0.19   

 6   -0.12     -0.42     -0.48    - 0 . 17     -0.39     -0.91     -0.63     -0.11    - 0 . 01     -0.27   

 7   -0.24     -0.69     -0.74     -0.62     -0.75     -1.17     -0.27     -0.09     0.00     -0.36   

 8   -0.51     -1.07     -1.01     -1.25     -0.85     -0.76     -0.07    - 0 . 06    0.00    -0.44   

 9   -0.45     -1.22     -1.22     -1.57     -1.00     -0.55    -0.04   -0.05    0.00     -0.48   

 10   -0.23     -0.84     -1.17     -1.39     -1.27     -1.03     -0.19     -0.08     -0.01     -0.47   

 11  - 0 . 10    - 0 . 14     -0.81     -0.24     -0.14     -0.99     -0.48     -0.10     -0.04     -0.25   

 12  -0.05   0.03    -0.28    -0.01   -0.01    -0.59     -0.67     -0.17    -0.08    -0.19   

 Winter  -0.01    0.09    0.05    0.04    0.02    -0.22     -0.74    -0.19   0.04    -0.12   

 Spring   -0.04     -0.20     -0.21    -0.08    -0.21     -0.51     -0.75    -0.11   0.01    -0.20   

 Summer   -0.40     -0.99     -0.99     -1.15     -0.87     -0.82     -0.13    - 0 . 07     0.00     -0.42   

 Autumn   -0.13     -0.32     -0.75     -0.55     -0.48     -0.87     -0.45    -0.12   - 0 . 04     -0.31   

 Annual   -0.15     -0.36     -0.48     -0.43     -0.38     -0.60     -0.52    -0.12   0.01    -0.26   

 Bold (italic) numbers indicate rates reaching the 99% (95%) signifi cance level. 
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Chukchi Sea, Laptev Sea and Kara Sea become 
distinct and commonly reach maximum declination 
rates in September. Beginning in October, the SIC 
trends in the aforementioned marginal seas shift to a 
slower rate of decrease. From November to December, 
the decreasing SIC trends in these regions are further 
reduced. Among the investigated areas, the Barents 
Sea stands out with the smallest SIC decrease 
occurring during the summer rather than the winter in 
contrast with the other areas (Fig.3). The SIC trends 
in the Laptev Sea and Greenland Sea are relatively 
stable, which is suggested by their overall weak 
seasonal variations (Fig.4).  

 Table 1 lists the monthly, seasonal and annual SIC 
trends for each sub-region. Regarding the overall 
Arctic Ocean, the SIC trend is negative for each 
month and is signifi cant at the 99% level. The 
maximum (minimum) SIC decreasing trend occurred 
in September (March) with a rate of -0.48%/a 
(-0.11%/a), which is signifi cant at the 99% level. 
Regarding the overall Arctic Ocean sea ice, the 
summer and autumn experienced mean rates of 
-0.42%/a and -0.31%/a, respectively, which are 
approximately two times the rates for the winter 
(-0.12%/a) and spring (-0.20%/a). Annually, the SIC 
has a mean rate of -0.26%/a (signifi cant at the 99% 
level) for the overall region, and the most rapid 
declines are observed for the Kara Sea (-0.60%/a) and 
Barents Sea (-0.52%/a), followed by the Chukchi Sea, 
East Siberian Sea, Laptev Sea, and Beaufort Sea 
(Fig.4 and Table 1). Pack ice is common in the Central 
Arctic Ocean where a small declining trend in the SIC 
is found (-0.15%/a). The decline in SIC in the 
Greenland Sea is modulated by the exportation of sea 
ice through the Fram Strait where a larger ice outfl ow 
is likely to neutralize the regional SIC decrease due to 
a warmer climate. Therefore, a small SIC rate of 
decline is expected in the Greenland Sea (-0.12%/a, 
not statistically signifi cant). Meanwhile, the Bering 
Sea is vulnerable to complex processes forced by 
oceanic and atmospheric circulations, resulting in a 
slightly and unnoticed positive annual trend (0.01%/a). 

 3.3 Linkage between SIC and interannual and 
decadal oscillations 

 With regard to atmospheric forcing of the Arctic 
sea ice, many studies focused mainly on the Arctic 
Oscillation (AO) (Rigor et al., 2002; Holland, 2003; 
Zhang et al., 2003), the North Atlantic Oscillation 
(NAO) (Jung and Hilmer, 2001; Holland, 2003; 
Seierstad and Bader, 2009; Strong et al., 2009), and 

Dipole anomaly (DA) (Wu et al., 2006). Rigor et al. 
(2002) showed that international variations (from the 
1980s to the 1990s) in the wintertime AO imprint a 
characteristic signature on SAT anomalies over the 
Arctic regions, and shown that the memory of the 
wintertime AO persists through the majority of the 
subsequent year: autumn and spring SAT and 
summertime SIC are all deeply correlated with the 
AO for the previous winter. Besides, they indicated 
that at least part of the thinning of sea ice in the Arctic 
Ocean recently can be ascribed to the trend in the AO 
toward the high-index (standard deviation >1.0) 
polarity. The NAO enhanced from the 1970s to the 
mid-1990s, conducing to an increase of a warming 
North Atlantic. The increased heat convey extended 
throughout the North Atlantic into the Barents Sea, 
and fi nally into the Arctic Ocean, devoting to a rapid 
reduction of sea ice during the 1990s to the 2000s 
(Zeng and Delworth, 2015). Wu et al. (2006) 
suggested that DA mainly shown international 
variations from the 1980s to the 2000s. The eff ects of 
the variations include an increase in sea ice export out 
of the Arctic basin through the northern Barents Sea 
and the Fram Strait during DA positive phase, a 
weakening of the Beaufort gyre, and sea ice exports 
decrease from the Arctic basin fl owing into the 
northern Barents Sea and the Nordic seas due to the 
strengthened Beaufort gyre during negative phase 
(standard deviation <-1.0) of DA. 

 Interannual variations of standardized annual AO, 
DA, NAO, and SIC, shown in Fig.5, exhibit 
multifarious features. The time series of SIC 
embodying an intense decadal variations, with a 
distinct demarcation point 2001, can be separated into 
the fi rst (1979–2001) and second (2002–2016) time 
periods. The fi rst period shows positive phase, which 
is diff erent from the second period. The variations of 
AO and NAO are similar extremely, and show 
pronounced decadal variations. It is mainly shown a 
negative phase in 1979–1994, positive phase in 1995–
2010, and turn into a positive phase during 2010–2016 
for the NAO. The decadal variations of AO close to 
that of NAO, and the strong correlation between them 
is 0.76. There is a normal negative correlation (-0.43) 
between DA and NAO. All correlations mentioned 
above are with confi dence levels of 95% or higher. 
The interaction between climate index and sea ice is 
not simple and concrete.  

 To investigate the nexus between climate indices 
and SIC over the ice-covered areas, regressions maps 
of the annual mean fi elds of SIC onto the AO (Fig.6a), 
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DA (Fig.6b), and NAO (Fig.6c) index were given in 
this paper. Features of SIC regressed on the AO is 
similar to corresponding features based on the NAO, 
but regions with mathematical statistics are diff erent. 
AO drives a strong SIC negative anomaly (-15%) in 
the East Siberian Sea, yet NAO drives considerably a 
SIC positive anomaly (6%) in the Baffi  n Bay and 
Davis Strait. The SIC patterns regressed on the DA 
show two centers with opposite signs over the eastern 
and the western Arctic: one center is over eastern 
Laptev Sea and northern Eurasia, and the other is over 
Fram Strait and northern Greenland Sea, which is in 
accordance with the view of Wu et al. (2006) and 
Ikeda et al. (2001). DA drives considerably SIC 
negative anomaly (-6%) in the eastern Laptev Sea, 
and become weak gradually in all directions. Besides, 
the Fram Strait SIC is aff ected by DA signifi cantly 
(7%). This may confi rm that DA will promote sea ice 
export out of the Arctic basin into Greenland Sea, 
which can increase the SIC in the Fram Strait. The 
low correlation seemingly between the AO/NAO and 

the SIC (Fig.6) refl ected that sea ice provides memory 
for the Arctic climate system so that changes in SIC 
driven by the AO/NAO can be felt during the ensuing 
seasons. The climate indices eff ects appear on SIC 
with some phase lags off ers the hope of some 
predictability, which may be useful for navigation 
along the Northern Sea route. 

 4 LINKAGE WITH TYPICAL CLIMATE 
VARIABLES 

 4.1 Connections with the SST 

 The regional connection between SIC and SST is 
an issue deserving of study, although the SST values 
are mostly induced from the SIC values in the areas 
with sea ice covers higher than 15%. Figure 7 shows 
that the fi erceness heating rate of SST is mainly in 
summer and autumn, but not signifi cant in spring and 
winter, which is in tune with SIC trends (Fig.3) .The 
most drastical positive trends occured in the southern 
Greenland Sea (0.09 k/a, in summer), the southern 
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 Fig.5 Interannual variations of annual AO, DA and NAO index and annual SIC for 1979–2016 
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Barents Sea (0.08 k/a, in autumn) and the western 
Bering Sea (0.07 k/a, in summer). However, the 
drastical decrease SIC trends took place in the 
northern Barents Sea (-2%/a, in winter), the central 
section of Beaufort Sea (-1.8%/a, in summer) and the 
north of the Chukchi Sea (-1.8%/a, in summer). 
Signifi cantly, the major SIC trends located near 
latitude 75° (Fig.3), and that of SST were occurred at 
the south of the latitude 70° (Fig.7). Namely, analysis 
of SIC and SST based on subregions (Fig.1) is not 
appropriate, particularly in the Bering Sea, Barents 
Sea and Greenland Sea. In this case, we calculated the 
average sea ice extent in winter during 1982 to 2016 
(Fig.8), and just count the trend and correlation within 
the ice-covered areas for winter. 

 Regionally, the areas with higher correlations 
obtained between the winter average SST and SIC 
fi elds in the ice-covered areas for the period 1982–
2016 (Table 2) are mainly located around the marginal 
shelf seas, e.g., the Kara Sea (-0.84), Barents Sea 
(-0.92), and Bering Sea (-0.93) wherein the removal 
of sea ice cover contributes to a warmer surface 
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airfl ow. In the Central Arctic Ocean, the two variables 
also correlate well ( R =-0.76). The signifi cant SIC 
decrease over the Central Arctic Ocean, especially for 
the summer and autumn, contributes to a local 
increase in the SST. All these correlations past the 
99% signifi cance test. According to the Fig.9, the 
enervate increasing SIC trend occured in the Beaufort 
Sea (0.65%/dec), East Siberian Sea (0.32%/dec).On 
the contrary, the ice in Kara Sea and Greenland Sea 
retreated rapidly, and the fastest decreasing SIC trend 
-9.67 %/dec is in the Barents Sea, which is more than 
seven times the velocity of that in the whole Arctic 
ice-covered areas. 

 A seemingly unexpected positive correlation 
between the SST and SIC is encountered in the 
northwest of the Greenland Sea, and near the eastern 
border of Greenland, although it is general negative 
correlation in the ice-covered Greenland Sea. Since 
the Greenland Sea is open to downstream-fl owing 
warm seawater adjacent to the North Atlantic Sea, 
SST variations (0.03 k/a) are readily subject to the 
mixed eff ects of heat transport from northward-
fl owing oceanic fl ows (warming eff ects) and 
southward ice exportation (cooling eff ects). Net 
changes in the SST are thus determined by these two 
factors in addition to local sea ice concentration 
variations. Provided that more sea ice exportation and 
the associated melting of sea ice occurs surrounding 
the northern Greenland Sea, large-scale surface 
freshening, which could suppress oceanic mixing and 
lead to subsequent surface cooling, is expected (Kwok 
et al., 2005). Some cooling eff ects (-0.03 k/a) have 
been observed in the northern Greenland Sea (south 
of the Fram Strait) (Fig.7), which is likely due to the 

increased sea ice areal fl ux through the Fram Strait 
(Smedsrud et al., 2017). Therefore, cooler SSTs 
(-0.03 k/a) together with decreasing SIC trends 
(-0.6%/a) jointly produce a plausible positive 
correlation between the variations of the two variables. 
In the Kara Sea, a lower negative correlation (-0.84) 
between the SIC and SST is likely linked to anomalous 
freshwater infl ow from land rivers, which oppresses 
any immediate relationship between the SIC and SST. 
That the winter average SST have increase 0.14 
degrees explains -6.04% of winter SIC reduction 
( R  2 =0.70) in the Kara Sea ice-covered areas during 
1982–2016. The involved sea ice reduction is 
-50 849.25 km 2 . But it doesn't mean that -6.04% of 
SIC reduction is only caused by warmer SST. Sea ice 
melt is a little bit more complex and depends not just 
on SAT, SW and SST but on a host of heat fl uxes.  

 The northern sector of the Barents Sea is another 
area wherein a reduced SIC (-1.5%/a) (Fig.3c) in 
observed in concert with cooler SSTs (-0.05 k/a) 
(Fig.7c), while there is an overall strong negative 
correlation (-0.92) between SST and SIC over the ice-
covered areas in the Brents Sea. According to 
statistical calculation, in winter, the average SST have 
increase 0.63 degrees explains -28.69% of SIC 
reduction ( R  2 =0.85) in the Barents Sea ice-covered 
areas during 1982–2016, which is closely related to 
the sea ice ablation of 255 520.312 5 km 2 . Following 
Long and Perrie (2017), the changes in the ocean 
temperature in the Barents Sea is determined via the 
surface energy balance. They argued that reduced sea 
ice cover in the northern Barents Sea increases not 
only the amount of solar radiation absorbed by the 
ocean but also the quantity of heat lost at the ocean 

 Table 2 Regional correlations and signifi cance levels 
between the winter mean SIC and SST fi elds in the 
ice-covered subregions for the period 1982–2016 

 Regions  Correlation  Signifi cance level 

 Central  -0.76   0.01 

 Beaufort  0.02  / 

 Chukchi  -0.60   0.01 

 East Siberia  -0.15   / 

 Laptev  -0.25   / 

 Kara  -0.84   0.01 

 Barents  -0.92  0.01 

 Greenland  -0.65  0.01 

 Bering  -0.93   0.01 

 Total  -0.83   0.01 
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surface through turbulent heat fl uxes and longwave 
radiation. As a result, the increased heat loss to the 
atmosphere due to sea ice removal likely results in a 
decrease in the SST. For the ice-covered Bering Sea, 

the close correlation between the SST and SIC is 
-0.93, although complex forcing from oceanic and 
atmospheric circulations (Wang et al., 2009). The 
whole Arctic sea ice-covered areas wherein a reduced 
SIC (-1.25%/dec) (Fig.3c) in observed in concert with 
cooler SSTs (-0.02 k/dec) (Fig.7c), while there is an 
overall strong negative correlation ( R =-0.83) between 
SST and SIC over the ice-covered areas. This means 
that 0.07-degree growing higher of SST explains 
3.02% of related SIC decrease in the winter for the 
period 1982–2016. Actually, the areas with SIC lower 
than 15%, in which SST could be really the main 
mechanism to control SIC. 

 4.2 Connections with the SAT 

 Diff erent from SST, the SAT trend has two peaks in 
one year (April and October) (Fig.11) and aff ected the 
Arctic sea ice in various ways. Global SAT increases 
are mainly controlled by the radiative eff ects due to 
increased greenhouse gases. During the winter 
(Fig.10a) and autumn (Fig.10d), the warm air from 
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the south is consistently advected toward the Barents 
Sea and Kara Sea, contributing to the signifi cant 
melting and decreasing SIC trends (-1.5%/a) in the 
marginal seas of those two regions (Fig.3a, d). 
Meanwhile, extensive SIC decreases (-0.48%/a in 
summer) in the marginal seas (Fig.3) expose additional 
open water to heat the surface air, and thus, warmer 
SATs are expected (Fig.10). Generally, the spatial 
distribution of signifi cantly decreasing SIC trends 
(-0.6%/a to -2%/a in Fig.3) is consistent with the areas 
that exhibit remarkable increases in the SAT (0.08 k/a 
to 0.3 k/a in Fig,10), which is particularly evident for 
the winter (Fig.10a vs Fig.3a) and autumn (Fig.10d vs 
Fig.3d) seasons. By statistical analysis, a loss of 
279 852.70±13 725.75 km 2  of sea ice cover in the 
Barents Sea in response to 3.99 degrees increase of 
the annual SAT during 1979–2016. In the Kara Sea, a 
great deal of heat is carried to the ocean due to 4.84 
degrees increase of the annual SAT during 38 years, 
reducing 190 721.45±14 728.15 km 2  of sea ice cover. 
Besides, the annual SAT with 3.01 degrees increase is 
accompanied by 1 296 710.55±71 460.95 km 2  of sea 
ice melting for the whole study area. Moreover, the 
geographic extent of increased SATs (clearer in 
Fig.10a, d) is generally broader than that of decreased 
SIC trends (Fig.3). This is likely triggered by wind-
driven air transport toward the inner areas of the 
Arctic Ocean, as illustrated by the wind vector arrows 
in Fig.10.  

 It is interesting to note that the increase in the SATs 
(0.03 k/a) during the summer (Fig.10c) is less striking 
compared with those during the other three seasons. 
Figure 11 also confi rms that the monthly variability in 
the SAT over the Arctic Ocean is large and that trends 

of higher SATs (up to 0.2 k/a) occurred during the 
winter, spring, and autumn months while weaker 
trends (as little as 0.06 k/a) are found during the 
summer. Since solar insolation rather than SIC 
variations predominates the variations in the SAT 
during the summer months, the relationship between 
the SIC and the SAT for the summer season appears to 
be less robust than for the other seasons. In addition, 
sea ice surface melting during the summer is favorable 
for the accumulation of melt ponds atop the sea ice 
surface. Accordingly, the distinct surface temperature 
diff erence between sea ice and open water-covered 
regions identifi ed during the colder seasons reduces 
drastically during the summer (Comiso and Hall, 
2014). Therefore, the substantial removal of sea ice 
cover during the summer does not eff ectively increase 
the SAT at that time.     

 The impacts of the SAT on the SIC are variable 
depending on the area. In-phase correlations between 
the monthly fi elds of the SAT and SIC are generally 
low (-0.16) to moderate (-0.57) (Table 3). Nevertheless, 
a lagged correlation analysis ahead by one to three 
months suggests that SAT variations can explain a 
fraction of the SIC changes in the Central Arctic 
Ocean, Barents Sea, Bering Sea, and Greenland Sea 
(Table 4). Recent observations have revealed thinner 
sea ice in the Arctic Ocean sea ice cover, which can be 
partly attributed to warmer surface air temperatures 
together with a shortened freezing period during the 
cold seasons. Thinner ice is usually a prerequisite 
during the spring for the substantial sea ice loss in the 
following summer. Therefore, the decreases in SIC 
within the Arctic Ocean shelf seas during the summer 
(Fig.3c) and autumn (Fig.3d) are most vulnerable to 
the rising surface temperatures during autumn through 
to spring (Fig.10d, a, and b).  

 4.3 Role of surface wind and impacts of sensible 
heat on SIC 

 The consecutive occurrence of record low sea ice 
extents (during the summer) over the past decade was 
partly infl uenced by SW forcing (Kwok, 2009; Zhang 
et al., 2013). Surface wind (SW) contributes to the 
SIC variations through thermodynamic and dynamic 
processes. The thermodynamic eff ects are most 
signifi cant in the Barents-Kara Seas during the winter 
(Fig.12a) and autumn (Fig.12d) when dramatic 
reductions in the SIC are partly attributable to the 
northward transport of heat by SW.  

 Dynamic impacts on sea ice retreat can be explained 
by two aspects. First, wind-driven sea ice can transport 

 Table 3 Regional correlation coeffi  cients between the 
monthly fi elds of the SAT and SIC for the period 
1979–2016 

 Regions  Correlation  Signifi cance 

 Central  0.338  / 

 Beaufort  -0.472  / 

 Chukchi  -0.560  / 

 East Siberia  -0.401  / 

 Laptev  -0.156  / 

 Kara  0.181  / 

 Barents  -0.567  / 

 Greenland  -0.461  / 

 Bering  -0.266  / 

 Total  -0.165  / 
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sea ice from the Arctic shelf seas (including the 
Chukchi Sea, East Siberian Sea, Laptev Sea, and Kara 
Sea) northward across the central ocean toward the 
Atlantic sector via three passages: the Fram Strait, the 
passage between Svalbard and Franz Josef Land 

(S-FJL), and that between Franz Josef Land and 
Severnaya Zemlya (FJL-SZ) (Rigor et al., 2002; 
Kwok, 2009). Furthermore, as the recent outfl ow of 
summer ice through the Fram Strait has been 
increasing (Bi et al., 2016; Smedsrud et al., 2017), a 
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 Table 4 Regional lagged correlation coeffi  cients between the monthly fi elds of the SAT and SIC for the period 1979–2016 

 Regions 
 One month  Two month  Three month 

 Signifi cance  Correlation  Signifi cance  Correlation  Signifi cance  Correlation 

 Central  0.01  0.746   0.01  0.736   /  0.427  

 Beaufort  /  0.013   /  0.290   /  0.327  

 Chukchi  /  -0.174   /  0.223   /  0.434  

 East Siberia  /  0.197   /  0.517   /  0.410  

 Laptev  /  0.365   /  0.506   /  0.373  

 Kara  /  0.385   /  0.443   /  0.569  

 Barents  0.01  -0.740   0.01  -0.746   /  -0.540  

 Greenland  0.05  -0.581   0.05  -0.608   /  -0.567  

 Bering  0.05  -0.655   /  -0.422   /  -0.139  

 Total  /  0.335   0.05  0.664   0.05  0.698  
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large-scale decline in the SIC has been observed over 
the Pacifi c sector in the Arctic Ocean (Kwok, 2008). 
Second, trends of the SW (0.065 m/(s·a)) during the 
summer (Fig.12c) show a circulation pattern 
supporting the transport of sea ice cover from the 
Beaufort Sea westward to the southern Chukchi and 
East Siberian Seas (SCESS), wherein dramatic ice 
loss has been identifi ed from satellite images. As 
more sea ice cover is removed from the SCESS, the 
processes governing the lateral and bottom melting of 
sea ice are reinforced through albedo feedback 
mechanisms. This could cause a further and dramatic 
loss of sea ice in the Arctic Ocean. For instance, the 
2012 minimum sea ice extent was linked to the 
activity of a cyclone (Zhang et al., 2013), which 
occurred in August and brought a large section of ice 
to the SCESS, whereupon it melted away. The primary 
source of energy for ice melting in this case was from 
solar heating due to the largely reduced sea ice extent 
and surface albedo in the Pacifi c sector of the Arctic 
Ocean (Perovich et al., 2008).  

 Here, we present calculations of thermodynamic 
eff ects of climatic parameters on sea ice by sea ice 
growth model (Maykut et al., 1992; Parkinson et al., 
1979). The bulk expressions of the sensible heat 
fl uxes  H ↓ are 

  H ↓= ρ  a  C  P  C  H  W ( T  a  –  T  s ) ,                          (3)  
 where  ρ  a  is density of air (1.292 8 kg/m 3 ),  C  P  is the 
 s pecifi c heat capacity of air at the near-surface level 
(1.004 8×10 3  J/(kg·K)),  C  H  is transfer coeffi  cient for 
sensible heat (1.75×10 -3 ),  W  is the average value of 
the wind speed,  T  a  is near-surface air temperature,  T  s  
is skin temperature, and it’s initial estimate mean 
values are 255 K in winter, 264 K in spring, 273 K in 
summer, and 259 K in autumn for the Arctic Ocean 
(Wang and Key, 2005a). 

 The ice surface net heat fl ux is a total of sensible 
heat, latent heat, solar radiation fl ux, long-wave fl ux 
of cloud, long-wave fl ux of ice, etc. But in this paper 
we only investigated the impact of sensible heat on 
sea ice and keep the sum of other energies as a 

constant  Q  t . The rate of sea ice growth can be 
calculated by the Eq.4.  Q  I    represents the heat of fusion 
of ice, set at 302 MJ/m 3  (Parkinson and Washington, 
1979). The thermal conductivity of the ice  k  I  is 
2.04 W/(m·k).  h  I  is the sea ice thickness of the 
previous time step, and the initial estimate mean 
values of it are 3.9 m in winter, 4.2 m in spring, 3.2 m 
in summer, 3.4 m in autumn in the Arctic Ocean 
(Rothrock et al., 1999; Guo et al., 2010a, b, 2012, 
2014). The bottom temperature of the ice is assumed 
to be the freezing point of seawater (271.2 K). 
Although  T  s  and  h  I  in diff erent subregions are distinct 
respectively, here we get respectively the estimate 
mean values of  T  s  and  h  I  in the Arctic Ocean for the 
diff erent seasons for the purpose of easy estimation. 
Actually, the mean values have modest eff ects on the 
estimate results. 

 
I

t b s
I

I

( )
( ) .

kH Q T Thf h
Q

   
                   (4) 

 The results refl ected by table 5 are based on ice 
growth model in ice-covered areas and show that sea 
ice estimated decrease rates are in tune with the 
observed results. All subregions of the Arctic have 
varying degrees of ablation due to air temperature 
increase during the period 1979–2016, especially the 
Kara Sea and Barents Sea. In the Kara Sea, 0.132 
degree warmer air gives 0.826 W/m 2  extra sensible 
heat fl ux on sea ice, reducing 0.021 m sea ice in a 
year, and 0.222 degree SAT rise transfers 1.646 W/m 2  
extra sensible heat fl ux into sea ice, reducing 0.043 m 
sea ice growth in one autumn. Besides, the sea ice 
rapidest decreasing time in the entire Arctic sea ice-
covered areas is autumn in which 0.165 degree 
warmer of SAT reduces 1.351 W/m 2  sensible heat into 
the air, retreats 0.031 m sea ice. All of these data 
above imply that the eff ects of climate parameters on 
sea ice are very signifi cant. The estimate caculation of 
ice growth reduction due to climate parameters 
neglected the infl uences of latent heat fl ux, solar 
radiation fl ux, long-wave fl ux of cloud, long-wave 

 Table 5 Trends of sea ice thickness driven by sensible heat in the Arctic Ocean for the period 1979–2016 based on the ice 
growth model in ice-covered areas (m/a) 

 Season  Central  Beaufort  Chukchi  East Siberia  Laptev  Kara  Barents  Greenland  Bering  Total 

 Winter  -0.011  0.010  0.014  -0.001  -0.013  -0.022  -0.026  -0.015  -0.006  -0.010 

 Spring  -0.009  -0.007  -0.011  -0.015  -0.013  -0.012  -0.014  -0.014  0.009  -0.011 

 Summer  -0.010  -0.011  -0.015  -0.013  -0.009  -0.009  -0.005  -0.008  -0.002  -0.009 

 Autumn  -0.030  -0.015  -0.039  -0.031  -0.032  -0.043  -0.030  -0.033  -0.023  -0.031 

 Annual  -0.015  -0.006  -0.013  -0.015  -0.017  -0.021  -0.019  -0.018  -0.006  -0.015 
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fl ux of ice, etc. Besides,  T  s  and  h  I  we used in formulas 
are estimates, which would lead to some errors for the 
result, while it can also exhibit the eff ects of climate 
parameters on sea ice to some extent. In fact, the 
Arctic Ocean is not covered with ice throughout the 
year, and there will be a large area of open water in 
summer. Thus, we calculated the ice growth based on 
the ice growth model in ice-free areas. Compared 
with the ice growth model in ice-covered areas (Eq.4), 
this formula is without thermal conductivity, and the 
results of the ice growth reductions are shown in 
Table 6. Therefore, the reasonable estimated value 
should be between the two extreme cases (no ice case 
and ice-covered case). 

 4.4 Decadal variations of SIC, SAT and SW 

 In order to reveal decadal variations of SIC, SAT 
and SW, and relationships among them, Fig.13 was 
given including mean fi elds of SAT, SW and SIC for 
1979–2001 and 2002–2016, and diff erence of two 
periods. The mean fi elds of those variables in fi rst 
period are extremely similar to that in the second 
period. Compared to the fi rst period, SAT is mainly 
increasing in the Eastern Hemisphere part of Arctic 
Ocean, in the Barents Sea particularly. The diff erence 
(b-a) between two periods is exceedingly in 
accordance with the trend of SAT (Fig.13d). The 
diff erence SW (Fig.13c) in the ice-covered areas 
mainly show a stronger anticyclonic Beaufort gyre 
that can drives the anticyclonic Beaufort gyre in sea 
ice motion (SIM), and further to compel sea ice enter 
the Transpolar Drift Stream. However, the Transpolar 
Drift Stream contributes to drive the sea ice export 
out the Arctic basin into the North Atlantic Ocean. 
The pattern of annual SW trends for 1979–2016 
(Fig.13d) is analogous to the diff erence SW between 
two sub periods. Similarly, the decadal variations 
(Fig.13g) are mainly refl ected in the marginal sea of 
Arctic, especially in the Northern Barents Sea, which 
are in line with the patterns of SIC trends for 1979–
2016 (Fig.13h). In summary, the overall decadal 

variations of SAT and SW are in tune with the 
corresponding spatial variations of SIC.  

 5 CONCLUSION 

 The SIC trends throughout the Arctic Ocean are 
obtained for the period 1979–2016. Their 
corresponding relationships with the SST, SAT, and 
SW are explored. SIC trends are generally 
characterized by distinct seasonal and spatial 
variations. Seasonal decrease in the SIC are greater 
during the summer and autumn than those in winter 
and spring. Regionally, SIC reduction rates are larger 
over the marginal seas in the Arctic Ocean (spanning 
from the Beaufort Sea westward through the Barents 
Sea) compared with the Central Arctic Ocean, 
Greenland Sea, and Bering Sea. Despite of the large 
interannual variations, the trends of SIC for the Arctic 
regions are clear and basically statistically signifi cant. 
These facts support that Arctic sea ice is shifting to a 
distinct era of decline.  Sea ice provides memory for 
the Arctic climate system so that changes in SIC 
driven by the climate indices (AO, NAO and DA) can 
be felt during the ensuing seasons. 

 Strong feedbacks between the SIC and SAT are 
identifi ed. Meanwhile, a lagged correlation analysis 
ahead by 1 to 3 months indicates the delayed impacts 
of the SAT on the SIC. SST variations are generally 
negatively correlated with variations in the SIC over 
the ice-covered areas. In other words, warmer sea 
surfaces likely cause a greater reduction in the SIC. 
Nevertheless, this is not always the case for the other 
regions. For example, decreased SSTs in the northern 
Barents Sea and Greenland Sea are accompanied by 
decreased SIC trends (i.e., they are positively 
correlated). The disappearance of insulating sea ice 
causes a cooler SST in the northern Barents Sea. With 
respect to the northern Greenland Sea, the increased 
exportation of ice via the Fram Strait and the increased 
ice melting therein can suppress the convective 
transport of heat between the underlying warm ocean 
and the surface water. SW can promote variations in 

 Table 6 Trends of sea ice thickness driven by sensible heat in the Arctic Ocean for the period 1979–2016 based on the ice 
growth model in ice-free areas (m/a) 

 Season  Central  Beaufort  Chukchi  East Siberia  Laptev  Kara  Barents  Greenland  Bering  Total 

 Winter  -0.017  0.014  0.017  -0.043  -0.035  0.021  -0.071  -0.152  -0.009  -0.038 

 Spring  -0.026  -0.023  -0.044  -0.082  -0.078  -0.043  -0.039  -0.014  -0.035  -0.041 

 Summer  -0.036  -0.029  -0.030  -0.042  -0.034  -0.030  -0.025  -0.029  0.000  -0.030 

 Autumn  -0.154  -0.045  -0.058  -0.131  -0.146  -0.177  -0.193  -0.212  -0.080  -0.144 

 Annual  -0.058  -0.020  -0.029  -0.074  -0.073  -0.057  -0.082  -0.102  -0.031  -0.063 
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the SIC through both dynamic (e.g., ice exportation 
via the Fram Strait) and thermodynamic mechanisms 
(e.g., the northward transport of warm and moist air 
over the Barents Sea). Besides, the patterns of annual 
SIC, SAT, SW trends for 1979–2016 are extremely 
analogous to the corresponding diff erence between 
the two sub periods. The overall decadal variations of 
SAT and SW are in tune with the corresponding 
spatial variations of SIC. Besides, the temperature 
below the surface mixed-layer may be more crucial to 
thermodynamics. Sea ice may melt more easily, where 
sea water is warmer below the surface mixed-layer. 
The more quantitative analyses are possible and 
necessary for explanation of the cause of the SIC 
trends (Polyakov et al., 2010). Calculation results of 
thermodynamic eff ects of climatic parameters on sea 
ice by sea ice growth model that sea ice estimated 
decrease rates are in tune with the observed results. 
Thus, the eff ects of climate parameters on sea ice are 
very signifi cant. 

 Given the complexity of the coupled atmosphere-
ice-ocean system in the Arctic Ocean, the infl uences 
and feedbacks of various climatic parameters on 
changes in the SIC require future investigation. The 
sea ice thickness (SIT) represents another essential 
parameter for quantifying the infl uences on sea ice 
due to climate changes. Compared with the SIC, the 
SIT represents a more integrated variable refl ecting 
both dynamic and thermodynamic processes that act 
upon sea ice. Therefore, assessing variations in the 
SIT is a necessary subject of our future research. 
Fortunately, time series of satellite-derived ice 
thickness records have been extended to include more 
than a decade of data as new satellite altimeters (for 
example, CyroSat-2) are becoming operational. 
Besides, the positive ice-cloud feedback may also 
play a role in the ice reduction. The further work on 
cloud parameterization are highly requested (Ikeda et 
al., 2003; Wang and Key, 2005a, 5b; Liu et al., 2006, 
2012; Liu and Key, 2014). 
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