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Abstract

Sea  ice  growth  and  consolidation  play  a  significant  role  in  heat  and  momentum  exchange  between  the
atmosphere and the ocean. However, few in situ observations of sea ice kinematics have been reported owing to
difficulties of deployment of buoys in the marginal ice zone (MIZ). To investigate the characteristics of sea ice
kinematics from MIZ to packed ice zone (PIZ), eight drifting buoys designed by Taiyuan University of Technology
were deployed in the open water at the ice edge of the Canadian Basin. Sea ice near the buoy constantly increased
as the buoy drifted, and the kinematics of the buoy changed as the buoy was frozen into the ice. This process can
be determined using sea ice concentration, sea skin temperature,  and drift  speed of  buoy together.  Sea ice
concentration data showed that buoys entered the PIZ in mid-October as the ice grew and consolidated around
the buoys, with high amplitude, high frequency buoy motions almost ceasing. Our results confirmed that good
correlation coefficient in monthly scale between buoy drift and the wind only happened in the ice zone. The
correlation coefficient between buoys and wind was below 0.3 while the buoys were in open water. As buoys
entered the ice zone, the buoy speed was normally distributed at wind speeds above 6 m/s. The buoy drifted
mainly to the right of the wind within 45° at wind speeds above 8 m/s. During further consolidation of the ice in
MIZ, the direct forcing on the ice through winds will be lessened. The correlation coefficient value increased to 0.9
in November, and gradually decreased to 0.7 in April.
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1  Introduction
The marginal ice zone (MIZ), a buffer between open water

and ice pack, spans from where 15% of the sea surface is covered
by ice to 80% ice concentration (Aksenov et al., 2017; Strong and
Rigor, 2013). MIZ plays a key role in marine ecosystems and its
time-varying state affects the exchange of ocean-atmosphere (Liu
et al., 2021; Vichi et al., 2019; Taylor et al., 2013). Abrupt climate
changes have been observed in the Arctic over the last 40 years,
the current Arctic sea ice is transitioning from a thick, strong ice
pack to a thinner, more fragile ice cover (Stroeve et al., 2012;
Rampal et al., 2009). Furthermore, ice-free summers have a high
probability in the Arctic by the middle to the end of the 21 cen-
tury in response to the increasing greenhouse gas concentrations
(Notz and Community, 2020). The measurements of sea ice
growth and drift are crucial for understanding the ocean–ice–at-
mosphere system in the MIZ. The formation of sea ice reduces
upper ocean stability and modifies the atmospheric boundary
layer. Consolidation of sea ice causes ridges and leads, affecting
the local sea ice thickness (Itkin et al., 2018). Leads between ice
floes increase heat loss from the ocean to the atmosphere (Alam
and Curry, 1998). This process is extremely important in winter

for promoting under-ice haptophyte algae blooms (Assmy et al.,
2017) and is highly related to the Arctic amplification (Lüpkes
et al., 2008). The rapid shrinking of sea ice cover in the Arctic res-
ults in the MIZ expanding (Boutin et al., 2020; Lee et al., 2017;
Strong et al., 2017), and this may bring more challenges to the ex-
ploration of sea ice changes.

The formation of sea ice in the Arctic is strongly coupled with
the ocean and atmosphere. Small frazil crystals begin to form
when the ocean surface is at or slightly below the freezing point.
The consolidation of sea ice crystals can form under two differ-
ent modes, depending on the wind and wave conditions (Weeks
and Ackley, 1986; Shen and Ackley, 1991). The process of how
new ice forms is not well understood, as the nature size of the ice
makes its study difficult. Satellite remote sensing has long been
used to derive sea ice drift speed from pairs of sequential images.
However, it can hardly be used in the detection of sea ice growth,
mainly because of the small size of new ice. Sea ice models, such
as CICE5 and LIM3, usually employ a probability distribution in
sea ice thickness to calculate thermodynamic and dynamic sea
ice evolution. This may result in uncertainty estimates in a com-
plex area, such as the MIZ. Buoys are typically used to character-  
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ize the changes in sea ice thermodynamics and the spatial and
temporal variations of ice deformation (Zuo et al., 2018a, 2018b;
Yu et al., 2021). To accurately describe the ice motion occurs in
small scales and over short periods, the in situ data like collected
by the buoys is still needed (Hutching and Hibler, 2008).
However, the inaccessibility of polar regions and harsh wave-in-
fluenced environments leads to fewer studies on sea ice growth
processes than for melt processes.

To analyze the dynamic difference between the new ice and
the pack ice, an array of drifting buoys was deployed in a “five
dice” pattern by Doble and Wadhams (2006). Compared to the
wave height and mean period between the buoys outer and in-
ner ice edges, whether the ice near buoys consolidated can be
judged. This method gives the exact time of sea ice consolidation,
but the field arrangement of the experiment is demanding and
complicated. To reduce the deployment of buoys in the packed
ice zone (PIZ), Roach et al. (2018b) quantified the ice growth by
using images from drifting buoys. Lund et al. (2018) presented
new ice drift fields measured by shipboard radar. These methods
simplified the experiment, and the results are more reliable. The
former focuses on the changes in sea ice status and has a shorter
study period of about a week. And the latter ice speed calculated
by radar images and reference sea ice drift remains error.
Coupled to the ice thickness distribution (ITD) theory, Zhang
et al. (2015) developed an floe size distribution (FSD) theory to
explicitly simulate the evolution of FSD and ITD jointly. Horvat
and Tziperman (2017) discussed sea ice floe size distribution
through numerical experiments. This could explain the distribu-
tion and evolution of sea ice, but explanations for changes in sea
ice movement are still lacking.

The aim of the present works is mainly to focus on the pro-
cess from the new ice to the packed ice, the characteristics of
newly formed packed ice kinematics have thus remained largely
unknown. In this study, observations from buoys deployed in the
Canadian Basin during the 9th Chinese National Arctic Research
Expedition (CHINARE) in 2018 are reported. This paper was de-
signed to provide a method for the new ice evolved from uncon-
solidated ice to the packed ice. The buoys data was used to in-
vestigate the characteristics of the sea ice kinematics between the
MIZ and PIZ, which includes the dynamics of packed ice after
consolidation. The time when buoys enter the packed ice is dis-

cussed in Section 3. In Section 4, the spatiotemporal changes in
the atmosphere and its impact on the wind heading distribution
are described. Section 5 analyses the speed changes of buoys, in-
vestigates the drift of buoys in response to the wind in different
ice conditions, and calculates the inertial oscillation. The discus-
sion and conclusions are presented in Section 6 and Section 7,
respectively.

2  Data and methods

2.1  Deployment of drifting buoys
The location data used in this study was transmitted by Taiy-

uan University of Technology (TUT) buoys, which are drifting
buoys equipped with GPS. TUT buoy is composed of a surface
float, a tether, and a drogue (Fig. 1a). The length and the diamet-
er of the drogue are 10 m and 0.6 m, respectively. The diameter of
the drogue hole is 0.3 m, and the depth interval is 1.6 m, which
can be used to capture the flow rate and direction of the ocean
current (Manda et al., 2002). Moreover, an annular steel ring is
installed at the bottom to support the structure and counter-
weight of the drogue. The length of corrosion-resistant tether as-
sembly is 5 m, and is used to connect the drogue to the float. TUT
buoy remained in the ice as ice consolidated into a coherent ice
sheet. The surface floating with a sphericity shape can rectify the
surface wave as the net horizontal force, and significantly reduce
the damage of sea ice freezing to the buoy. The diameter of the
floating ball located on the water surface is 0.4 m, which is
equipped with an Iridium satellite module, a global navigation
and positioning module, an antenna and a battery unit. The data
was sent to the satellite network via the Iridium network and
stored in an SBD format with sampling intervals of 1 h. Prior to
deployment, the horizontal position accuracy for all TUT buoys
was calibrated on the ice breaker Xuelong. The standardization
took place over a week with the maximum deviation of horizont-
al position among the GPS being below 5 m. During the 9th
CHINARE, eight TUT buoys were deployed around late July 2018
between 154°W and 165°W along 75°N (Fig. 1b).

The study region was defined as 70°–85°N, 170°E–140°W (Fig. 2a).
All buoys were deployed in open water upon deployment, as con-
firmed by observers onboard the ice breaker Xuelong. After de-
ployment, the buoys moved westward and then towards the

0.4 m

5
 m

1
.6

 m1
0
 m

0.6 m

0.3 m

switch

controller

iridium

antenna

battery

drogue

tether

surface float

sea surface

a

drogue

tether

surface float

sea surface

b

 

Fig. 1.     Taiyuan University of Technology (TUT) buoy mainly consists of surface float, a tether and drogue. The surface float is
responsible  for  sending position data,  drogue pulls  the  float  by  the  tether  with  the  ocean current  as  buoy in  the  open water.
a. Schematic depiction of TUT buoy; b. Buoy A, shortly after deployment at the site of 74.63°N, 164.95°W with the drogue floated on the
sea.
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north of the Canada Basin under ocean currents and wind force.
Operation periods of all TUT buoys are shown in Fig. 2b. The first
buoy stopped working on October 2, 2018. The operation time of
four buoys (grey) was below three months owing to battery prob-
lems caused by the terrible weather, unfortunately. The other
four buoys recorded the motion changes in the process of sea ice
growth and consolidation successfully, which were named Buoys
A, B, C, and D. Three buoy operation lifetimes were even close to
nine months. Ultimately, five buoys survived during the ice sea-
son; of these buoys, only four buoys entered the ice zone. The last
buoy (Buoy D) stopped working on May 2, 2019. Most sub-
sequent discussions of buoys include only these four. The drift
trajectories in the Canadian Basin do not follow smooth straight
lines, but instead describe curves and loops. This results from the
variability of atmospheric forcing are due to the passage of syn-
optic weather systems (Haller et al., 2014; Heil et al., 2008).

2.2  Buoy kinematic characteristics
δvThe buoy sampling interval is 1 h; and the accuracy  of the

buoy velocity (Leppäranta, 2011) is

δv =
√

s/Δt, (1)

Δtwhere s is the horizontal position accuracy and  is the interpol-
ation interval. The accuracies of the daily and hourly buoy velo-
cities are therefore 0.03 cm/s and 0.6 cm/s, respectively.

To determine the status of buoy movement, the 3.125 km×
3.125 km gridded sea ice concentration data provided by the Uni-
versity of Bremen (www.seaice.uni–bremen.de) was used. The
data was derived from the brightness temperature field obtained
from the Advanced Microwave Scanning Radiometer–2 (Spreen
et al., 2008). For other atmospheric variables such as wind velo-

W mcity at a height of 10 m ( ), sea level pressure (SLP), and skin
temperature (SKT), the ERA5 reanalysis data with a 0.25°×0.25°
resolution provided by the European Centre for Medium–range
Weather Forecasts were used (Delhasse et al., 2020; Clem et al.,
2020). Sea ice concentration data were bilinearly interpolated to
the daily position of the buoy, and the other data sets were bilin-
early interpolated to the hourly position of the buoys (Lei et al.,
2016).

Despite the underlying principle between the ice concentra-
tion and the mechanical behavior of the cover, it still needs to be
quantified. Promoted by the observation of the Fram’s journey
along the transpolar drift. Nansen (1902) made the first studies of
oceanic inertial oscillations. It was found that sea ice moved with
a 20°–40° angle to the right of the wind heading. According to
Gimbert et al. (2012b), the coriolis force acts perpendicularly to
particle velocity resulting in the deviation of trajectories to the
right in the Northern Hemisphere.

The normalized amplitude at the inertial frequency (Lei et al.,
2016) was used to characterize the frequency-domain signal of
the buoy velocity. The value can indicate the free–drift property
of the buoy motion. To obtain this value, we applied Fourier ana-
lysis using a fast Fourier transformation algorithm for normal-
ized hourly velocities for Buoys A, B, C, and D. Along the buoy
trajectories, the absolute magnitude of buoy velocity may
change. Normalized velocities were provided to better compare
the frequency-domain signals. To reduce the influence of long
time scale, low-frequency signals, a three-day sliding temporal
window was applied to calculate the normalized velocities. The
frequency of the inertial oscillation depends on the particle latit-
ude,

f = Ωsinϕ, (2)
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Fig. 2.     Operation of the buoys deployed in the 9th Chinese National Arctic Research Expedition (CHINARE). a. Map of all eight
Taiyuan University of Technology (TUT) buoys drift tracks in 2018–2019; deployment locations (black point) and final position (red
asterisk) are shown; b. time series of observations by all eight TUT buoys deployed during the 9th CHINARE.
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f Ω ϕ

/d
d

where  is inertial frequency,  is the Earth rotation rate, and  is
latitude. The inertial frequency ranges from 1.88 cycles/d to 2.00
cycles  between 70°N and 85°N, which is, close to a semi-diurn-
al frequency (2 cycles/ ).

Û (ω)

Fourier analysis was used to calculate rotary spectra from
buoy velocity to identify signals of inertial and tidal origin, both
of which have a frequency of 2 cycles/d in the Arctic Ocean. The
complex Fourier transformation  is defined as follows:

Û (ω) =

N

tend−Δt∑
t=t

e−iωt (U+ iV) , (3)

t tend
U V

where N is the number of velocity samples,  and  are the
start and end times of the temporal window;  and  are the
zonal and meridional speeds at t+0.5∆t on an orthogonal geo-
graphical grid; and ω is the angular frequency.

The meander coefficient (MC) was applied to evaluate the ef-
fective translation associated with the buoy drift. An MC of one
means that the buoy trajectory is a straight line, with high values
resulting in highly unstable trajectory. Here, we calculate the
monthly MC, which is the ratio of the accumulation of hourly
buoy displacement to the net displacement.

3  Determination of ice consolidation
The primary aim of the analysis is to contrast the dynamics of

buoys in the open ocean with those of consolidated pack ice. We
therefore need to determine when the seawater around the buoy
starts to freeze. The variation of sea ice growth at the buoy loca-
tion can be reflected by sea ice concentration. On August 1, 2018,
distribution of sea ice in the study area showed spatial hetero-
geneities, the concentration of sea ice in the western part of the
study area was much higher than that in the east. Seawater froze,
formed small frazil crystals and then consolidated to the pack ice
during the frozen season. This process was captured and recor-
ded in the form of position data by the TUT buoys. The ice con-
centration near the buoys showed a rapid increase in mid-Octo-
ber and remained high (Fig. 3). The exact date of consolidation
for each buoy was inferred from changes of the ice concentration
and the skin temperature. This was caused by the growth of sea

ice, which altered the drift characteristics of buoys (discussed in
Section 5). At this juncture, four of the eight buoys (low opera-
tion lifetime buoys) failed to withstand the strong environmental
conditions and stopped working, and the spatial difference in sea
ice concentration gradually decreased.

The SKT and sea ice concentration near the four buoys un-
derwent similar changes due to their close deployment positions.
From August to October 2018, the SKT near the buoys was main-
tained at about −1°C. From mid-October 2018 onwards, the daily
average SKT dropped sharply and remained below −1.8°C
throughout the buoy life. This is consistent with variation of the
sea ice concentration, demonstrates the thermodynamic ice
growth. At the Buoy D site, the SKT increased markedly after
mid-April. This is mainly due to the sea ice melting and breaking
up.

4  Spatiotemporal changes in atmospheric conditions
In winter, the Arctic atmosphere is influenced by two major

circulation systems (Timmermans and Marshall, 2020). The
Beaufort Gyre (BG) is one of the two major ocean currents in the
Arctic Ocean. It is roughly located north of the Alaskan and Cana-
dian coasts. In the past, Arctic sea ice circulated in the BG for up
to several years, leading to the formation of very thick multi-year
sea ice. Because of the Arctic amplification, the gyre has lost a
considerable amount of ice, with the oldest, thickest ice gradu-
ally disappearing (Howell et al., 2008).

The circulation in the western Arctic is characterized by a
quasi-stationary region of high pressure known as the Beaufort
High (BH). Although it is usually connected to the Siberian High
through a ridge of high pressure, the BH is normally a closed an-
ticyclone during winter (Serreze and Barrett, 2011). To identify
the influence of atmospheric circulation patterns on sea ice kin-
ematics, the Arctic oscillation (AO) and BH indices were calcu-
lated to relate the strength of the BG. In addition, the central Arc-
tic index (CAI) and dipole anomaly (DA) index were calculated to
relate the potential of the northward advection of sea ice from the
study region to the Atlantic sector of the Arctic Ocean (Lei
et al., 2021).

M o n t h l y  S L P  d a t a  n o r t h  o f  7 0 ° N  o b t a i n e d  f r o m  t h e
NCEP/NCAR reanalysis I was used to calculate the empirical or-
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Fig. 3.   Ice concentration (red) and skin temperature (blue) near Buoys A–D during the operation period.
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thogonal function modes, with the AO index and DA index as the
first and second modes (Wang et al., 2009). The CAI was defined
as the difference in SLP between 90°W and 90°E at 84°N (Vihma
et al., 2012). The BH index was calculated as the average SLP an-
omaly over the domain of 75°–85°N and 170°E–150°W (Moore
et al., 2018) relative to 1979–2018 climatology.

The CAIs for August, September and October 2018 were mod-
erate. In the following six months, the magnitude of the CAI was
notably positive and even reached 11.6 hPa in February, ranking
second highest in 1979–2019. The AO index was strongly positive
in August 2018, February and March 2019, and in November
2018, it was much lower at −1.1, ranking seventh in 1979–2018
(Fig. 4). The BH index for December 2018, February and March
2019 was strongly negative, ranking sixth, second and fourth low-
est in 1979–2019, respectively. The DA index was low in August
2018 and remained positive over the next eight months. In
November 2018 and January 2019, the DA index was positively
high, ranking sixth highest in 1979–2018. In February 2019, the

rank changed to the third lowest in March 2019, with a value of
1.1 (Fig. 5).

Regarding the change in the BH index and AO index, there
was a distinct contrast in the BG pattern between months with
significant changes. With a positive high value, the wind vectors
were generally clockwise in August and September 2018. In con-
trast, the wind vectors changed to counterclockwise when the
value was high and negative, for example, in February 2019.
When the value alternately switched from positive to negative in
adjacent months, wind vectors in the north of the study area were
clockwise and anticlockwise in the south. Associated with the
change in CAI and DA index, the distribution of strong northerly
winds had a significant contrast between different months. In
August 2018, nearly no northerly winds appeared in the study
area, with a CAI value of −5.0. In the months with a strongly pos-
itive CAI and DA index, enhanced northerly winds prevailed
across most of the study area (Fig. 5).

T mAs seen in Fig. 6, the  average anomalies show a signific-
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Fig. 4.   Changes in monthly Arctic oscillation (AO) index (red) and monthly Beaufort High (BH) index (blue) from August to April
in 1979 –2019.
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Fig. 5.   Changes in monthly dipole anomaly (DA) index (red) and monthly central Arctic index (CAI) (blue) from August to April in
1979–2019.
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T m

ant difference between autumn and winter in 2018 over the study
area. The average  anomalies in autumn 2018 (3.0°C, 6.7°C,
and 2.7°C for September, October, and November, respectively)
were strongly positive, while they were much lower for the fol-
lowing winter (0.1°C, −0.6°C, and 3.3°C for December, January,
and February, respectively). This can be ascribed to the seasonal-
ity of the Arctic amplification (Screen et al., 2018). With the
largest sea ice reduction that occurred in summer and early fall,
ice growing rapidly resulted in the strongest surface warming in
October 2018. In Fig. 6, the buoy trajectories are not consistent
with the wind direction in the first few months, and mainly de-
pend on the ice concentration. After October 2018, the buoy drift
and wind direction were significantly higher.

5  Results

5.1  Buoy velocity
All TUT buoys were initially deployed in the open water, the

position data transmitted by the surface float reflects the speed of
the ocean current. TUT buoys remained in and moved with the
sea ice as seawater around the buoys frozen and consolidated.
This process is recorded by the speed information of the TUT
buoy. The drifting speed of four buoys was calculated and plot-
ted in Fig. 7. A dramatic contrast was seen when buoys entered
the ice zone (mid-October). The high amplitude and high fre-
quency buoy motions ceasing rapidly and reappearing as sea ice
concentration decreases due to few episodic warm events. Com-
pared to the open water, the drift speed values were lower where
buoys were in the ice zone. The monthly drift speed values were

approximately 0.15 m/s, when buoys were in the open ocean
between August and September. The values showed a decreas-
ing trend from October to February with buoys in the middle Ca-
nadian Basin. During this period, the buoys underwent a trans-
ition from ocean drift to ice drift in which sea ice growth slowed
the buoy drift. Drift speed suddenly increased in February 2019,
possibly because of broken ice and sea ice lead (Willmes and
Heinemann, 2016; Qu et al., 2021; Beitsch et al., 2014; Lei et al.,
2020). This also reflects the changes in the SKT and sea ice con-
centration. Subsequently, the speed dropped to around 0.05 m/s
and 0.03 m/s in March and April, respectively, which is compar-
able with the average ice velocity for the entire Arctic Ocean
(Haller et al., 2014). The drift speed decreased by a factor of five
from the open ocean to the ice zone. It is difficult to distinguish
regional and seasonal differences from buoy observations;
however, the result by a factor of five is much more remarkable
than the typical seasonal ice drift speed variation.

The changes in the wind direction led to irregular changes in
the buoy drift direction, which results from the variability of at-
mospheric forcing due to the passage of synoptic weather sys-
tems. Applying longer resampling intervals to buoy position data
may filter out ice motion at higher frequencies (Zhang et al.,
2012), resulting in reduced buoy speed (Fig. 8). For example, the
drift speed of Buoy A in August 2018 was 0.18 m/s at a resampling
interval of 1 h, and decreased to 0.14 m/s at a resampling interval
of 72 h. The other buoy data also showed similar variations. A
more consolidated ice pack and relatively weak wind forcing as a
result of a dominant high-pressure system led to buoy drift speed
reaching minimums for the winter from December 2018 to Janu-
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T mFig. 6.     Anomalies of near-surface air temperature ( ) over the Canadian Basin during August 2018 and April 2019 relative to
1979–2018 climatology; arrows indicate monthly average wind vectors (black) and trajectories of Buoy A (yellow), Buoy B (green),
Buoy C (blue) and Buoy D (red). The points and asterisks represent the intial locations and final positions of the buoys in different
months, respectively.
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ary 2019. The value continued to decrease in the two months
after February 2019. Temporal resampling had little effect on the
buoy speed during the freezing season. This means that mean-
dering and sub-daily oscillations in the drift were substantially
reduced in this period. Significantly, the resampling intervals
have a large impact on the drift speed of buoys in February 2019.

5.2  Responses to surface wind
The correlation coefficient between buoy speed and wind

speed was remarkably related to the buoy working environment.
As noted by the ice concentration shown in Fig. 3, all the buoys

were drifting in the open water between August and September
2018, and the correlation coefficient value between buoy speed
and wind speed remained low (0.10–0.39) while the buoy speed
was high (8.1–22.1 cm/s, shown in Fig. 9). In mid-October, all the
buoys started drifting to the ice edge, and the value of the correla-
tion coefficient rapidly increased in the following months
(0.77–0.91) and reached a maxima for the entire study period in
November or December 2019. The value remained above 0.62
until the end of the study period. This occurred for the consolida-
tion of ice and relatively weak wind forcing as a result of the dom-
ination of a high-pressure system. The MC among buoys showed
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Fig. 7.   Variations in buoys velocities measured by Buoys A–D are plotted with 1 h resolution (grey solid), 1 d resolution (blue solid)
and with monthly filter (red dash). High amplitude and high frequency buoy motions ceasing rapidly after buoy entered the ice zone
(mid-October).
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Fig. 8.   Speed changes in Buoys A–D as a function of position data resampling interval for various months in 2018 and 2019.
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that buoy trajectories were tortuous, especially from October to
December 2018 (4.2–11.9).

Wind is the main driving force for ice drift over synoptic to cli-
mate timescales (Vinje, 2001; Uotila et al., 2000). The relation-
ship between ice drift and wind is often represented in literature
by the wind factor, WF (ratio buoy drift vs. wind). The absolute
value of the turning angle between the drift vector and wind
heading was used to classify the drift, following Vihma et al.
(2012) Angles within 45° were assigned as “with wind heading”,
angles between 45° and 135° as “perpendicular to wind heading”,
and angles larger than 135° as “against wind heading”. Here, the
WF and absolute value of the turning angle were used to de-
scribe the relationship between buoy and wind, and the charac-
teristics of buoy movement change.

The angle between the buoy drift direction and wind heading
changed with time. Taking Buoy D as an example, it had the
longest work time and the most complete data. Table 1 summar-
ises the statistical relationship between buoy drift and surface

wind speed based on hourly data. The buoy drift speed was
1.4%–3.1% of the surface wind speed between August and mid-
October 2018, when the buoy drifted in the open ocean and had a
low correlation coefficient with the wind speed. During this peri-
od, the angle between the buoy drift and wind vectors had no sig-
nificant distribution characteristics. The ratio increased
markedly in the next few months to 2.0%–3.2% and finally de-
creased to 1.4%–1.5% between March and April 2019. The in-
crease was mainly related to the change in the working environ-
ment; buoys drifted from the open ocean to the ice and in-
creased the correlation coefficient with the wind speed. The buoy
drift with wind heading (79.4%–90.0%) exceeded that perpendic-
ular to or against the wind vector. The ratio remained low
between March and April because of lower wind speed and the
majority of buoy drift (70.6%–75.1%) was decreased but still in
the direction of the wind. Compared to Buoy D, the general
trends of Buoys A–C were the same. However, the WFs of Buoys
A–B (3.0–3.6) were higher than those of Buoys C–D (1.9–2.2) in
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Fig. 9.   Monthly average speed (left y axis, grey bar), monthly average meander coefficient (left y axis, blue line) and correlation
coefficient between buoy speed and wind speed (right y axis, red line) among Buoys A–D. MC: meander coefficient.

Table 1.   Statistical relationships between buoy drift and surface wind vectors for Buoy D

WF/% α
Buoy drift with wind

( ≤45°) α
Buoy drift perpendicular to wind

(45°< ≤135°) α
Buoy drift in opposition to wind

( >135°)
P/% V m · s−/( ) Vw m · s−/( ) P/% V m · s−/( ) Vw m · s−/( ) P/% V m · s−/( ) Vw m · s−/( )

Aug. 2018 3.6 41.0 0.193
(±0.104)

6.478
(±2.199)

48.6 0.191
(±0.087)

5.498
(±1.868)

10.4 0.160
(±0.073)

5.753
(±2.299)

Sept. 2018 1.9 32.5 0.077
(±0.035)

5.592
(±2.214)

50.3 0.085
(±0.044)

6.488
(±2.737)

17.2 0.075
(±0.041)

4.743
(±2.727)

Oct. 2018 3.1 46.6 0.245
(±0.137)

7.327
(±2.759)

38.0 0.108
(±0.055)

6.049
(±2.420)

15.4 0.092
(±0.039)

4.645
(±1.651)

Nov. 2018 3.4 83.8 0.233
(±0.106)

7.335
(±2.334)

15.4 0.143
(±0.095)

4.524
(±2.803)

0.8 0.075
(±0.016)

1.304
(±0.745)

Dec. 2018 2.3 87.1 0.150
(±0.106)

5.833
(±2.649)

12.8 0.058
(±0.043)

3.535
(±1.746)

0.1 0.030
(±0.005)

0.947
(±0.623)

Jan. 2019 1.9 79.3 0.127
(±0.083)

6.266
(±2.871)

18.0 0.041
(±0.031)

2.754
(±1.030)

2.7 0.024
(±0.015)

2.147
(±0.593)

Feb. 2019 2.2 90.0 0.134
(±0.066)

6.796
(±2.218)

9.5 0.117
(±0.075)

5.089
(±3.415)

0.5 0.065
(±0.027)

1.761
(±2.280)

Mar. 2019 1.4 75.1 0.089
(±0.065)

5.788
(±2.219)

23.7 0.070
(±0.069)

4.852
(±2.036)

1.2 0.014
(±0.006)

1.907
(±0.946)

Apr. 2019 1.6 70.6 0.078
(±0.037)

5.271
(±2.186)

26.6 0.033
(±0.014)

2.635
(±1.307)

2.8 0.023
(±0.012)

2.063
(±0.815)

V Vw

      Note: WF is the ratio between the buoy speed and wind speed; P is the probability of the turning angle between the buoy drift and the wind
vectors;  is the mean buoy drift speed with SD in parentheses;  is the mean surface wind speed, with SD in parentheses.

120 Chang Xiaomin et al. Acta Oceanol. Sin., 2022, Vol. 41, No. 7, P. 113–127  



September 2018. The WFs of Buoys A–B (0.7–1.2) were lower than
that of Buoy D (1.4–1.6) between March and April 2019. This may
be due to the different spatial distributions of wind and sea ice.

In addition to the wind speed, there was a special relation-
ship between the wind heading and the direction of the buoy
during the study period (Fig. 10). As illustrated by Buoy D, the
distribution of buoy drift direction and the wind heading had a
notable difference in the first three months during the buoy
working period. The buoys did not follow the wind direction.
However, this situation changed quickly. From November, the
direction of buoy drift remained within a narrow range around
22.5° to the right of the wind, in agreement with a tight wind
heading. This is consistent with the phenomenon of sea ice drift
in response to wind from previous studies (Lei et al., 2016).

According to the results of Buoy D, the buoy movement

changed, which can be attributed to multiple factors. The sea ice
concentration surrounding the buoys increased from 0 to over
95% and took only a few days as shown in Fig. 3. To verify the in-
fluence of the working environment on the buoy drift, we divided
the time data into two groups according to whether the ice con-
centration was greater than 50%. Statistics were used to study the
buoy response to wind in different environments to reduce the
impact of seasonal winds. The wind speed was divided into eight
sections with a magnitude of 2 m/s. Drift-wind dir equals to buoy
drift direction minus the wind vectors, is the turning angle (Lund
et al., 2018).

Figures 11 and 12 show the buoy drift speeds at different wind
speed magnitudes. In Fig. 11, the buoy drift speed is mainly dis-
tributed from 0.1–0.3 m/s with sea ice concentration below 50%.
The ratio of the buoy drift speed and wind speed reached a stag-
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Fig. 10.   Monthly direction distributions (%, scaled by numbers in black) of wind heading (blue) and buoy drift (red) at Buoy D from
August 2018 to April 2019.
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Fig. 11.   Distribution of buoy velocity among Buoys A–D for 2 m/s magnitude bands of wind speed for ice concentrations <50%. The
probability of each wind-speed class is shown in brackets, and the mean wind factor is shown below the wind-speed class.
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Fig. 12.   Distribution of buoy velocity among Buoys A–D for 2 m/s magnitude bands of wind speed for ice concentrations >50%. The
probability of each wind-speed class is shown in brackets, and the mean wind factor is shown below the wind-speed class.
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gering 11.2%. At higher wind speeds, the WF dropped to approx-
imately 2%. The distribution of wind speeds in each section is
similar in Figs 11 and 12. In contrast, the buoy drift speed is
mainly distributed in the interval of 0.1 m/s for wind speeds be-
low 6 m/s, as shown in Fig. 12. At wind speeds above 6 m/s, the
buoy drift speed was normally distributed. As the wind speeds in-
creased, the WF first decreased and then increased and eventu-
ally remained at approximately 3%.

Similarly, the turning angle of buoys was closely related to the
buoy working environment. Figures 13 and 14 show the buoy
turning angle distribution at different wind speed magnitudes.
With ice concentration below 50%, the buoy turning angle was
distributed uniformly in all sections for wind speeds below 6 m/s,
and the turning angle was mainly distributed in the intervals of
0°–90° at wind speeds above 12 m/s. In Fig. 14, the buoy turning
angle was normally distributed when wind speeds were below
4 m/s. For wind speeds above 8 m/s, the buoy turning angle was
mainly distributed between 0° and 45°. This result is consistent
with that shown in Fig. 10.

5.3  Inertial oscillation
The increase in the inertial oscillation of buoy drift is caused

by the sudden change in external forces, mainly owing to vari-
ations in the wind force and ice concentration. Based on the
Fourier transformation, the energy variance in the normalized
sea ice speed scalar exhibited a clear secondary maximum at
semi-diurnal frequencies of approximately 2.0 cycles/d and this
semi-diurnal signal was largely due to the inertial response (Gim-
bert et al., 2012a). The magnitudes of the semidiurnal frequency

peak energies were closely related to sea ice concentration.
For all buoys, the amplitudes of the 12-h cycle remained high

between August and mid-October 2018 (Fig. 15). Subsequently,
the buoys entered the ice edge, and the inertially induced ice
movement was damped with the advent of winter as the ice con-
centration and internal stress increased. Once buoys drifted into
the MIZ, where the ice concentration rapidly decreased, the nor-
malized amplitude at semi-diurnal frequencies increased
slightly. However, in December, abnormal warm air currents oc-
curred in the central Canadian Ocean Basin, which suddenly re-
duced the concentration of sea ice and significantly increased the
amplitude of the buoy velocity. This phenomenon was also ob-
served in February and March of 2019. This is consistent with the
pan-Arctic analysis by Lei et al. (2016). They also found that the
sea ice inertial response was the strongest during the melting
season. Because of the kinetic energy dissipation caused by sur-
face friction and internal ice stress, the ice strength is weakened,
and the seasonal variation in sea ice movement mainly occurs in
the seasonal ice area. On the contrary, it was almost negligible in
the ice accumulation area. Therefore, the inertial component of
ice motion is closely related to the seasonal and spatial vari-
ations in the ice state. With the continuous growth and consolid-
ation of sea ice, the value of the motion amplitudes keeps de-
creasing to a minimum.

6  Discussion
Within the 9th CHINARE, eight TUT buoys were deployed in

the open water of the Canadian Basin. Four TUT buoys re-
mained in the packed ice as the ice grew and consolidated into a
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Fig. 13.   Distribution of buoys drift turning angle with wind vectors for 2 m/s magnitude bands of wind speed for ice concentrations
<50%. The probability of each wind-speed class is shown in brackets. Positive turning angle means buoys drift to the right of the wind.

  Chang Xiaomin et al. Acta Oceanol. Sin., 2022, Vol. 41, No. 7, P. 113–127 123



coherent ice sheet successfully. The measurement covered the
period from August 2018 to April 2019. In this study, we analysed
the buoy drift characteristics during the procession from the
open water to the ice zone based on a combination of observa-
tion and remote sensing data. The results showed that the drift
has undergone distinct changes in the process which is closely

related to sea ice growth and consolidation. With sea ice growing
and gathering, the speed of buoys gradually decreased, and the
drift-wind dir became more regular. This is required in a compre-
hensive sea ice model that is appropriate for the MIZ. Here, we
discussed the changes in the movement of buoys and the implic-
ations of this study for future work.

a. 0−2 m/s (5.64%) b. 2−4 m/s (20.23%)

c. 4−6 m/s (27.96%) d. 6−8 m/s (26.41%)

e. 8−10 m/s (11.54%) f. 10−12 m/s (6.47%)

g. 12−14 m/s (1.47%) h. 14−16 m/s (0.27%)

−180 −135 −90 −45 0 45 90 135 180
Drift-wind direction/(°)

0

20

40

60

80

100

Pr
ob

ab
ili

ty
/%

−180 −135 −90 −45 0 45 90 135 180
0

20

40

60

80

100

Pr
ob

ab
ili

ty
/%

−180 −135 −90 −45 0 45 90 135 180
0

20

40

60

80

100

Pr
ob

ab
ili

ty
/%

−180 −135 −90 −45 0 45 90 135 180
0

20

40

60

80

100

Pr
ob

ab
ili

ty
/%

−180 −135 −90 −45 0 45 90 135 180
Drift-wind direction/(°)

0

20

40

60

80

100

Pr
ob

ab
ili

ty
/%

−180 −135 −90 −45 0 45 90 135 180
0

20

40

60

80

100

Pr
ob

ab
ili

ty
/%

−180 −135 −90 −45 0 45 90 135 180
0

20

40

60

80

100

Pr
ob

ab
ili

ty
/%

−180 −135 −90 −45 0 45 90 135 180
0

20

40

60

80

100

Pr
ob

ab
ili

ty
/%

 

Fig. 14.   Distribution of buoys drift turning angle with wind vectors for 2 m/s magnitude bands of wind speed for ice concentrations
>50%. The probability of each wind-speed class is shown in brackets. Positive turning angle means buoys drift to the right of the wind.
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Fig. 15.   Amplitude after Fourier transformation corresponding to the 12-h cycle of the normalized velocities for a sliding three-day
window and near ice concentration of Buoys A–D.
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During the operation of buoys in the Canadian Basin, our res-
ults showed that the high temporal resolution of the buoy posi-
tion is an essential condition in the study of the MIZ. Compared
to other studies, the measurement also shows that the velocity
was highly intermittent before buoys entered the ice zone, and
the trajectory is more winding than the packed ice (Doble, 2009).
Therefore long intervals, such as satellite estimates (Gentemann
et al., 2020; Yang et al., 2014), substantially underestimate the
drift speed. If the position data were taken at only 1–3 d intervals,
the drift estimates would be underestimated by 10%–30%. This
indicates that the buoy drift can be over-simplified with a lower
time resolution such as satellite-based data. To correctly de-
scribe ice kinematics and determine when the buoy entered the
ice zone during the growth period, ground-truth data such as
those provided by buoys are still needed (Shu et al., 2012).

Good agreement with the relationship among the indices and
atmospheric circulation patterns is found based on remote sens-
ing data (Wu, 2017). The wind vectors were usually clockwise in
the study area and the anticyclonic wind intrudes from the south
of the study area, as the BH and AO are low. Northerly wind is
highly determined by the DA index and CAI (Wu et al., 2006).
With the positive high DA index and CAI, the northerly wind al-
most across the whole study area. This phenomenon is likely to
be more pronounced in the increasing ice-free Arctic (Lei et al.,
2020). Moreover, our results show that the drift of the buoy has
different responses to the wind in different months, mainly due
to the changes in the ice conditions near the buoy. Good correla-
tion coefficient between buoy drift and the wind only happened
when the buoy was in the ice zone according to the ice concen-
tration.

Remote sensing data was used to detect the ice conditions
changes near the buoy. Sea ice concentration is the most direct
indicator of whether the buoys enter the ice zone. It is closely
linked to floe welding (Roach et al., 2018a). However, as it is af-
fected by resolution, sea ice concentration cannot very accur-
ately reflect the buoy information status. This explains why the
sea ice concentration has a high value while all the buoys are de-
ployed in open water. Studies on imagery provided by space-
borne Synthetic Aperture Radar (SAR) systems can be used to
routinely derive ice thickness in the new ice region and detect the
sea ice surface features (Aulicino et al., 2019; Wright and Po-
lashenski, 2018). Open water, melt ponds submerged ice, snow
and ice can be identified by the high resolution imagery, and the
accuracy over 96% (Griebel, 2020).

Here, we combine the changes in the sea ice concentration,
sea surface temperature, and buoy speed. The date when new ice
around the buoy started to grow was assumed to have occurred
in mid-October (Doble and Wadhams, 2006). Obtaining a more
accurate time is essential for future study. Existing analysis on the
SAR images has focused on the ice melting process, nevertheless.
In this sense, we look forward to studying the ice growth process
by using SAR imagery.

7  Conclusions
In this study, we analysed the characteristics of sea ice kin-

ematics in the MIZ and compared the contrast in buoy dynamics
from open water to the pack ice zone. The results showed a
marked change in the correlation between the buoy drift and
wind. The response of buoy drift to the wind is highly determ-
ined by the sea ice conditions near the buoy. The high amplitude
and high frequency buoy motions ceasing rapidly as the buoy
entered the ice zone. The correlation coefficient value remained
below 0.3 as buoys in the open water in the first two or three

months. After buoys drifted to the ice edge, the value increased
remarkably to 0.7–0.9 in October for sea ice growth. Then, it
began to decrease after February 2019, which has been caused by
floe welding and ice cover consolidation (Heil et al., 2008).

Moreover, the distribution of drift-wind direction had an in-
significant correlation with the wind while buoys were in open
water. After November 2018, the angle between the wind head-
ing and the buoy direction mainly within 45°, changed as the
wind became weaker. Statistics were used to exclude the impact
of seasonal. The results demonstrated that both drift speed and
drift wind direction are notably associated with the ice state
around the buoys. Only buoys entered the ice zone, the correla-
tion coefficient between buoy drift and wind gets high. This can
be used to determine whether the buoy entered the ice zone,
which has a significant impact on the study of new ice growth.
The inertial oscillation of the buoys also confirms this interpreta-
tion. The normalized amplitude was high for buoys in the open
water. It decreased slightly when buoys drifted in the ice zone,
where the ice concentration increased rapidly. This could greatly
assist in determining whether buoys enter the ice zone, particu-
larly for buoys with disposable observations in the International
Arctic Buoy Program.
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