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ARTICLE INFO ABSTRACT

Keywords: The purpose of the present paper is to investigate the viability of the so-called ice rose diagram, which is a
Ice rose graphic tool to provide a succinct view of the ice drift information such as speed and direction of ice drift events
Ice drift

in terms of their relative distribution at a local observation station to support the dynamic ice-structure inter-
action in cold regions. The ice drift data is collected by using local subsurface measurements based on acoustic
Doppler current profilers (ADCP) in the Beaufort Sea during 2006-2017. Probabilistic analyses are performed in
order to characterize the time-series data from these ADCP measurements. Both the ice drift speed and direction
are treated as random variables for which analytical probability density functions are fitted. It is found that sea
ice in the Beaufort Sea tends to drift at a lower speed during the winter season (i.e. the growth season) than
during the summer season (i.e. the melting season). The Weibull distribution provides the most appropriate fit to
the data of ice drift speeds during the growth season. For the melting season, a mixed distribution provides the
most appropriate fit for the drift speed. Regarding directionality of the ice drift, a mixed Von Mises distribution is
applied in order to represent its statistical properties. In this work, the relationship between ice drift speed and
wind speed is also studied. It is found that the magnitude of the ice drift speed is approximately 2.5% of the wind
speed during the winter season.

Ice thickness
Probabilistic analysis

1. Introduction

The understanding of ice conditions is crucial for safe design and
operation of offshore structures in Polar regions because sea ice and the
induced ice loads represent a main challenge for offshore operations in
cold regions. The drift of sea ice is caused by disturbances from the
surrounding environment. Typically, the external forces acting on the
sea ice caused by the surrounding environment can be split into five
components: the air stress at the air-ice interface, the water stress at the
water-ice interface, the ice-ice contact stress, the Coriolis force and the
pressure gradient force due to tilting of the water surface (Campbell,
1965; Lepparanta, 2011). Among these driving forces, the air stress due
to wind and the water stress due to the ocean current are the major
components when it comes to driving the sea ice motion process.

Typically, a sea ice kinematic model based on a mathematical
description of the two-dimensional motion of a rigid body is applied for
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the ice drift. Extension to a stochastic modelling of the ice drift is also
frequently made. Sea ice kinematic can be applied in the propose of the
ice drift mapping. The observation of the ice drift kinematic in the ocean
can be investigated based on three different methodologies which are
the Lagrangian, Eulerian and imaging (remote sensing) approaches.
Traditionally, sea ice kinematics is mapped by using drifters, buoys or
research stations anchored into the ice (Lepparanta, 2011). This corre-
sponds to the Lagrangian approach, where the pathways of the ice floes
are monitored in order to observe their kinematic behaviour. Whereas in
the Eulerian approach, the instantaneous kinematic properties are
observed at a fixed point in space at a specific location (Li and Lam,
1964).

GPS tracking can be installed at the ice floes and icebergs to observe
the drift motion. (Yulmetov et al., 2016). It provides the pathways of ice
drift and the kinematic properties corresponding to the Lagrangian
approach. Whereas, the local monitoring is an alternative to observation
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of the sea ice drift in a specific area. Typically, underwater mooring
buoys (Belliveau et al., 2001) are employed in order to record the ice
thickness, drift speed, temperature, water pressure, etc. Generally, the
upward looking acoustic Doppler current profile (ADCP) instrument is
installed at the top of mooring buoy in order to observe the ice motion
(Birch et al., 2000; Visbeck and Fischer, 1995). For the aerial image,
Satellites are commonly used to investigate the climate at larger scales.
The information from satellites consists of various types of data such as
ice concentration, ice thickness, ice drift speed, etc. in the view of an
aerial image. The data generally covers quit large areas, while on the
other hand the data is not characterized by a very high precision level.
However, machine learning algorithms can be applied to estimate the
ice thickness from the Satellite images (Shamshiri et al., 2022).

For more than a century, the atmospheric drag has been identified as
the main driver of ice drift (Nansen, 1902). As a rule of thumb, the
wind-driven ice drift speed is 2-3% of the wind speed on the average,
and the drift direction deviates by 30° to the right or the left relative to
the wind direction (depending on whether a location on the Northern or
South hemisphere is considered, due to the Coriolis force (Lepparanta,
2011)). The percentwise magnitude of ice drift speed relative to the
wind speed is generally assumed to hold both for the Arctic and the
Antarctic (Alberello et al., 2020). In the central Arctic, Spreen et al.
(2011) studied the velocity of ice drift based on satellite measurements.
They found that wind is the major influencing factor in relation to ice
drift in this region. The drift speed of the ice cover is approximately two
to three percent of the mean wind speed at 10 m above the water surface
during the winters (October-May) from 1992/1993 to 2008/2009. On
time scales from days to months, more than 70% of the variance of the
ice motion is described by the geostrophic wind alone (Thorndike and
Colony, 1982). In Subarctic regions, the wind-induced drift due to the
atmospheric circulation causes exchange of sea ice between the Kara Sea
and the Central Arctic Ocean (Vinje and Kvambekk, 1991).

The ice condition can be classified as being thin, medium and thick
based on a combination of the ice thickness and the ice concentration,
which are both important in order to characterize the physical proper-
ties in term of mass and volume which are being input to the ice drift
model. The ice concentration generally also has implications with
respect to the type and appearance of the ice (Alberello et al., 2020;
Lgset et al., 2006; McPhee, 1980; WMO, 1970). The ice concentration
(fraction of areal coverage of ice) is another key parameter, it more or
less determines if the ice drift is free, or if energy is consumed by ice
deformation (ice-ice contact stress). When the sea ice cover is loose or
comprised of multiple floes, the internal sea ice stresses are negligible
(Alberello et al., 2020). The free drift is a good approximation for in-
dividual, separate ice floes and for fields with low compactness (i.e. the
ice concentration is less than about 0.8) (Lepparanta, 2011). An often
quoted threshold for ridging and rafting is 0.8. In general, the three
characteristic values represented by ice concentration, ice thickness and
ice drift speed are of key importance in any study related to ice drift for
cases with low ice concentration (Lgset et al., 2006).

The changing climate and the resulting declining extent of the sea ice
has led to a significant increase of offshore activities in the Arctic region
(Xu et al., 2021). Ice drift velocity and direction are key parameters in a
range of applications, spanning from climate models to different types of
engineering projects. For the design and operation of ships, fixed and
floating marine structures ice velocity has important consequences.
Fixed structures respond differently for different ice velocities and for
certain combinations of ice drift velocity and thickness dangerous
resonant vibrations may occur, and safe and realistic estimation of
ice-induced fatigue requires a realistic ice drift distribution. During the
operation with a floating structure (for example loading of oil) the ice
drift direction needs to be predictable, a change in ice drift direction
during the operation may cause problems. For both short and long term
planning of ship routing it is important to quantify the ice drift, the ship
will sail slower and use more fuel when sailing against the ice drift.
Furthermore, the mass and drift velocity of sea ice can be considered as
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the momentum to estimate the ice management efficiency, which can be
observed from the tension in mooring line system during the vessel
stationary keeping in ice (Sinsabvarodom et al., 2020, 2021a). Change of
ice drift direction in the Arctic takes place frequently and the drift di-
rection can be completely reversed even on a time scale of a few hours
(Rossiter and McKenna, 2013).

The focus of the present study is to generate the ice rose diagram in
order to conveniently provide information about ice drift speed
magnitude and relative distribution of ice drift direction in the Beaufort
sea. The so-called rose diagram was originally applied for wind speed
analysis in order to display information about the distribution of the
wind direction and the wind speed (Zelenko and Lisac, 1994). It was
found that the probability density function (PDF) of the wind directions
inherently contains several peaks corresponding to several characteristic
directions. Therefore, mixed statistical models are applied in order to
cope with these multi-peak features. Kawaguchi et al. (2019) studied the
characteristics of sea ice conditions in the Beaufort sea. Ice rose histo-
grams were applied in order to display the ice drift properties in
connection with ocean currents around the local measurement station in
the Northwind Abyssal Plain (NAP).

In this work, the ice data is collected by ADCP instruments installed
at local mooring stations as part of Beaufort Gyre exploration project
carried out by the Woods Hole oceanographic institution. The ice drift
data is here employed in order to established the so-called ice rose di-
agrams, which are based on a probabilistic assessment of the ice drift
speeds. The year-round time series of the ice drift in the different years
are treated as random variable, which allows a probabilistic analysis of
the ice drift speed and direction also accounting for the seasonal
variations.

2. Locations of mooring buoys in the Beaufort Sea

For development of the ice rose diagrams in the Beaufort Sea, utili-
zation was made of measurements from underwater mooring buoys
installed in the Beaufort Gyre region in order to observe the behavior of
sea ice. The present study employs the data obtained in the Beaufort
Gyre exploration project organized by Woods Hole oceanographic
institution, which is publicly available online (http://www.whoi.edu).
Four stations with bottom-tethered moorings were installed on the
seabed at the four locations illustrated in Fig. 1. The four stations
represent an Eulerian grid, which fixed points located on the seabed in
order to record the global ice drift in the Beaufort Sea. Information about
the relevant measurement site locations and the period of available data
records for each station is listed in Table 1.

The mooring buoy at each station is equipped with four instruments:
the upwards looking sonars (ULS), acoustic Doppler current profilers
(ADCP), the bottom pressure recorders (BPR) and the McLane moored
profilers (MMP) (Richard and Andrey, 2006; Richard et al., 2003) as
illustrated in Fig. 2. These instruments are recording different types of
physical properties, i.e. the BPR is employed in order to measure the
pressure at the bottom of the sea bed. The MMP is deployed in order to
profile the temperature and the salinity of the surrounding water at each
station. The Acoustic Doppler Current Profiler (ADCP) is a sonar device,
which transmits acoustic signals at a fixed frequency (600 kHz) with a
bin size of 2m and with 25 depth bins that record the reflections by the
sea ice. The return echo signal is received by the ADCP and is subse-
quently transformed into an ice velocity. The upward-looking sonar
(ULS) is deployed in order to observe the draft of the sea ice cover with a
resolution of approximately + 10 cm for sea wave conditions and+5 cm
for the case with no disturbance from sea waves. More details about the
ADCP and ULS equipment, data processing and device resolution are
given in (https://www2.whoi.edu/site/beaufortgyre/data/mooring-da
ta/mooring-data-description/) and in Richard and Andrey (2006),
respectively. The number of data points in the measurement record for
the different year is given in the link (https://www2.whoi.edu/site/be
aufortgyre/data/mooring-data/)


http://www.whoi.edu
https://www2.whoi.edu/site/beaufortgyre/data/mooring-data/mooring-data-description/
https://www2.whoi.edu/site/beaufortgyre/data/mooring-data/mooring-data-description/
https://www2.whoi.edu/site/beaufortgyre/data/mooring-data/
https://www2.whoi.edu/site/beaufortgyre/data/mooring-data/
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Fig. 1. Sites for collection of data in the Beaufort Gyre region in the Beaufort Sea, the red spots on the map represent the relevant locations (https://earth.google.
com/web/). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 1

Location and data records of measurement stations.
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Fig. 2. Illustration of observational mooring system and the positions of the apparatus (https://www2.whoi.edu/site/beaufortgyre/data/mooring-data/).
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3. Theoretical background

In this section, methods for analysis and characterization of ice drift
behavior are presented. The magnitude and direction of the ice drift are
estimated from its velocity components, which were monitored by
means of the ADCP equipment. Subsequently, the velocity vectors in the
horizontal plane are employed in order to generate the so-called ice rose
diagram. For the purpose of a probabilistic assessment, various types of
statistical models are considered in order to describe the seasonal
behavior of ice drift speed and direction.

3.1. Calculation of horizontal ice drift speed and direction

Inherently, the random speed and direction of the ice drift are caused
by the external forces which originate from the immediate environment.
The primary data from the ADCP measurement provides the vector
components of the ice drift velocity during each hour, t, referred to a
three-dimensional earth-based coordinate system in the terms of north-
south, east-west, and up-down with origin above the respective obser-
vation. The magnitude of the ice drift speed, up(t) in the horizontal di-
rection is expressed by equation (1):
wn(t) = S un (£)” + ug (1)’ ¢))
Where uy and ug are the horizontal velocity vectors in the latitude (N)
and longitude directions (E), respectively. The direction of ice drift is
specified in terms of rotation angle,f, corresponding to a polar coordi-
nate system with origin at the observation station. The rotational angle
can obtain values in the range from 0 to 360°. It is calculated based on
the components of the velocity vector, i.e. uy and ug, as given in equa-
tion (2):

0 = arctan (u_5> (2)

Uy

3.1.1. The general equation of ice drift

The general equation describing sea ice motion comprises five
different forcing terms which are the following, i.e the wind-induced
stress at the air-ice interface,zq;(t), the stress at the water-ice inter-
face, Tyaer(t) ; the Coriolis force, p;-h;-f-up(t), the pressure gradient force
due to tilting of the water surface on which the ice floats, G(t) and the
stress transmission or the internal ice stress, R(t)(Campbell, 1965; Lep-
paranta, 2011; McPhee, 2008). Therefore, the general equation of mo-
tion for the ice drift can be expressed as:

oo <d”;l(f> s uh(t)) = 20 (1) + Tuer (1) + G(1) + R(1) @)
Where, p;is the sea ice density, h; is the thickness, f is the Coriolis
parameter. If equilibrium conditions corresponding to a steady flow is
considered, the acceleration of the sea ice can be assumed to be negli-
gible. Accordingly, by setting the acceleration term in equation (3) equal
to zero, this simplifies into equation (4):

Tair (1) + Tarer (t) + D(t) + G(£) + R(t) = 0 where, D(t) = —p;-hi-f -u,(t) (4

Nansen (1902) studied the ice drift behavior corresponding to free
drift conditions by neglecting the internal ice stress and the gradient
current terms. Consequently, equation (4) can be rewritten as

Tair(£) + Twarer () + D(1) = 0 5)

Rossby and Montgomery (1935) assumed that the thickness of the
sea ice can be set equal to zero in order to neglect the inertia force and
the Coriolis force. Subsequently, equation (5) can be reduced into
equation (6). This provides a good quantitative agreement with obser-
vations of the air stress and the ice velocity.

Tair(t) + Tyater ([) =0 (6)
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According to the quadratic drag formulation (Lepparanta, 2011), the
air and waters stress can be expressed in vector form as

Tair = Pair * Cair‘Uuirlexp(ieuir)'Umr )

Twater = Pyater Ct1f¢lte)“(Uwarer - uh) Iexp(igwater)'(Uwuter - uh) (8)

where Coir,Cyater > Oair and Gyqrer denote air drag coefficient, water drag
coefficient, turning angle in atmosphere and turning angle in water,
respectively. From equations (6)-(8), the ice drift velocity, based on free
drift of thin ice, can be expressed as

Uice =Na- CXP[—IHO] . Uair(t) + UWatfr (9)

where Na = +/p i+ Cair/ Prwater Cwater i called the Nansen number, which is
the normalization between ice-air stress and the ice-ocean velocity dif-
ference remains. Typically, the wind velocity is naturally scaled by the
Nansen number down toNa-Ugfor a representative wind-driven ice
velocity. The ratio of Cgir/Cyareris the key parameter to determine the
free drift speed. The value is not very sensitive to the type of ice. The
deviation angle, 6y is Oyarer — Oqir- If other terms are small, the ice drift
velocity in equation (9) can be written as expressed by equation (10).
The direction between |up — Uyarer|and Ugirdepends on the boundary-
layer angle.

Na - Uz/[r ~ ‘uh - meer| (10)

The values for Na depend on the geographical region and typical
values are in the from 1.7% to 3.5% for the free drift condition (Lep-
paranta, 2011). In the present work, the horizontal wind speed, Uy; is
obtained from the Ventusky web application and the ice drift speed, uj, is
calculated from the horizontal speed in equation (1) based on the ADCP
measurements.

3.2. Correcting for open water events

The ice draft data is collected from upward looking sonars (ULS) at
an interval of 2 s, which is a much more frequent logging than for the
ADCP data. Therefore, the time interval of the ADCP data is applied as
the main time increment. The ice draft data from the ULS measurements
at the same time instants are employed in order to perform the statistical
analysis.

The resolution of the apparatus for the ULS measurements is
approximately + 5-10 cm. For open-water (or thinnest ice) measure-
ment, the error of the ULS instruments is corrected by considering the
uncertainty of beta (the sound speed). Identification of open-water
events based on the ULS measurements becomes more difficult when
the water surface is disturbed by waves. The effect of water surface
tilting reduces the resolution of the ULS measurement, and the error
related to the ice draft estimation may approach+10 cm. In calm water,
the error associated with identification of open water is estimated to be
approximately+5 cm. Further details related to the resolution for the
ULS measurements in the Beaufort Gyre exploration project are given in
Richard and Andrey (2006). When open water is identified based on the
ice draft from the ULS measurement being zero, the corresponding point
in the ADCP drift speed record is removed (Richard and Andrey, 2006).
The procedure for identification of open water versus ice cover is illus-
trated in Fig. 3.

3.3. Correlation coefficient

The correlation between two random variables can be described by
the correlation coefficient. In the present study, the covariation between
the ice drift speed and the ice thickness is quantified by means of the
correlation coefficient,p, as expressed in equation (11). The values of the
ice thickness are obtained from ice draft measurements obtained by the
ULS equipment.
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Fig. 3. An example of sea ice classification for open waters by using time series from both ULS and ADCP measurements.
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where, h; an h; correspond to the observed ice thickness and the mean
value of the ice thickness during each season, u; and uj, correspond to the
horizontal speed and the mean value of the horizontal speed during each
season.

3.4. Wind speed and ice drift speed data

For this research, the wind speed data was obtained from the Ven-
tusky web application, which has been developed by the company
InMeteo. This web application is a platform for weather prediction and
visualization of metorological data at a global scale (https://www.vent
usky.com/). A numerical model for weather prediction has been
developed by the Canadian Meteorological Centre, CMC. Usually, the
calculations are performed every 3 h with a grid resolution of roughly
25 km. The data is updated in every 12 h and the web application has
been available since 2016. The wind speed at 10 m above the water
surface at the ADCP measurement stations are employed in order to
study the joint variation of the wind and ice drift speeds. The data points
for the ice drift speed that coincide in time with the more sparse data
points for the wind speed are selected as a basis for the analysis as
illustrated in Fig. 4. Data records obtained from ADCP measurement in
the year 2016-2017 were available only for stations A and D, and the
distance between these two stations is approximately 316.8 km.

3.5. Mixed statistical models

Due to the complexity of the ice drift phenomenon, the empirical
histograms that can be obtained from the measurements may exhibit
several distinct peaks, which cannot be described by simple probabilistic
models. The aim of this section is to briefly describe mixed statistical
models, which are suitable for representation of multi-peak density

Speed (m/s)
o
S
T

ooE'oE'

functions such that the complex nature of the random ice drift can be
adequately represented. The mixed statistical models are more efficient
and flexible in order to fit arbitrary histogram shapes which are obtained
based on the available data sets (Wang et al., 2012). The mixed distri-
butions can be exemplified by the so-called bimodal, skewed and heavy
tail distributions as illustrated in Fig. 5. The pdf of the mixed distribu-
tions are obtained by means of a weighted summation of a number
parent pdfs as given in equation (12).

S (0) =D wicfi(x) = wisfi (%) + oo+ Wihi(X) + o+ Waifa(x) (12)
i=1

where, w; denotes the non-negative weight factors, which sum to one as
given by equation (13), the pdfs, f;i(v4) , belong to the “classical” prob-
abilistic families such as the normal distribution, the log normal distri-
bution, the exponential distribution, the gamma distribution, the
Weibull distribution and the Von Mises distribution etc.

wi>0 and Y wi=1. 13)

3.6. The Von Mises distribution

The Von Mises distribution is a continuous function which is suitable
for statistical characterization in the circular domain. It is basically
different from probability distributions with unbounded domains of
definition. The pdf is defined in polar coordinates within the interval
from 0 to 360°. This type of distribution has been widely used e.g. for
characterization of wind and wave directions (Carta et al., 2008).
Furthermore, it can be applied as a component of the mixed distributions
that were described in the previous sections. In the present study, the
Von Mises distribution is applied in order to represent the statistical
properties of ice drift direction. The pdf is expressed by equation (14) as:

1 T
m(0) = ———ex { ,»cos(—ﬂ— )] 14
fom(6) 2o P L 150? M a4
®  (ce diift speed
—=@ 2.5% of Wind speed
Ice drift speed for calculation
[ ] [ ) .
[ ] * L] [ ]

Dec

Fig. 4. Selection of data points for ice drift speed for the purpose of estimating the wind and ice drift speed relationship. (Wind speed sampling rate, 3 h; Ice drift

speed sampling rate, 1 h)
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Fig. 5. Examples of probability densities corresponding to mixed statistical models.

where x; > 0, 0°<0<360° and 0 < y; < 2r are the shape parameter and
the location parameter of the Von Mises distribution, respectively. 6 is
the random angle, which is calculated from equation (2).Iy(.) is the
modified Bessel function of the first kind and zero order as given in
equation (15).

o0 Kz,'
Zzz"(n)2

i=0

Iy(k) =

(15)

In this research, the procedure of the analysis starts from obtaining
time series data of ice drift velocity and ice thickness from ADCP and
ULS measurements. After that, the classification of the ice cover is
applied to distinguish between the presence of ice versus open water.
Calculation of ice drift speed and direction is required in order to
interpret the collected time-series which are obtained as a result of the
measurements. The seasonal dependence of ice drift behavior for the
growth season versus the melting season is investigated. Subsequently,
generation of the ice rose diagram as well as probabilistic assessment are
performed as illustrated in Fig. 6.

4. Result

The ice drift data is collected from ADCP measurements at an in-
terval of 1 h. Data at three stations is available: A, B, D. For station C, no
data can be obtained. The Eulerian approach corresponds to monitoring
of the velocity of the ice drift at fixed points in space. The ice data record
starts on 1st October each year, based on the specified time for start of
the winter season according to the Canadian regulations. The ADCP
measurements provide the velocity components in three orthogonal

directions. The calculation of horizontal ice drift speed is carried out by
means of equation (1). The long-term data of ice drift time series was
used in the analysis. The ice drift speeds measured at the three stations
during 2013-2014 are shown in Fig. 7. Owing to the different time in-
tervals for the records from the ULS and ADCP measurements, data
points of ice thickness at the same time instants as those available for the
ice drift speed are selected in order to perform the analysis as illustrated
in Fig. 8.

Examples of a satellite images during the highest-level ice thickness
before going into the melting season are shown in Fig. 9. In this analysis,
the drifting ice with a certain ice thickness is considered as the para-
metric constraint for the analysis. The same time recorded data of ice
drift speed is removed when the ice thickness equals zero because it is
considered to represent ice-free data or open water data. The open water
around the observational area is demonstrated in Fig. 10.

4.1. Ice condition and influence of seasonal effects on the ice drift

Due to the random variation of the environmental conditions with
time the ice drift characteristics also exhibit a similar behaviour.
Accordingly, a statistical representation of the variability of the ice
conditions (i.e. ice thickness, ice concentration, ice type, etc.) as well as
the ice drift in a given climate becomes most relevant (Lepparanta,
2011). In present study, the seasonal effect on ice drift speed is clearly
observed from the time series of ice drift speed amplitude shown in
Fig. 7. The sea ice drift velocity decreased when the ice started to form
(October and November), reached a somewhat constant level for the rest
of the winter, increased at the onset of melting (June) and then stabi-
lized over the summer. The ice thickness increased steadily the entire
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ADCP data

¥ ¥
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Fig. 9. Satellite image of the area with the observational stations on June 1,
2015 (https://zoom.earth/).

winter (October—May) and decreased again from June/-July as illus-
trated in Fig. 11. It seems to be correlated with drift velocity during early
winter (for ice conditions with ice thickness less than approximately 0.5
m) and during the first part of the melt season (May/June).

The correlation coefficients between ice thickness and ice drift speed
at each station are calculated by means of equation (11), and the ice
thickness was negatively correlated with the drift speed. The values of
the correlation coefficients are approximately from —0.10 to —0.14
during the ice growth season and from —0.37 to —0.39 during the

melting season. The values of the correlation coefficients for ice thick-
ness versus drift speed at the three stations are listed in Table 2. The joint
frequency distributions of the ice thickness and the ice drift speed are
demonstrated in Fig. 12.

Another key parameter in relation to ice drift is the ice concentration.
The ice concentrations for the three different stations are given in
Fig. 13b. Visually it is easy to see that the ice velocity and concentrations
correlate, the ice concentration increased when velocity decreased in the
early winter and opposite when the ice melted. As the figures show some
of the summers at station A were ice free, whereas station B did not seem
to have ice free summers. An example of ice concentration around the
observed stations at December 31, 2016 based on information from the
National Oceanic and Atmospheric Administration (NOAA) is illustrated
in Fig. 13a. The resolution of the ice concentration data is 1.0° latitude x
1.0° longitude. Furthermore, the ice concentration has implications with
respect to the type and the appearance of the ice types. A concentration
of 100% implies that no water is visible and that the floes are frozen
together, while a concentration of ~100%-90% corresponds to very
closed pack-ice, a concentration of ~80%-70% implies closed pack-ice,
a concentration of ~60%-40% means pancake floes that are generally
not in contact with each other, a value of <30% signifies very open ice,
and a value of < 10% represents open water (Alberello et al., 2020;
Lepparanta, 2011; Lgset et al., 2006; WMO, 1970)

4.2. Joint variation of wind speed and ice drift speed

The recorded time series show different trends for ice drift speed
compared to wind speed in the winter and summer seasons (Figs. 14 and
15). In the winter the ice drift speed was clustered around approximately
2.5% of the wind speed for all ice drift. In the summer we found a bi-
linear trend. Ice drift speeds less than about 0.2 m/s was correlated
with 2.5% of the wind speed. However, for higher ice drift speeds there
seemed to be no correlation to the wind speed.

In the winter season, the thickness of the sea ice presents physical
effects on the ice drift motion owing to the inertia forces and rheology
properties. The thicker sea ice will increase the values of the ice thick-
ness parameter, h; , of the inertia term in equation (3) of the governing
equation for the sea ice dynamics (Lepparanta et al., 2012). During the
winter season, sea ice is subjected to non-free drift conditions due to
physical contact between the floes, which accordingly become confined
by the surrounding sea ice. In turn, this generates internal stress.
Furthermore, the larger surface area of sea ice during the winter allows
the wind to dominate the motion of the sea ice dynamics by increasing
the air stress corresponding to the aero dynamic drag force. On the other
hand, sea ice behaves as the free drift condition in the summer. It tends
to drift faster during melting. Reduction of the ice cover area in summer
season loses the internal stress from physical contact between the sea
ice. The local water stress can provide the local influence on the beneath
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Fig. 10. The presentation of an open water from Satellite image around the observational area in melt season on August 1, 2015.
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Fig. 11. The joint variation of ice thickness and ice drift speed at the three stations.(The values of ice thickness refer from the water line).

of ice floats. It can increase the ice drift speed if the water current and
the wind blowing have the same direction.

In order to estimate the relationship between the wind and ice drift
speed, the scatter data for the ice drift speed and a percentage of the
wind speed are fitted to linear regression lines for the winter and sum-
mer seasons as illustrated in Fig. 15. For the winter season, the rela-
tionship between the ice drift speed and the wind speed seems to follow
a linear trend for both station A and D. The percentage of the wind speed

(vertical axis) is adjusted until a slope of 1.0 for the regression line is
achieved as shown in the two left parts of the figure.

For the summer season, there are rather different trends for low
versus high drift speeds. The percentage of the wind speed (vertical axis)
in the low speed range is adjusted until a slope of 1.0 for the regression
line. For the high speed range, the sea ice drifts faster than 2.5% of the
wind speed above 0.15 m/s for station A and D respectively. A bi-linear
fit is applied to the scatter data as shown in Fig. 15. Examples of joint
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Table 2
Correlation coefficients between the ice thickness and the drift speed during the
winter and summer seasons.

Station Correlation Coefficients
Winter Season (Growth Season) Summer Season (Melt Season)
A -0.37 —0.14
B —0.39 —0.13
C —0.37 —0.10
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frequency distributions between 2.5% of the wind speed and the ice drift
speed during the winter and summer seasons is illustrated in Fig. 16.

4.3. The relationship between the ice rose diagram and 2.5% wind rose
diagram

In the present study of the Beaufort Sea, the wind data from the
NOAA Physical Sciences Laboratory (https://psl.noaa.gov/data/gri
dded/data.ncep.reanalysis.pressure.html) (which provides daily data
of the wind velocity expressed in terms of the latitude and longitude
components), was applied to generate the wind rose diagram

Station B
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Fig. 12. A joint frequency distribution for the ice thickness and the ice drift speed for each station. (Bin widths of histograms for joint distribution are 0.2 m and 0.02

m/s for ice thickness and ice drift speed).
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Fig. 13. a) Example of the ice concentration in the Beaufort sea around the observed stations in Dec 31, 2016, b) Weekly mean values of ice concentration at three
stations in the Beaufort sea (Source: https://www.esrl.noaa.gov/psd/data/gridded/data.noaa.oisst.v2.html).
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Fig. 14. Time series of ice drift speed and 2.5 percent of the wind speed during
2016-2017 for station A (upper graphs) and D (lower graphs).

corresponding to 2.5% of the wind speed in order to compare with the
ice rose diagram. The wind rose diagram for the 2.5% wind speed and
the ice rose diagram corresponding to the growth season and the melt
season for station B during 2015-2016 is illustrated in Fig. 17. The
boundary layer parameter and the Rossby number:R, = Vi(t)/ (f-H)
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imply the wind-driven ice drift angle in the rose diagram, where H
signify the Heaviside function of ice thickness scale. A low Rossby
number indicates that the system is heavily influenced by Coriolis forces,
which cause the deviation angle to grow. Here we can see that the major
spike in the polar histogram for the wind direction and the ice drift di-
rection has a deviation angle during the growth season of approximately
20°. Due to physical contact, the growth season usually entails non-free
drift circumstances. The ice’s motion is restricted as a result of the in-
ternal stresses. However, rising ice thickness and clustering sea ice
reduce the value of the Rossby number, which enhances the Coriolis
impact. On the other hand, the deviation angle for the major spike in the
wind and ice rise histograms decreases to 11° during the melting season
(i.e., for free drift conditions) due to reduced ice thickness and increased
Rossby number, which lessens Coriolis forces, as shown in Fig. 18. In the
case of free drift conditions for the northern hemisphere, the observed
global deviation angles (0 < # =11° < 30°) correspond with the rule of
thumb for the deviation angle of geostrophic wind relative to the ice
drift direction (Lepparanta, 2011).

For the winter season, the drifting directions of the sea ice in the ice
rose diagram are seen to be in the East-South and North-West direction.
Instead, the major direction of the wind rose diagram is towards the
East. For the melting season, the wind rose diagram and the ice rose
diagram have more or less the same shape.

4.4. Ice rose diagram

ADCP measurements of ice cover drift at each station can be per-
formed in order to generate seasonal ice rose diagrams (Sinsabvarodom
et al., 2019). The ice rose diagrams for the growth and melting seasons
are shown in Fig. 19. The shapes of ice rose diagrams comply with those
of the corresponding mixed Von Mises distributions in polar coordinates.
The spokes of the ice rose diagram represent the percentage of drift
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Fig. 15. Comparison of ice drift speed and wind speed during the winter and summer seasons for station A and D.
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Fig. 16. Examples of joint frequency distribution for 2.5% of the wind speed and the ice drift speed during winter and summer seasons for station A. (Bin widths of
histograms for joint distribution are 0.05 m and 0.05 m/s for 2.5% wind speed and ice drift speed).
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Fig. 17. Ice rose diagrams and Wind rose diagrams during growth season and melt season for station B during 2015-2016 (10° for each bin).

events in each direction. The drift speed is indicated in terms of color
contours in the rose diagram. The ice rose diagram is compatible with
representation by means of the Eulerian approach, for which the drift
speed magnitude and direction as referred to a fixed point in space.
For station A, sea ice tends to drift in the west direction during the
growth season, while it moves both in the west and east directions
during the melting season from 2010 to 2017. For station B, the majority
of sea ice drifts in the east direction both during the growth and melting
season for the period 2010-2016. For station D, drift of sea ice is
dominantly in the west direction during the growth season, while it
moves in the west-south direction during the melting season from 2006
to 2017. At all stations, the sea ice tends to drift with the highest speed

11

during the melting season, which can be explicitly observed from the
color contours of the drift speed in the right-hand side of the picture at
each station.

4.5. Probabilistic assessment

Various types of probabilistic models such as the Normal distribu-
tion, the Log-normal distribution, the Weibull distribution, the Gamma
distribution and the Exponential distribution, have been applied as
candidates in order to fit the empirical distribution of the ice drift speed
at each station during the growth and the melt seasons. It was found that
the Two-parameter Weibull distribution provides the most appropriate
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Fig. 18. Comparison between directions for the 2.5% Wind rose histogram and the ice rose histogram during the growth season and the melt season for station B
during 2015-2016 (The arrow represents the main direction from the origin to the mean value. Each bin is 10°.).

fit for the present data set for the growth season (i.e. for non-free drift
conditions). During the summer and the melting season, the sea ice tends
to be subjected to free drift conditions especially during the end of the
summer season in August. The data of ice drift speed exhibit higher
scatter and uncertainty, which can be clearly observed from the recor-
ded time series. The data corresponding to high drift speeds is reflected
by the second peak of the probability density function. Therefore, the
density function of the ice drift speed can be characterized by two
distinct peaks, with one peak at low speeds and one at high speeds. An
illustration of the two peak distributions of the ice drift speed is given in
Fig. 20.

A mixed distribution is accordingly applied in order to describe this
complex behavior for the different drift conditions. The majority of ice
drift data corresponds to the leftmost peak of the distribution, which is
also reflected by this peak being the highest of the two. Different types of
probabilistic model have been considered as the candidates to fit the
leftmost part of the distribution. It is found that the lognormal model
represents the most appropriate fit for the data set. The second peak of
the distribution represents the high drift speeds. The Normal distribu-
tion model is found to provide a good fit for this part. The first and
second parts of the data are split by the valley between two peaks in
order to perform the probabilistic model fitting by application of prob-
ability paper for the mixed distribution model. The relative magnitudes
of the weight factors for the two distribution types provide information
about their relative influence. The PDF components of the mixed dis-
tribution and the weight factors of the leftmost PDFs at each station are
listed in Table 3.

PDFs and CDFs of ice drift speed at each station during the growth
season (i.e. with compact ice conditions) and during the melting season
with loose floes are plotted in Fig. 21. During the growth season, the sea
ice drifts at lower speeds (due to non-free drift conditions), which im-
plies that the internal stresses play an importance role by converting
some of the kinetic energy into deformation of the ice. The mean values
of the speed at the three stations are in the range from 0.11 to 0.12 m/s.
During the melting season (i.e. with free drift conditions), the internal
stresses will diminish owning to the loose ice floes. The mean values of
the drift speed increase and are located in the range from 0.2 to 0.3 m/s.
Furthermore, during the growth season (i.e. for non-free drift conditions
with associated presence of internal stresses), the level of uncertainty
associated with the ice drift speed is reduced. This can be observed from
the lower values of the standard deviation and the coefficients of vari-
ation (COV) as shown in Table 4. The present results match those ob-
tained by Babb (2014) quite well. He has studied the seasonal evolution
of ice drift in the Beaufort Sea during 2012. He also found that the mean
values of ice drift speed are approximately 0.1 m/s from April to June
and 0.19 m/s from July to September.

The mixed Von Mises distribution has been applied in order to fit the
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azimuth angles,6, of ice drift direction in equation (2). An optimization
method based on the differential evolution algorithm (Punurai and
Pholdee, 2018) is applied in order to estimate the parameters of the
mixed Von Mises distribution by minimizing the least square errors (R?)
(Wang et al., 2012; Zelenko and Lisac, 1994). Examples of the resulting
PDF fitting of ice drift direction based on the Von Mises distribution for
the growth and melting seasons are demonstrated in Fig. 22. The mixed
von Mises distribution of ice drift direction in polar coordinates is
illustrated in Fig. 23. Furthermore, it can be observed that the shape of
the mixed Von Mises distribution in Fig. 23 implies the shape of the ice
rose diagram in Fig. 19, which corresponds to the directional ice drift
distributions.

5. Discussion

5.1. Ice conditions in terms of joint variation of ice drift speed, ice
concentration and ice thickness

The ice condition in terms of joint variation of the ice concentration,
ice thickness and ice drift velocity was studied. When an ice cover starts
to form it grows both horizontally (increasing the ice concentration) and
vertically (increasing ice thickness). At some point the ice covers more
or less the entire ocean surface, but the thickness continues to grow
throughout the season. Figs. 11-13 show the ice velocity, thickness and
concentration and show a clear negative correlation between ice drift
velocity and ice concentration. The correlation between ice drift velocity
and ice thickness seems to be indirect. In the data, the ice thickness
tripled between December and May while no change in ice drift velocity
can be observed. This argues that effect of the inertia term is smaller
than the ice deformation term in the equations of motion for ice drift (i.e.
for non-free drift conditions).

During the growth season, sea ice tends to drift with a lower speed
than during melting season as exhibited in Fig. 11. There is a positive
correlation between ice thickness and ice concentration. An increase of
both ice thickness and ice concentration implies an increase of ice vol-
umes, the former by an increase of vertical extension and the latter by an
increase in the horizontal direction (Karvonen et al., 2012). This tends to
increase the internal stresses within the ice, which in turn leads to the
creation of ice ridges. Furthermore, thicker sea ice physically implies a
higher resistance owing to the increase of volume, mass and inertia. The
level ice thickness from the three measurement stations reaches its
maximum value in the period from May to June. Mostly, the ice con-
centration in the Beaufort Sea at the three measurement stations were
higher than 90 percent during the growth season. From the observed
data, the ice drift speed tends to be reduced for conditions with ice
thickness greater than 0.5 m and ice concentrations above 90 percent
during the growth season. In June, the drift speed started to be increased
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Fig. 19. Ice rose diagrams obtained based on acoustic Doppler current profiler (ADCP) measurements in the Beaufort Sea (10° for each bin).

significantly when the ice concentration become lower than 90 percent
as demonstrated in Fig. 13. The results in the present study also support
the conclusion of Spreen et al. (2011) that thinning of the ice cover is
likely to cause an increase of the drift speeds. Furthermore, Olason and
Notz (2014) found that the drift speed is highest in the middle of August,
which supports the present findings.

To give an overall view of the ice coverage during the winter season
(i.e. for non-free drift conditions), Fig. 24 shows an aerial view of the sea
ice in March. After that, the sea ice can be considered to enter the
melting season (i.e. with free drift conditions) as illustrated in Fig. 25,
which corresponds to a reduction of ice volumes.

In addition, the joint variation of the ice thickness and the ice drift
speed is investigated by computing the correlation coefficient by

application of equation (11). It is found that the correlation coefficient
between the ice thickness and the ice drift speed has a negative value as
shown in Fig. 12. Furthermore, Hornnes et al. (2020) has studied the
joint distribution of the ice thickness and the ice drift speed for the
purpose of fatigue assessment at the Norstromsgrund lighthouse in the
bay of Bothnia. They found that thicker sea ice tends to drift with a lower
speed. In the present study, the joint distribution of the ice drift speed
and the ice thickness for each station in the Beaufort Sea is also inves-
tigated as illustrated in Fig. 12. The resulting joint distribution of the ice
drift speed and the ice thickness in this region is found to exhibit a
similar shape as the joint distribution in the Bay of Bothnia. However,
the values of the ice thickness in the Beaufort Sea are higher due to the
higher latitude with a lower temperature. From the overall shapes of

13
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Table 3
The individual distributions and weight factor for mixture distribution.
First PDF, fi (vp) Second PDF, f5(v4) Weight
Station Lognormal distribution Normal distribution factor
1 o1 Ha 02
A —2.07 0.77 0.83 0.12 0.81
B —-2.17 0.82 0.81 0.12 0.91
D —-2.27 0.82 0.79 0.11 0.92

histogram for the joint values of the ice thickness and ice drift speed, this
supports the foregoing observation that the drift speed is lower for
higher values of the ice thickness, which are also typically associated
with higher values of the ice concentration.

5.2. The relationship between the wind and ice drift

The seasonal wind has a strong influence on the ice drift in the
Beaufort Sea. The ratio between the magnitude of drift speed versus
wind speed in the Beaufort Sea is somewhat higher than the typical
1-2% wind speed ratio for the Arctic Sea (Spreen et al., 2011). Kawa-
guchi et al. (2019) also studied the relationship between the wind speed
and ice drift speed in the Arctic Ocean at the Northwind Abyssal Plain
(NAP) nearby Alaska and found that the magnitude of the ice drift was
around 3% of the wind speed. The ratio between the wind speed and ice
drift speed from Kawaguchi et al. (2019) is higher than the presently
observed 2.5% due to the ocean current flow being in the same direction
as the ice drift for that case. This will amplify the ice drift speed.

Our analysis gave a magnitude of the ice drift speed of approximately
2.5% of the wind speed corresponding to a Nansen number of 2.5%
(equation (10)). However, the ice drift formulation based on the Nansen
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number in equation (10) is simplified by considering only the major
external force due to the wind. It neglects many terms corresponding to
minor external forces e.g. from water stress and internal stress, Coriolis
force, tiling of water surface in the ordinary governing equation of ice
drift (Campbell, 1965). In the winter season, the sea ice motion corre-
sponds to the non-free drift condition because of the expansion of the
growing sea ice in the horizontal direction, which is reflected by the ice
concentration as illustrated in Fig. 13. This implies physical contact and
confinement due to the surrounding sea ice. Moreover, the larger surface
area of the sea ice cover corresponding to an ice concentration of more
than 90% in the winter season increases the area which is exposed to the
drag force caused by the wind blowing on the top surface of the ice
cover. The non-free drift condition during the winter season is domi-
nated by the global wind. This can be clearly seen from the relationship
between the ice thickness, the ice concentration, the ice drift speed and
the 2.5% wind speed in Figs. 11, 13 and 14. Conversely, the sea ice
motion corresponds to the free drift condition in the summer season.
Accordingly, it tends to drift faster during melting which can be clearly
seen from the increase of the drift speed when the ice concentrations
become less than 90% as illustrated in Figs. 11 and 13. Reduction of the
ice concentration implies open water, which can also be seen in the
satellite image in Fig. 25. Consequently, reduction of the area of the sea
ice cover implies a reduction of the global drag force due to the wind.
Therefore, the water stress beneath the ice cover can influence the ice
drift behavior to a larger extent. This can increase the ice drift speed to
above 2.5% of the wind speed when the forces due to ocean current or
the pressure gradient caused by tilting of the water surface are acting in
the same direction as the wind is blowing. Furthermore, with wind
speeds exceeding approximately 8 m/s (2.5% wind speed = 0.2 m/s),
water stress dominates the ice drift speed according to the quadratic
drag law and power drag law (Lepparanta, 2011). When the 2.5% wind
speed exceeds 0.2 m/s during the summer season, the ice drift speed
increases due to the influence of water stress, as shown in Fig. 15.

5.3. The relationship between the ice rose diagram and the 2.5% wind
rose diagram

The 2.5% wind rose diagram and the ice rose diagram provide
exhibit similar trends for the directionality in polar coordinate as illus-
trated in Figs. 17 and 18. However, the ice rose diagram characteristics
in terms of an Eulerian frame description as obtained from the subsur-
face mooring buoy records exhibit a systematic difference from the di-
rections of the 2.5% wind rose diagram during the winter season. The
deviation angle between the ice drift and wind in the rose diagram based
on the measurement data is observed to be approximately 20 and 11° in
the winter and summer seasons as illustrated in Fig. 18. Because non-
free drift conditions are caused by rising ice thickness, the inertia ef-
fect associated with these plays a significant role. It lowers the Rossbly
number, which is related to the ice drift’s deviation angle as mass in-
creases owing to the Coriolis force. During the summer, however, the
deviation angle decreases, which corresponds to free ice drift conditions.
The mass reduction lowers the Coriolis impact while increasing the
Rossbly number. Nevertheless, according to Lepparanta’s assumption of
free drift motion, the value of the deviation angle in this analysis is in the
range of 0° < 6§ =11° < 30° (Lepparanta, 2011). Typically, the drift
direction of the sea ice on the Northern hemisphere can deviate in the
clockwise direction (i.e., “ice drift is to the right from the wind direction
) by approximately 0-30° relative to the wind direction at the surface.
The deviation angle will be in the counter clockwise direction on the
Southern hemisphere (Lepparanta, 2011). The values of deviation an-
gles between the wind direction and the ice drift direction are due to the
opposite directions of Coriolis effects for the Northern versus the
Southern hemisphere. This effect can also be observed by considering
the ice rose diagram and wind rose diagram for different locations.
Sinsabvarodom et al. (2021b) also found that the deviation angle be-
tween the ice rose diagram and the wind rose diagram is approximately
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Fig. 21. The PDFs and CDFs of ice drift speeds during the growing and melting season for the years from 2010 to 2017.

Table 4
Statistical data of ice drift speeds (m/s) for growth and melting seasons.

Station Growth Season Melting Season

Mean Value STD cov Mean Value STD Ccov

A 0.12 0.08 0.67 0.30 0.30 1.11
B 0.11 0.07 0.64 0.23 0.24 1.04
D 0.12 0.08 0.67 0.20 0.22 1.10
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30° based on the recorded metocean data based on full-scale experi-
ments in the Bay of Bothnia, which has a sea ice cover only during the
winter season.

Furthermore, the ice rose diagrams can be generated based on re-
cords of the ice drift. Both the drift speed magnitude and the direction
are required in order to generate these diagrams. Where measurements
of ice drift speed are not available, numerical weather models providing
met-ocean conditions can be utilized in order to predict the ice drift
speed and direction. The ice rose diagram can in principle be applied for
characterization of drift speed for any ice-covered region of the ocean,
and not only the Beaufort sea. For regions with a limited data coverage,
it can still be possible to establish ice rose diagrams for short-term ice
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Fig. 22. Examples of PDF fitting by means of the mixed von Mises distribution for ice drift direction at station A from 2010 to 2017.
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Fig. 25. Satellite image of area with observational stations during summer
season on August 1, 2015 (https://zoom.earth/).

drift conditions.
6. Conclusion

In this work, the ice rose diagram is introduced in order to demon-
strate its ability to provide information in relation to ice drift statistics
on a compact form, i.e. to convey information both in terms of the
percentwise distribution of ice drift magnitude and direction. This in-
formation should be of benefit for design of offshore structures at a given
sites, both with respect to fixed and floating support structures, also
including mooring systems. The ice rose diagram is a generic concept
and can be applied in order to characterize the drift speed for any ice-
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covered region, not only the Beaufort Sea. This applies not the least to
ice rose diagrams which describe the short-term characteristics and
hence only require relatively short measurement sequences.

The upward looking sonar (ULS) is beneficial in order to classify data
associated with ice cover thickness and for joint recording of relevant
velocity data from the acoustic Doppler current profiler (ADCP). These
combined records allow estimation of the corresponding ice rose dia-
gram. According to the present study, the following conclusions can be
drawn:

e In the Beaufort Sea, the sea ice drifts at a lower speed during the
winter (i.e for non-free drift conditions) than during the summer (i.e.
for free drift condition), and this seems to be explained by the
different characteristics in terms of ice concentrations. In the winter,
the ice concentration was mostly far above 0.8 indicating that ice
deformation consumed energy and with this reducing the ice drift
velocity. The ice concentration also explains the different relation-
ship between ice drift and wind speed in winter and summer.
According to the probabilistic assessment, the Weibull distribution is
found to give the best fit to the present data for the drift speed
magnitude during the growth season (which corresponds to non-free
drift conditions). For the melting season (which corresponds to free
drift conditions), the ice drift speed magnitude data is best fitted by a
two peak probability distribution. Mixed distributions based on the
lognormal and normal probability models provide the most appro-
priate fitting. For the ice drift direction, a mixture of von Mises
distributions is found to give the best fit to the data.

The ice drift speed during the winter season in the Beaufort Sea is
approximately 2.5% of the wind speed. There is a deviation angle
between the ice rose diagram and wind rose diagram less than 30°
according to the assumption of the ice drift deviation by Lepparanta
(2011). Furthermore, due to the higher ice thickness coupled with
the stronger Coriolis force (under non-free drift conditions), the de-
viation angle is larger during the growth season than during the melt
season (with free drift conditions).

Typically, different types of metocean data from field experiments
are obtained by different types of instruments with different sampling
rates, depending on the physical properties of the instrument and the
quantity to be recorded. Furthermore, data processing of the measure-
ments with the objective to estimate the probabilistic characteristics is
very important in order to obtain reliable results. Hence, it is also of
significant value to study temporal characteristics of the ice conditions
in terms of the joint variation of wind, ice drift velocity as well as level
ice thickness and ice ridge properties as part of further research.
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