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Abstract Data collected by two buoy arrays that operated during the ice seasons of 2014/2015 and
2016/2017 were used to characterize annual cycles of ice motion and deformation in the western Arctic
Ocean. An anomalously strong and weak Beaufort Gyre in 2014/2015 and 2016/2017 induced generally
anticyclonic and cyclonic sea ice drift during 2014/2015 and 2016/2017, respectively. Cyclonic ice motion
resulted in higher contributions of ice divergence to total ice deformation in 2016/2017 than in 2014/2015. In
2014, the autumn ice concentration and multiyear ice coverage were higher than in 2016; consequently, the
response of ice motion to wind forcing was weak, and less ice deformation was observed in autumn 2014.
During the autumn‐winter transition, the ice‐wind speed ratio, ice deformation rate and its spatial and
temporal scaling exponents, and localization of ice deformation decreased markedly in both 2014/2015 and
2016/2017 as a result of freeze‐up and consolidation of ice ﬂoes. Such dynamic behavior was maintained
through to spring with the further thickening of ice cover. Ice deformation increased due to weakened ice
strength as summer approached. The amplitude of the annual cycle of ice deformation rate in the western
Arctic Ocean in 2014/2015 and especially in 2016/2017 was larger than that observed during the Surface
Heat Budget of the Arctic Ocean (SHEBA) program in 1997/1998. We attribute this phenomenon to ice loss
during the recent summers, especially of thick multiyear ice.
Plain Language Summary Loss of multiyear sea ice may give rise to a weaker Arctic ice pack,
with increased susceptibility to atmospheric and oceanic forcing. Ice drifters deployed in the summers of
2014 and 2016 were used to characterize the annual cycles of sea ice motion in the western Arctic Ocean.
There were large differences in the atmospheric and also the sea ice conditions between 2014/2015 and
2016/2017. Compared to the 2014 summer, the more rapid loss of Arctic sea ice in summer 2016
preconditioned the freezing season to have a stronger response to winds, affecting sea ice dynamics.
Nevertheless, the annual amplitude of ice deformation during both 2014/2015 and 2016/2017 exceeded that
during SHEBA in 1997/1998, likely due to the higher ice loss in recent summers. Summer Arctic sea ice
dynamics are enhanced compared to that in winter, and the seasonal amplitude of ice deformation
increases as summer ice reduces. This is mirrored by the increased amplitude in seasonal cycle for ice
thickness. We infer that with the lengthening of the ice melt season, ice motion will resemble free drift
conditions earlier during late spring and later in autumn.

1. Introduction
Arctic sea ice has decreased dramatically in both extent and thickness in recent decades (Comiso &
Hall, 2014; Lindsay & Schweige, 2015). For the sea ice cover, loss of multiyear ice may reduce its mechanical
strength (Gimbert, Jourdain, et al., 2012; Gimbert, Marsan, et al., 2012) and increase its mobility (Hakkinen
et al., 2008; Spreen et al., 2011) and susceptibility to external forcing (Haller et al., 2014; Herman &
Glowacki, 2012). Enhanced sea ice deformation in winter may increase the ice production (Stern et al., 1995;
Thorndike et al., 1975) and exchange of momentum and energy between atmosphere and ocean (Heil &
Hibler, 2002) through increased episodic opening of the ice cover.
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The sea ice strain rate can be determined by tracking objects on the ice, for example, GPS positioning buoys
or natural objects identiﬁed in radar imagery (Hutchings & Hibler 2012; Oikkonen et al., 2016), and by using
the ice motion product retrieved from satellite imagery, for example, RADARSAT Geophysical Processor
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System (RGPS) data (Kwok et al., 1990). Because of the low spatial coverage of radar imagery, tracking
objects in radar imagery mainly provide information on small‐scale ice deformation (e.g., Oikkonen
et al., 2016; Oikkonen et al., 2017). In contrast, the RGPS product provides information at basin scale.
Using the RGPS product, previous studies have highlighted the spatial and temporal scaling properties
(Weiss & Marsan, 2004), multifractality (Bouillon & Rampal, 2015; Marsan et al., 2004), and long‐term, seasonal, and spatial variability (Stern & Lindsay, 2009) of Arctic sea ice deformation. However, because the
RGPS product has a relatively low temporal resolution, subdaily ﬂuctuations in the ice deformation cannot
be resolved, which may lead to an underestimation of sea ice production due to ice deformation
(Kwok, 2006). Furthermore, the RGPS product becomes unreliable in the melt season because the surface
features in the image are likely to be obscured (Stern & Lindsay, 2009). Tracking of buoys placed on the
ice can monitor ice drift over the full seasonal cycle avoiding reduced accuracy in summer.
Three methods have been developed to estimate ice strain rate from data collected by ice drifters. Two methods use Lagrangian statistics of single‐particle absolute dispersion (Lukovich et al., 2011) or relative dispersion of pairs of buoys (Rampal et al., 2008). A third method computes differential kinematic properties
(DKPs) from data collected by denser buoy clusters (e.g., Heil et al., 2008; Hutchings & Hibler III, 2008).
It provides synchronous estimations of the normal and shear components, which cannot be obtained from
the calculations of single‐ or two‐particle dispersion (Lukovich et al., 2017). However, most ice drifters
deployed in the Arctic Ocean are typically insufﬁciently clustered because buoys have been deployed during
different campaigns or because the integrity of the buoy cluster has been destroyed by ice melt and/or ice
divergence after initial deployment. Buoy clusters used in most previous studies of ice deformation only
lasted several months (e.g., Hutchings & Hibler III, 2008; Itkin et al., 2017). Studies providing results covering the full annual cycle are scarce (e.g., Lindsay, 2002).
Sea ice motion in the Beaufort Gyre is generally characterized by anticyclonic circulation associated with
dominant high sea‐level pressure (SLP) system over the Beaufort Sea, namely, the Beaufort High
(Proshutinsky & Johnson, 1997; Walsh, 1978). The collapse of the Beaufort High with extreme low SLP
has resulted in a weakening or reversal of the clockwise ice circulation in this region (Moore et al., 2018).
Thus, the changed pattern of the Beaufort High is expected to lead to modiﬁed ice motion and deformation
ﬁelds.
In each of the summers in 2014 and 2016, more than 30 ice drifters were deployed in clusters in the western
Arctic Ocean during the Chinese National Arctic Research Expedition (CHINARE). Although some buoys
were only operational for several months after deployment because of the melting or fragmentation of ice
ﬂoes, several buoys transmitted data throughout the entire ice season from autumn to the following summer. The arrays maintained appropriate shape for the DKP calculations throughout the annual cycle.
Results from both satellite observations and a sea ice dynamics model suggest a strong dependency of ice
deformation processes on ice conditions (Hutter et al., 2018; Stern & Lindsay, 2009). Sea ice conditions in
the western Arctic Ocean during summer 2016 were markedly different from those during summer 2014
(Lei et al., 2017; Petty et al., 2018). The summer ice cover is likely to precondition the ice deformation ﬁeld
for the subsequent freezing season.
In this study, data from two substantial buoy arrays that operated during the ice seasons of 2014/2015 and
2016/2017 were used to compare the annual cycle of ice motion and deformation. The inﬂuence of several
factors on seasonal variability in ice deformation, including summer preconditioning or atmospheric forcing
during the freezing season, was assessed. Results based on this data set will improve our understanding of
the response of Arctic sea ice deformation to the changes in sea ice conditions experienced over the last decades. They may also be used to evaluate the ability of high‐resolution sea ice dynamics models (e.g., Bouillon
& Rampal, 2015; Hutter et al., 2018; Rampal et al., 2019) to improve simulations of reproducing the sea ice
deformation features.

2. Data and Methods
2.1. Data
In total, 30 and 32 ice drifters were deployed in the western Arctic Ocean during the summers of 2014 and
2016, respectively. Two types of buoys, including Ice Surface Velocity Program (ISVP) and Snow and Ice
LEI ET AL.
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Figure 1. Trajectories of buoy arrays deployed in (a) summer 2014 and (b) summer 2016. Black dots denote buoy positions on 1 September, black triangles denote
positions on 31 August of the year following deployment, and purple squares denote ﬁnal positions of buoys that operated for less than 1 year.

Mass Balance Array (SIMBA), were used. Because the buoys were deployed during the melt season and
mostly within the marginal ice zone (MIZ), several buoys were lost soon after deployment, especially in
the summer of 2016. Only buoys that operated through the end of October were considered in this study.
Data collected within 200 km from the coast were discarded because coastline geometry may inﬂuence
the ice deformation (Lukovich et al., 2017). The position data from two Ice‐Tethered Proﬁler (ITP) units
(No. 85 in 2014/2015 and No. 97 in 2016/2017) deployed in the same region as the buoy arrays were also
included. Consequently, data from 19 (2014/2015) and 15 buoys (2016/2017) were analyzed here
(Figure 1). For each ice season, the analysis ran from September to August of the subsequent year to
provide the annual cycle of sea ice deformation. Ten buoys operated continuously from September 2014 to
August 2015, with seven buoys in the year from September 2016 to August 2017 (Figure 1). Sampling
intervals were generally 1 hr. However, there were occasional gaps of 1 to 2 hr because of the loss of GPS
signal. Following Leppäranta (2011) and Oikkonen et al. (2017), the accuracy of the ice velocity and the
noise‐to‐signal ratio of ice deformation were estimated as 0.0013 m s−1 (or 0.7%) and 0.013, respectively,
based on the position accuracy of ±10 m, the typical ice speed of 0.2 m s−1 for Arctic sea ice (Lei
et al., 2016), and the sampling rate of 3 hr. Both accuracies are sufﬁciently low for our present purposes.
Thus, to reduce the uncertainty, especially for the calculation of ice deformation rate, all buoy‐derived
position data were downscaled to 3‐hourly resolution prior to the analysis.
Time series of sea ice concentration were provided from Advanced Microwave Scanning Radiometer 2
(AMSR2) data using the ARTIST Sea Ice (ASI) algorithm (Spreen et al., 2008). Multiyear ice coverage was
obtained from the EUMETSAT Satellite Application Facility on Ocean and Sea Ice (SAF‐OSI). Surface atmospheric forcing including SLP, 2‐m air temperature, and 10‐m wind velocity in the study region was derived
from ERA‐Interim reanalysis, at 0.5° horizontal and 6‐hr temporal resolutions (Dee et al., 2011).
2.2. Methods
Buoy position data were used to calculate DKPs, including divergence rate (div), shear rate (shr), and total
deformation rate (D) of the sea ice within the area enclosed by any three buoys. Following Hutchings and
Hibler III (2008), the Green's theorem was used to calculate DKPs for each triangle:
∂u ∂v
div¼ þ ;
∂x ∂y
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ




∂u ∂v 2
∂u ∂v 2
shr¼
−
þ
þ
;
∂x ∂y
∂y ∂x
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
and D¼ div2 þ shr 2 ;
where
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are the strain components on the orthogonal polar stereographic projection. As
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∂x
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triangles with very acute angles and low ice velocities yield high uncertainty in the calculated DKPs
(Hutchings et al., 2012), ice deformation was resolved only for triangles with internal angles greater than
15° and for ice speeds of any buoy in excess of 0.02 m s−1. Positive and negative normal components (div)
of DKPs correspond to ice divergence and convergence, respectively. The relative contributions of ice
divergence and shear to total ice deformation were deﬁned as the ratios of div2 and shr2 to D2. Total deformation D was used to establish the spatial and temporal scaling laws:
D ∝ L−β ;
and D ∝ τ −α ;

(4)
(5)

where L and τ are spatial scale and sampling interval, and β and α are spatial and temporal scaling exponents. The β value of 0 corresponds to perfectly homogeneous deformation, which increases for the intensive localization; the α value of 0 corresponds to nonintermittent viscous‐like deformation, which
increases with enhanced intermittency. To estimate the spatial exponent β, the length scale was divided
into ﬁve bins of 20–30, 30–50, 50–80, 80–130, and 130–180 km for ice season 2014/2015 and into seven
bins of 5–10, 10–20, 20–30, 30–60, 60–120, 120–240, and >240 km for ice season 2016/2017. We used different bins for the two ice seasons to ensure that every bin contains a sufﬁcient number of samples to produce meaningful statistics. Here, the deﬁnition of sufﬁcient samples is that the change in average value is
less than 10% by randomly removing 10% of the samples. For the data in September 2014 and 2016 when
there were sufﬁcient samples, we investigated the sensitivity to preset bins by using the bins for the other
year. Such change in the length‐scale bins leads to a very small change in the estimated spatial scaling
exponent, with relative magnitude of less than 5%. This suggests that the estimated spatial scaling exponent is not very sensitive to the preset length bins as long as the samples cover a sufﬁcient length range.
However, the sensitivity would increase to larger than 10% when using fewer than four bins. To ensure
acceptable accuracy, we used ﬁve and seven bins for the years of 2014/2015 and 2016/2017, respectively.
Because of high ice divergence in 2016/2017, some bins were lacking data for several months, hence rendering it impossible to estimate β after November 2016.
To estimate the temporal exponent α, position data were resampled at intervals of 3, 6, 12, 24, 36, 48, 60, and
72 hr. We calculated monthly β and α to identify their seasonal variability. Space‐time coupling demonstrates the temporal or spatial dependence for the spatial or temporal scaling laws, which is one of the features of brittle deformation of a material (Marsan & Weiss, 2010). This can be expressed as follows:
βðτ Þ¼β0 − clnðτ Þ;

(6)

or αðLÞ¼α0 − clnðLÞ;

(7)

where β0 and α0 are constants and slope c represents strength of the coupling. The larger coupling exponent, c, denotes the more strongly brittle rheology of ice cover.
In sea ice deformation, the fractal structure is related to the spatial scaling effect (Marsan et al., 2004). The
multifractal regime implies that such structure changes according to the moment order of deformation rate.
Sequentially, the probability distribution function of ice deformation is expected to change with the length
scale. Here, we produce a multifractal analysis for the moment order q > 0 of ice deformation rate since the
higher‐order moments of the distribution increase much faster than the lower‐order moments with a
decreasing scale of observation (Rampal et al., 2019). A transition has been observed at about 2.5–3.0 for
the moment order (Schertzer & Lovejoy, 1987), with the moments diverging considerably once the order
exceeds 3.0. Therefore, here, the order was varied in the range 0.5–3.0 to compute the moments:
Dq ∝ L−βðqÞ ;

(8)

where the structure function, β(q), can be approximated by a quadratic ﬁt:
βðqÞ¼aq2 þ bq;

(9)

where a and b are ﬁtting constants. Curvature of this quadratic ﬁt, 2a, indicates the multifractality of ice
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deformation, with the larger value of 2a denoting a higher variability for the probability distribution of ice
deformation rate according to length scale (Marsan et al., 2004). A 2a value of 0 corresponds to a linear
structure function with the same amount of localization of large and small deformation events and the
monofractal scaling (Rampal et al., 2019).
To examine the strength of localization of sea ice deformation, we calculated the areal localization index,
δ15%, which is deﬁned as the fractional area accommodating the largest 15% of the ice deformation (Stern
& Lindsay, 2009). A smaller δ15% value indicates pronounced deformation events that are conﬁned to a smaller area. The areal localization index was calculated for each length bin using data resampled at 3‐hourly
intervals.

3. Results
3.1. Sea Ice Motion
Sea ice motion in the western Arctic is mainly governed by the Beaufort High, which may be benchmarked
using the anomaly of SLP across the region of 75–85°N and 170°E–150°W (yellow block as shown in
Figure 2; Moore et al., 2018). For the purpose of this study, the SLP over this domain is deﬁned as the
Beaufort High index. For the 10 years from 2008 to 2017, the annual average Beaufort High index from
September to August of the subsequent year was the second highest in 2014/2015 and the lowest in
2016/2017 (Figure 2e), which implies that the Beaufort High was extremely strong in 2014/2015 and weak
in 2016/2017. The extreme low SLP in 2016/2017 (Figure 2b) was associated with the frequent intrusions
of low‐pressure systems into the western Arctic during winter (Moore et al., 2018), which resulted in a relatively warm surface atmosphere compared to that in 2014/2015 (Figures 2c and 2d). The entire domain of
72–85°N and 170°E–100°W was dominated by anticyclonic wind forcing during 2014/2015; however, following the different SLP pattern, the anticyclonic wind regime was conﬁned to the southeastern part of this
domain during the year of 2016/2017. Thus, the wind velocity in the vicinity of the buoys was predominantly
toward the southeast in 2014/2015 and toward the northeast in 2016/2017. The average Beaufort High index
in December–January of 2016/2017 was 1,014 hPa, which is much lower than the 2008–2017 or the 1979–
2017 average by 12.5 and 13.4 hPa, respectively. As this low‐pressure anomaly eased, the general drift direction of the buoy changed from southeastward to eastward. Through the ice season, the sea ice buoy arrays
exhibited a general anticyclonic drift during 2014/2015 and a general cyclonic drift during 2016/2017
(Figures 1 and 2).
On 1 September, the ice concentration was signiﬁcantly lower in 2016 than in 2014 (Figures 3a and 3b).
However, in both 2016 and 2014, all buoys were within the pack ice zone (PIZ) after 1 October (Figures 3c
and 3d) as the ice edge advanced rapidly southward in early autumn. In the domain of 77–85°N, 135–180°
W, the spatial average ice concentration reached its annual minimum of 92% by 9 September 2014 and
25% by 5 September 2016, respectively, before increasing to 99% and 97% on 1 October in 2014 and 2016,
respectively. This implies that most open water in the study region was covered rapidly by new thin ice during September 2016. From October onwards for both years, there was no pronounced change in sea ice concentration surrounding the buoys until mid‐May (Figures 3e and 3f). As summer approached, the decrease
in sea ice concentration near the buoys was more pronounced during 2015 than in 2017 (Figures 3g and 3h)
because buoys drifted further south in 2015. By 15 July 2015, the sea ice concentration around the buoys had
reduced to below 85% (Figure 3g), and the monthly average ice concentration across all triangles formed by
the buoys decreased to 61% by August 2015.
The monthly data suggest that both deployment seasons exhibited high covariance between speeds of ice and
wind, implying that the ice drift speed was mainly governed by atmospheric forcing at the seasonal scale. We
quantiﬁed the relationship between ice drift and wind forcing as the correlation coefﬁcient squared (R2)
between speeds of ice and wind. In autumn 2016, the average R2 from each buoy was 38% (P < 0.01), which
was only half of that in autumn 2014 (75%; P < 0.001). Following Gimbert, Jourdain, et al. (2012), we also use
the complex Fourier transformation of the ice velocity vector to identify the inertial signals for the ice velocity of both years. The amplitudes of sea ice velocities after the complex Fourier transformation show an
asymmetrical pattern, with a distinct peak at the frequency of about −2 cycles day−1 (data not shown here).
After low‐pass ﬁltering to remove the signals with frequencies higher than semidiurnal (which includes
inertial) from the ice and wind speeds, the average R2 between these was 53% (P < 0.01) in autumn 2016,
LEI ET AL.
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Figure 2. Anomalies of (a and b) SLP and (c and d) near‐surface (2 m) air temperature over the western Arctic during (a and c) September 2014 to August 2015
and (b and d) September 2016 and August 2017 against the 2008–2017 climatology. Overlaid in panels (a) and (b) are annual average wind vectors and
the trajectory of one buoy, locating at the center of the buoy array, through the entire ice season. The color scale along the buoy trajectories denotes the time, and
the black dot denotes the starting point. Changes in the average SLP in the region enclosed by the yellow block in panel (a) over the ice season from September to
the following August (e).

Figure 3. Sea ice concentration on different days with black dots denoting buoy positions.
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Figure 4. Daily and monthly average sea ice drift and wind speeds along buoy trajectories in ice seasons (a) 2014/2015
and (b) 2016/2017, and (c) daily and monthly ice‐wind speed ratios for 2014/2015 and 2016/2017.

which is 65% of that in autumn 2014 (82%; P < 0.001). This implies that the looser ice pack in autumn 2016
enabled increased inertial motion, hence reducing covariance between ice drift and wind forcing. Other
factors may also affect the difference between 2 years, such as more frequent changes in wind direction
due to cyclone activity in autumn 2016. Winter R2 values were comparable between the 2 years and were
64% (P < 0.001) and 52% (P < 0.01) in 2014/2015 and 2016/2017, respectively. In spring and summer
2017, most buoys were drifting toward the coast of the Canadian Arctic Archipelago (Figure 1b); R2
values were 30% (P < 0.01) and 45% (P < 0.01), respectively, and are slightly lower than the values for
spring (45%; P < 0.01) and summer (52%; P < 0.01) 2015, indicating coastal inﬂuence on ice drift in 2017
(e.g., regulating the stress gradient within the ice ﬁeld). Generally, the larger R2 is related to a relatively
small standard deviation, which implies a smaller spatial variability for the response of ice motion to
wind forcing.
Both ice drift speed and ice‐wind speed ratio were relatively high in early autumn and late summer in both
ice seasons (Figures 4a and 4b and Table 1). We attribute this to the relatively low ice concentration and relatively weak sea ice cohesiveness in early autumn and late summer. This phenomenon was especially pronounced in September 2016. The monthly ratio of ice to wind speed ranged from 0.007 ± 0.002 (March;
with the range denoting one standard deviation for the data from all buoys) to 0.026 ± 0.004 (August) in

Table 1
Ice‐Wind Speed Ratio Obtained From This Study and the Literature
Region
The entire Arctic
South of Beaufort Sea
Upstream of transpolar stream
Close to North Pole
Close to North Pole
Fram Strait
Close to North Pole
Close to Fram Strait
Close to Fram Strait
Fram Strait
Fram Strait
Western Arctic

LEI ET AL.

Month

Ice‐wind speed ratio

Literature

Annual cycle
November to May
January to April
May to June
July to September
December
August to March
January to April
April to October
March to June
November to December
November to June
July to October

0.008–0.012
0.002
0.008–0.0115
0.0104–0.0108
0.013–0.0158
0.022
0.016–0.018
0.019–0.029
0.03
0.033–0.045
0.088
0.007–0.021
0.009–0.030

Thorndike and Colony (1982)
Lukovich et al. (2011)
Haller et al. (2014)

Lei et al. (2016)

This study
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2014/2015 and from 0.007 ± 0.001 (April) to 0.030 ± 0.004 (September) in 2016/2017 (Figure 4c). For the period of October to March, the ice‐wind speed ratio was signiﬁcantly higher in 2016/2017 (0.017 ± 0.003) than
in 2014/2015 (0.010 ± 0.003), which suggests that low ice concentration in summer 2016 exerted continuous
inﬂuence on the response of ice drift to atmospheric forcing in the following winter. We assume that this is
primarily due to the new ice growing from the open water would generally be thinner than the survived ice
cover. The near‐surface air temperature along the trajectories of buoys during 2016/2017 was also warmer
than that during 2014/2015 by about 1.5 K (Figures 2c and 2d), which also might slow down the growth
of sea ice during 2016/2017. However, thin ice grows faster than thick ice in winter because of the larger conductive heat ﬂux through thin ice (Perovich et al., 2003). We expect the ice strength to be proportional to the
ice thickness and that the inﬂuence of summer preconditioning on the response of the ice drift to the atmospheric forcing will weaken gradually as the ice thickens through winter (Thorndike & Colony, 1982).
In spring and summer, the shorter distance to the coastline had a stronger inﬂuence on the ice circulation
during 2017 than in 2015, which is expected to decrease ice‐wind speed ratios in 2017 because the increase
in the ice internal stress if the ice is directed toward the coast. In summer, a faster decrease of ice concentration in 2015 is also likely to have contributed to a higher ice‐wind speed ratio. Modeling results show that the
wind stress transfer to the ice‐covered ocean is maximized at about 80% ice concentration (Martin
et al., 2014). Wind stress transfer increases as sea ice concentration decreases from 100% to this threshold
concentration because sea ice becomes more mobile while still retaining large surface roughness. Thus,
the decrease in ice concentration during the early summer might also enhance the ocean current and consequentially strengthen the oceanic drag force to the ice, which in turn increases the ice speed.
The previous studies demonstrate regional and seasonal dependence of ice‐wind speed ratios as shown in
Table 1. The summer value is generally larger than previous results obtained from freezing seasons except
for those obtained from Fram Strait, where the ice‐wind speed ratio is relatively high in any season
(Haller et al., 2014; Lei et al., 2016). This result might be due to the accelerated oceanic advection through
Fram Strait (Quadfasel et al., 1987). The ice‐wind speed ratio obtained from our study is close to that
obtained in the region close to the North Pole (Haller et al., 2014; Lei et al., 2016). In comparison, the
ice‐wind speed ratio has a typical low value of 0.002 in the southern Beaufort Sea (Lukovich et al., 2011).
This difference could be attributed to the enhanced ice‐coast interaction in the southern Beaufort Sea.
3.2. Sea Ice Deformation
The seasonal variability of the total ice deformation rate was similar across all spatial scales. In 2014/2015,
the total ice deformation rate decreased slightly in September (Figure 5), then remained low until May 2015,
and subsequently increased rapidly. The monthly ice deformation rate was signiﬁcantly correlated to
monthly air temperature and ice concentration with R2 values of 52% (P < 0.01) and 84% (P < 0.001), respectively. The ice strength is proportional to ice thickness and varies exponentially with ice concentration
(Hibler, 1979). The decrease in the ice concentration and the increase in ice temperature responding to
the warming air temperature after May 2015 were associated with the rapid increase in the ice deformation
rate. Similarly, results from a high‐resolution sea ice dynamics model show that the seasonality of the total
ice deformation rate over the entire Arctic is signiﬁcantly correlated with variations in ice concentration
(Hutter et al., 2018).
There were insufﬁcient data to describe the complete annual cycle of ice deformation during 2016/2017
(Figure 6). The seasonal evolution of the ice deformation at scales of 5–10, 10–20, and >240 km indicates differences between the two ice seasons. The deformation rates were higher in September 2016 than in
September 2014, which we ascribe to lower ice concentration in 2016. Between September and October,
the average ice concentration within the buoy array increased from 68% to 98% in 2016, and the decrease
in ice deformation rates over these months was more marked in 2016 than in 2014. During the ice growth
season from November 2016 to April 2017, when the ice concentration within the buoy array remaining
above 99%, the ice deformation rates exhibited moderate monthly variability. The enhanced ice deformation
rates were associated with higher wind speeds. An R2 value of 36% (P < 0.05) indicates that a signiﬁcant fraction of the variance of ice deformation rates can be related to atmospheric forcing. Herman and
Glowacki (2012) suggested that the decrease in the Arctic multiyear ice area might enhance the wind‐ice
deformation correlation. The extremely low ice concentration in September 2016 implies that ﬁrst‐year ice
dominates in the study region during the subsequent freezing season. The ice‐type product provided by
LEI ET AL.
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Figure 5. (a) Monthly air temperature and wind speed averaged over all buoy triangles and (b) monthly total
deformation rate (D) at various spatial scales obtained using position data resampled at 3‐hourly intervals and ice
concentration averaged over all triangles during ice season 2014/2015.

the SAF‐OSI shows that multiyear ice coverage in the domain of 74–84°N, 130–170°W was 35% on 15
October 2016. This was about half the multiyear ice coverage on the same day in 2014 (61%). In
2016/2017, the cyclonic ice drift together with an extremely low Beaufort High index might have led to an
ice divergence that was higher than that in 2014/2015 (Figure 1) because most buoys were advected into
the regions north of the Canadian Arctic Archipelago, where the ice divergence is associated with the net
eastward extension of the ice ﬁeld (Kwok, 2006). Such scenario, together with the relatively high monthly
variations in wind speed, can contribute to the higher wind‐ice deformation correlation in 2016/2017.
To further compare seasonal variability of the magnitude and relative contribution of each component of ice
deformation between the two ice seasons, we calculated monthly DKPs using data resampled at 3‐hourly
intervals at the spatial scale of 80–180 km (Figure 7). We focused on this scale because for both ice seasons,
it holds sufﬁcient samples, and also because ice deformation greater than the mesoscale is more susceptible
to changes in the atmospheric circulation pattern (Kwok, 2006). However, insufﬁcient data were available
after April 2017; therefore, we limit the analysis to spring of 2016/2017. In both 2014/2015 and 2016/2017,
the ice deformation was dominated by shear strain, which contributed to 65% to 79% of total ice deformation
in 2014/2015 and 72% to 98% between September 2016 and March 2017 (Figures 7a and 7b). Contribution of

Figure 6. Same as Figure 5 but for ice season 2016/2017.

LEI ET AL.

9 of 18

Journal of Geophysical Research: Oceans

10.1029/2019JC015310

Figure 7. Seasonal variability in the absolute value of ice divergence rate (abs. div), and ice divergence (div), shear (shr),
and total ice deformation (D) rates during ice seasons (a) 2014/2015 and (b) 2016/17, and (c) relative contributions of ice
divergence and shear rates to total ice deformation during the two ice seasons.

ice divergence to total ice deformation remained low (2–35%) during both ice seasons (Figures 7a and 7b),
which is in agreement with results from the ﬁeld experiment of the Surface Heat Budget of the Arctic
Ocean program (SHEBA; Lindsay, 2002). The temporal cumulative ice divergence was 136% from
September 2016 to March 2017, which was about 9 times that obtained from the same period of
2014/2015. This is in agreement with Kwok (2006), who indicated that the pattern of cyclonic sea ice motion
in western Arctic Ocean associated with the weakened Beaufort Gyre might lead to greater ice divergence
than that for the anticyclonic pattern. Kwok (2006) also demonstrated that the correspondence between
sea ice divergence and large‐scale atmospheric circulation would be enhanced with the loss of multiyear
ice. Thus, the relatively low multiyear ice coverage within the study region during 2016/2017 might also contribute to the intensive ice divergence.
Similar to total ice deformation rate, ice divergence and shear rates were also higher in summer and autumn
than in winter and spring. In summer 2015, the increase in ice divergence rate was higher than that in ice
shear rate because the buoy array was advected to the eastern boundary of the Beaufort Gyre where ice divergence was enhanced by the well‐developed Beaufort Gyre (Kwok, 2006). From June to August 2015, the temporal cumulative ice divergence was 109%, which was about 6 times that obtained from September 2014 to
May 2015. Prior to March, contributions of ice divergence and shear rates to total ice deformation rate in
2016/2017 remained relatively unchanged (Figure 7c). However, the magnitude of ice shear rate increased
slightly in March 2017, which resulted in a sharp increase in its relative contribution to total ice deformation
because of the almost negligible contribution from ice divergence at that time. The process may be related to
the well‐developed low SLP ﬁeld over most of the Arctic Ocean, which is attributed to the continuation of
stormy conditions that had prevailed since December 2016 (Moore et al., 2018). This atmospheric circulation
pattern resulted in cyclonic ice motion in the western Arctic Ocean. Consequently, most buoys changed
from drifting southeastward to eastward in March 2017 (Figure 1b), resulting in an increase in ice shear
in the study region.
3.3. Scaling Properties of Ice Deformation
Between September 2014 and June 2015, the spatial scaling exponent β remained relatively low. Estimates of
β range from 0.14 to 0.45 using data resampled at 3 hr and from 0.05 to 0.19 using data resampled at 72 hr,
indicating that the ice deformation is more homogeneous for the larger temporal scale (Figure 8a). The
values for 72‐hourly intervals are comparable to the estimates by Stern and Lindsay (2009) for November–
April of 1996–2005 in the western Arctic (0.18 ± 0.04) using RGPS data with the same temporal resolution
LEI ET AL.
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Figure 8. Monthly variability in the spatial scaling exponent (β) for various sampling intervals and in the space‐time coupling coefﬁcient (c) for ice seasons
(a) 2014/2015 and (b) 2016/2017.

(Table 2). Our results obtained from 3‐hr sampling also are comparable to that reported by Itkin et al. (2017)
from data obtained in winter and spring north of Svalbard (0.37–0.54), in spring in the Beaufort Sea (0.4), and
in May close to the North Pole (0.35). These comparisons imply that spatial scaling characteristics of ice
deformation obtained in 2014/2015 are highly representative of those found across the Arctic Ocean. As
summer approached, β increased rapidly, likely as a result of decreased ice concentration and increased
air and ice temperature. The air temperature would affect the scaling of ice deformation not only at the
seasonal scale by governing the ice thickness and concentration but also at the synoptic scale by
governing the ice temperature and consolidation (Oikkonen et al., 2017).
By August 2015, β corresponding to a 3‐hr sampling interval has increased to 0.83, which is 2 to 3 times that
estimated for the freezing season. This suggests that sea ice deformation was less localized in summer than in
other seasons, which is consistent with the results (Table 2) obtained from analyses of RGPS SAR image

Table 2
Spatial Scaling Exponent Obtained From This Study and the Literature
Method

Location

Buoy array with 3‐hr
sampling frequency

Western Arctic

Buoy array with 3‐hr
sampling frequency

North of Svalbard
Close to the North Pole
Beaufort Sea
North of Svalbard,
close to the MIZ
North of Svalbard,
close to the MIZ

Ship radar image

Scale range, year
20–180 km, 2014/2015
5–300 km, 2016/2017
30–150 km, 2003
80–250 km, 2007
10–140 km, 2007
2–100 km, 2015
0.05–50 km, 2015

Relative dispersion
of pairs of buoys

Entire Arctic

0.30–300 km, 1979–2002

RGPS image with 3‐day
sampling frequency
RGPS image with 3‐day
sampling frequency

Western Arctic

10–1,000 km,
1997–2003, 2005
10–1,000 km, 1997

LEI ET AL.

Western Arctic

Spatial scaling exponent
0.14 to 0.45 in September–June;
0.58–0.83 in July–August
0.18 to 0.38 in September–November
0.41 in April–May
0.35 in May
0.40 in March–May
0.37 in early winter;
0.54 in late winter and spring
0.82 with 10‐min sampling frequency;
0.52 with 24‐hr sampling frequency.
In January–May
0.85 for hourly sampling and 0.42 for
monthly sampling in summer; 0.85
for hourly sampling 0.35 for monthly
sampling in winter
0.18 ± 0.04 in November–April; 0.25 in August
0.2 in November

Literature
This study

Itkin et al. (2017)

Oikkonen et al. (2017)

Rampal et al. (2008)

Stern and
Lindsay (2009)
Marsan et al. (2004)
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(Stern & Lindsay, 2009) and relative dispersion of pairs of buoys (Rampal et al., 2008). For ice season
2016/2017, β corresponding to a 3‐hr sampling interval was 0.38 in September 2016 (Figure 8b) and
decreased gradually as ice concentration increased rapidly in autumn. β was slightly higher in September
2016 than in September 2014 (0.32) possibly because of the looser summer ice pack in September 2016.
Due to a lack of data, we were unable to estimate β for the period after December 2016.
Throughout the ice season, β decreased with increasing timescale, indicating that sea ice deformation
appears more homogeneous on longer timescales. For autumn, c was lower in 2016 (0.031) than in 2014
(0.045), which can be attributed to the relatively low ice concentration and the relatively high fraction of
ﬁrst‐year ice in autumn 2016. In 2014/2015, the space‐time coupling coefﬁcient c showed clear seasonal
variability with higher values in winter and spring and lower values in autumn and summer. From
September 2014 to June 2015, c varied between 0.035 and 0.082 with the maximum in March 2015. This
implies that mechanical strength of the ice pack would be at its annual maximum in March, possibly as a
result of the thicker ice in late winter. This is in agreement with the results given by Herman and
Glowacki (2012), who highlighted seasonal variability in the mechanical behavior of Arctic sea ice.
However, the average value of c for September to June was lower in 2014/2015 (0.057) than that obtained by
Rampal et al. (2008) in 1979 to 2002 (0.100). Differences between our study and that of Rampal et al. (2008)
could explain the discrepancy for the average c values. First, our study region is part of the Beaufort Gyre
system where sea ice dynamics are relatively active and small‐scale ice fracturing prevails even when ice
concentration is close to 100% (Bröhan & Kaleschke, 2014); in contrast, Rampal et al. (2008) analyzed data
from buoys that were deployed mainly in the perennial ice zone of the central Arctic Ocean. Second, loss of
multiyear ice and thinning of sea ice weaken the mechanical strength of Arctic sea ice (Gimbert, Jourdain,
et al., 2012). Third, Rampal et al. (2008) characterized scaling properties of Arctic sea ice deformation from
buoy dispersion analysis, while we did so by calculating DKPs. Although the two methods are closely
related, differences in the magnitudes of estimated values between them have been reported (Rampal
et al., 2008).
Between September and December 2015, increase in ice thickness and decrease in ice temperature should
have led to the consolidation of the ice cover and reduced the likelihood of ice deformation. However,
enhanced cyclonic activity in winter resulted in increased wind forcing, which further encouraged ice deformation. Thus, the temporal scaling exponent α (Figure 9) decreased between September and October 2014,
increased between October and December 2014, and decreased gradually until April 2015 as the wind forcing weakened and the ice thickened. In the summer of 2015, α increased slightly due to the rapid decrease
in the ice concentration. In 2014/2015, α exhibited less seasonal variability than β (Figures 8a and 9a), indicating that seasonal variability of spatial heterogeneity was higher than that of the temporal intermittency.
Frequent opening and closing of leads between ice ﬂoes would occur in both summer and winter. However,
localization of sea ice deformation is considerably reduced during summer when the ice pack is less consolidated and unable to transmit stress over large distances.
The seasonal variability in α differs between the two ice seasons (Figure 9). Between September and
November 2016, increased ice concentration and decreased wind forcing resulted in rapid decrease in α.
During the freezing season from December 2016 to April 2017, the monthly variability in the wind speed
moderately inﬂuenced α variability with R2 values of 0.23 to 0.53. After May 2017, α increased substantially
as ice concentration and strength both decreased. On the basis of the data from the two ice seasons, we found
that the consolidation of the ice cover, which is related to sea ice concentration, thickness, and temperature,
is the main factor governing seasonal variability of the intermittency of the ice deformation. On the other
hand, the wind forcing exerts an inﬂuence on the ice deformation at synoptic scale. Through the ice season,
α decreases as the spatial scale increases, indicating that the intermittency of ice deformation decreases with
increasing spatial scale. The spatial and temporal scaling exponents remained strictly positive for both ice
seasons, which means that the ice cover cannot be considered as a viscous material even at a basin scale
and/or a timescale of a few days because the deformation of viscous material is absolutely homogeneous
at the spatial scale and smooth at the temporal scale with zero values for both β and α (Rampal et al., 2008).
The ice deformation exhibits multifractality (Marsan et al., 2004; Weiss & Marsan, 2004), and the moments
of deformation rate, Dq, are exponentially proportional to the spatial scale (Equation 8; Figures 10a and 10b).
The curvature of the structure function β(q), 2a (Equation 9 and Figure 10c), is an alternative indicator for
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Figure 9. Monthly variability in the temporal scaling exponent (α) at various length scales, monthly wind speed, and ice
concentration averaged over all triangles formed by groups of three buoys for ice seasons (a) 2014/2015 and (b) 2016/
2017.

the strength of the ice cover. Using a sea ice dynamics model, Bouillon and Rampal (2015) demonstrated that
high ice cohesion is related to large curvature and high multifractality. The magnitude of 2a nearly doubled,
increasing from 0.14 to 0.24 in autumn 2014 and from 0.07 to 0.20 in autumn 2016 (Figure 10c). The higher
value of 2a in autumn 2014 may be related to higher ice concentration and multiyear ice coverage compared
with that in autumn 2016. Between November 2014 and May 2015, 2a remained within a range of 0.21 to
0.24. These values are comparable to the estimate of 0.26 obtained from RGPS data in November (Marsan
et al., 2004). After May 2015, 2a decreased rapidly as summer approached and reached its annual
minimum of 0.07 by August 2015, which was the same as that obtained in September 2016.
3.4. Localization of Sea Ice Deformation
Heterogeneity of the ice deformation ﬁelds can be described using the areal localization index of ice deformation, δ15%, which is the area fraction containing the largest 15% of the deformation. An absolutely homogeneous ﬁeld would lead to a δ15% value of 15%. For both 2014/2015 and 2016/2017, δ15% was higher at the
spatial scale of 80–180 km than at 20–40 km (Figure 11), implying that the ice deformation ﬁeld was more
homogeneous at larger spatial scales. For September 2016 and July–August 2015, δ15% values were high,

Figure 10. Spatial scaling exponent β against moment order q in various months during the ice seasons of (a) 2014/2015
and (b) 2016/2017, and (c) seasonal change in the curvatures of the quadratic ﬁt of the β against the q, as well as ice
concentration and air temperature averaged over all buoy triangles.
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Figure 11. Seasonal variability in the surface area fraction containing the largest 15% of ice deformation (δ15%) during
ice seasons 2014/2015 and 2016/2017 obtained using position data resampled at 3 hr and at spatial scales of 20–40 and
80–180 km.

consistent with the relatively low ice concentration of approximately 90%. Results from a sea ice numerical
model show that a decrease in ice concentration from 100% to 90% would considerably lower localization of
the sea ice deformation (Hutter et al., 2018). This is because the low ice concentration would introduce a
greater freedom of ice motion and consequently a more homogeneous ice deformation ﬁeld. If part of the
study domain is affected by smaller, more energetic synoptic systems than the rest of the domain, the localization of the sea ice deformation would be enhanced. However, we expect that such impact from a
small‐scale synoptic system is smoothed to a high degree over a monthly temporal window. Thus, its inﬂuence can be ignored for the assessment of seasonality of localization index of ice deformation. Excluding the
data from September 2016 and July and August 2015, δ15% derived from data resampled at 3‐hourly intervals
was 4.4 ± 0.7% at 80–180 km and 3.5 ± 0.7% at 20–40 km in 2014/2015, and 4.9 ± 0.9% at 80–180 km and
2.4 ± 1.2% at 20–40 km in 2016/2017, respectively. Analyses of RGPS data from the western Arctic collected
over intervals of 72 hr demonstrated a decrease of δ15%, as the spatial scales decreased from 200 to 20 km,
from 3.2% to 1.6% in November (Marsan et al., 2004) and from 5.0% to 1.2% in April (Stern &
Lindsay, 2009). Analyses of 3‐hourly data from ship radar images for winter sea ice north of Svalbard demonstrated δ15% of about 1% at the scale of less than 2 km (Oikkonen et al., 2017). Thus, δ15% values obtained in
this study are representative of those found across the Arctic Ocean during the ice growth season.
Between November 2014 and May 2015 when the localization of the ice deformation was relatively high,
δ15% variability was mainly governed by the ice deformation rate, that is, stronger deformation is related with
higher δ15% (R2 = 0.76, P < 0.01). This is in agreement with Oikkonen et al. (2017), who demonstrated that
the ice deformation was less localized at times of intense deformation, that is, stronger deformation can be
transmitted over longer distances.
The localization of the ice deformation also has a high dependence on the temporal scale. During all seasons
in both 2014/2015 and 2016/2017, δ15% exhibits a linear relationship with the logarithm of the temporal
scale, which is statistically signiﬁcant at the 99.9% conﬁdence level (Figure 12) and in agreement with results
from a study of small‐scale ice deformations (Oikkonen et al., 2017). The δ15% at the 1‐hr scale extrapolated
from the linear relationship with the logarithm of temporal scale decreased to less than 5% for all seasons.
This implies that extreme ice deformation events occur over very small areas in linear kinematic features,
that is, cracks and ridges, which can be considered as small‐scale brittle failure of the ice pack (Hwang
et al., 2015). For both ice seasons, δ15% decreased substantially from autumn to winter. This phenomenon
was especially pronounced in 2016 because of the abrupt increase in ice concentration. As expected, δ15%
in summer 2015 was higher than in other seasons. At the 3‐hr scale, δ15% increased from 2.9% to 6.1% at
the 20–40 km scale and from 3.6% to 6.4% at the 80–180 km scale from May to August 2015 as shown in
Figure 11, which implies that the ice deformation ﬁeld has become relatively uniform by late summer.
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Figure 12. Seasonal average surface area fraction containing the largest 15% of ice deformation rate (δ15%) at the spatial
scale of 20–40 km as a function of temporal scale during ice seasons (a) 2014/2015 and (b) 2016/2017.

4. Discussion
Multiyear ice has been decreasing in recent decades (Kwok & Cunningham, 2010), although there have been
intermittent, relatively large increases in the western Arctic Ocean due to different atmospheric circulation
pattern, for example, in 2013 and 2014 (Lei et al., 2017). With further loss of Arctic sea ice and the northward
advance of the summer MIZ (e.g., Strong & Rigor, 2013), summer ice preconditioning would have a strong
and long‐lasting impact on the ice deformation ﬁeld during the freezing season. For example, some sea ice
dynamic behaviors that used to occur only in summer are likely to appear in autumn or spring assuming a
lengthening of the ice melt season. This suggests that, in terms of ice dynamics, the changing Arctic sea ice is
becoming more similar to that in Antarctica.
The deformation rate and scaling exponents decrease from the MIZ to the PIZ (Hutter et al., 2018; Stern &
Lindsay, 2009), closely reﬂecting the spatial distribution of multiyear ice (Kwok, 2006). Our study region lies
between the MIZ and PIZ in the western Arctic Ocean. The region's conditions are representative of those in
the PIZ in years with larger ice coverage, for example, 2014/2015, and of conditions in the MIZ in years with
lower ice coverage, for example, 2016/2017. We argue that the conditions in 2016/2017 are more representative of an Arctic Ocean following the loss of sea ice, especially the decrease in multiyear ice.
The amplitude of the annual cycle of ice deformation rate in 2014/2015, and especially in 2016/2017, was
larger than that obtained during the SHEBA campaign in 1997/1998, also in the western Arctic Ocean
(Lindsay, 2002). In SHEBA, the annual maximum average deformation rate (occurring between August
and September) was about 3.3 times that of the annual minimum (occurring between March and April).
In our study, the ratio between the annual maximum and the minimum deformation rate is 4.8 in
2014/2015 and 5.3 in 2016/2017, respectively. The relatively low annual amplitude in SHEBA likely resulted
from the extensive multiyear ice coverage in the SHEBA study region and the high sea ice concentration in
summer 1998, which reduced the ice deformation. Thus, we can infer that annual amplitude of ice deformation would increase as multiyear ice decreases. This is similar to the increased amplitude in seasonal cycle
for ice thickness as the loss of multiyear ice.

5. Conclusions
Buoy arrays were used during the ice seasons of 2014/2015 and 2016/2017 to characterize the annual cycles
of ice motion and deformation in the western Arctic Ocean. We used multiple parameters, including
ice‐wind speed ratio, spatial and temporal scaling exponents, space‐time coupling coefﬁcient,
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multifractality of ice deformation, and the areal localization index of ice deformation, to explore the seasonal
variability of the mechanical behavior of the ice pack. The Beaufort High index was extremely high during
2014/2015, inducing a generally anticyclonic drift in the region of the buoy array. In contrast, in 2016/2017,
the Beaufort High was extremely weak, which resulted in a generally cyclonic drift over the study region.
This led to a higher contribution of ice divergence to total ice deformation, as well as an increased potential
for higher heat ﬂux from ice‐covered ocean to atmosphere. With the winter advance, the ice concentration
and the ice thickness both increased, while the ice temperature decreased, all contributing to enhanced
strength of the ice cover. During the autumn‐winter transition in 2016, the ice‐wind speed ratio, areal localization index, total deformation rate, and spatial and temporal scaling exponents of the ice deformation ﬁeld
all decreased noticeably and multifractality of ice deformation increased accordingly. However, the variability in these parameters was relatively inconspicuous during the same months in 2014 because of the different
summer preconditioning and the subsequent sea ice conditions during the freezing seasons, for example, larger multiyear ice coverage and thicker ice in 2014. Multifractality of ice deformation remained high during
the freezing season for both years. This could be related to enhanced ice strength due to high ice concentration, high ice thickness, and low ice temperature. Seasonally varying multifractal scaling of sea ice deformation implies that the mean pattern of the ice strain is insufﬁcient to fully describe the variability of the ice
deformation ﬁeld; the standard deviation and higher‐order moments of the ice strain, each with a range
of scaling characteristics, also need to be considered.
With approaching summer, the ice deformation increased and the ice deformation ﬁeld became less localized in space and less intermittent in time. The change in the ice deformation ﬁeld was more pronounced
during the summer of 2015 than during the summer of 2017 because the buoy array had drifted to lower latitudes in 2015. The high heterogeneity of ice deformation highlights the necessity of high resolution for the
grid domain in sea ice dynamics models, so small‐scale ice fractures can be resolved. Consequently, buoy
data with high spatial and temporal resolution are necessary to validate the output of the model.
However, the gradual destruction of the buoy array due to ice melt and divergence restricted the spatial scaling analysis of the ice deformation ﬁeld in 2016/2017. Our study highlights the difﬁculties involved in maintaining a regular buoy array year‐round. The currently underway experiment of the Multidisciplinary
drifting Observatory for the Study of Arctic Climate (MOSAiC) program will provide excellent information
to expand on the results of this study.
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