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ABSTRACT

The paper presents results of research based on analysis of historical and present stud-
ies of the Arctic ice drift. Current information about Arctic ice drift comes from the scientific
expedition organized by the Alfred-Wrgener-Institut Helmholtz Centre for Polar and Marine
Research (AWI) from Bremerhaven (Germany) in the Arctic Ocean, as a part of the Multidiscipli-
nary drifting Observatory for the Study of Arctic Climate (MOSAiC), coming from the deck of the
icebreaker RV "Polarstern”. The main purpose of the article was to collect and illustrate infor-
mation on the phenomenon of ice drift in the Arctic Ocean, considering data from ongoing re-
search during the MOSAIC expedition. The average movement speed of the icebreaker RV
"Polarstern” frozen in Arctic ice during the first three legs of the expedition was over 5 Nm/day,
which is characteristic of the current data relating to the speed of the Arctic ice drift in the place
of research. On the other hand, the article is popular science, and presents the overall character-
istics of Arctic ice drift with an indication of the general directions, and speed of its movement.
Ice drift speeds in the Arctic can reach exceptionally high values under favorable conditions. The
drift of sea ice reaching at its intensity/intensity values close to the limit (dangerous criterion) in
these extreme cases is called the "ice river". The speed of "ice rivers" can reach up to 1-2 knots,
however, in extreme conditions up to 9 knots. Based on data from the AWI, correlation points
were identified between the speed of Arctic ice drift and the speed of winds and atmospheric
pressure values.
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Ice Drift in the Arctic Ocean

INTRODUCTION

The issue of ice drift in the Arctic Ocean has become particularly important
recently, with extreme ice sheet melting during the Arctic summer, followed by
freezing and movement. One of the problems studied for the current scientific ex-
pedition in the Arctic Ocean as part of MOSAIC is the drift of Arctic ice. It is now
interesting information coming from the deck of the icebreaker RV "Polarstern”,
which is the base of the MOSAIC scientific expedition [7, 10, 11]. During the histori-
cal period of research, the phenomenon of Arctic ice drift was carried out by many
research expeditions, which did not always succeed. In addition, the results of sci-
entific observations gained during each expedition increased our knowledge, and
brought new information about these phenomena [2, 4, 6,7, 8, 9, 10, 11, 14, 16].

According to W. Zakrzewski [16] the phenomenon of ice drift is the con-
stant motion which is caused by the impact of winds, sea currents, and tidal cur-
rents on sea ice not permanently connected to the shore, or sea's bottom. The drift
of ice in the sea is a complex, but nevertheless completely orderly phenomenon,
and the following external forces influence the phenomenon of ice drift: the force of
the wind on the surface of the ice; the force of the water on the drifting ice; the Cor-
iolis force; a component gravity force parallel to the surface of the sea; the power of
the interaction of ice floes [16]. The movement of ice can reach high values from
a few to several knots. An example of the high speed of ice movement is the so-
called "ice rivers", where ice masses have been observed to move up to 9 knots [9].
Observation of ice movement in the Arctic Ocean has been going on for centuries.
The article will present three expeditions. The first one is the expedition of USS
"Jeannette” commanded by lieutenant Georg W. De Long in the years 1879-1881
[14]. The second one is the expedition of the sailing ship "Fram" in Fridtjof Nansen
charge of the scientific side in the years 1893-1896 [8]. The third expedition is cur-
rently ongoing MOSAIC, which is based on the RV icebreaker "Polarstern” orga-
nized by the Alfred Wegener Institute in 2019-2020 [7, 10, 11]. The most important
data for the modern estimation of the ice speed in the transpolar zone was provid-
ed by the research performed on the RV “Polarstern” [7, 10, 11].

The main purpose of the article was to collect and illustrate information on
the phenomenon of ice drift in the Arctic Ocean, taking into account data from on-
going research during the MOSAIC expedition. On the other hand, the article is
a popular science, and presents the overall characteristics of Arctic ice drift with an
indication of the general directions and speed of its movement. Following methods
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were used to achieve the above aim such an analysis of publications and inference.
Implementation of the research was based on the historical material gathered by
research institutes and present publications. It is worth emphasizing and highlight-
ing the fact that the article is of a cognitive and popular science character.

The remainder of the paper is organized as follows: Section GENERAL
CHARACTERISTICS OF SEA ICE DRIFT gives the description of forces influence the
phenomenon of ice drift. Section ICE DRIFT RESERCH IN THE ARCTIC OCEAN pre-
sents three research expedition in the Arctic Ocean. Section DRIFT OF ICEBREAKER
RV “POLARSTERN” IN THE ARCTIC ICE provides Arctic ice drift observation data,
along with the meteorological data necessary to analyse the phenomenon. Finally,
some discussion, and conclusions are given in last section.

GENERAL CHARACTERISTICS OF SEA ICE DRIFT

The impact of winds, sea currents, and tidal currents on sea ice are not perma-
nently connected to the shore or sea's bottom to be in constant motion, which is
called drift. The drift of ice in the sea is a complex, but nevertheless completely,
orderly phenomenon [16, p. 69]. According to W. Zakrzewski, the following exter-
nal forces influence the phenomenon of ice drift [16, p. 69-75]:

. the force of the wind on the surface of the ice;

. the force of the water on the drifting ice;

. the Coriolis force;

e acomponent gravity force parallel to the surface of the sea;

¢ the power of the interaction of ice floes.

Wind force on ice surface. This is, in most cases, the main force that causes the
drift of sea ice. Because the ice protrudes slightly above the sea surface, and in ad-
dition, its upper surface is most often uneven, for example, covered with ice floors.
The impact of wind on the surface of the ice is considered as: the force causing the
wind to friction with a relatively flat surface of the ice; the force of the wind on the
ice surface and wind surfaces, and the lateral surfaces of the coastal parts of the ice
floors protruding over the side water. In order to understand the impact of wind on
the flat surface of the ice at certain limits, it can be assumed that the wind speed of
vw =10 m/s affects an object with an area of P = 1 km? with a force of approximate-
ly 403 000 N, which corresponds to approximately 41 100 KG. On the other hand, if
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the surface of the ice floe has ice concentrations (irregular surface) covering 10%
of the area of the orifice, the wind force is approximately 884 000 N for the above
wind, and ice floe surface, equivalent to approximately 90 150 kG. The value of this
force is more than twice the value of the wind force on the flat surface of the ice,
although ice floors occupy only 10% of the total ice surface [16, p. 69-72]. With
high percentages of coverage of the surface of the icebergs, the wind force is up to
10 times higher.

The impact of water on drifting ice. The water in which the ice is submerged
inhibits its movement. The drift of sea ice is opposed by the resistance of the sub-
merged part of the ice floe to the water, and therefore its return is directed inverse-
ly to the direction of the ice drift. Of course, this force occurs when the speed of ice
drift differs from the speed of the water flowing under the ice. The resistance of the
submerged part of the ice floe to the water is the result of the frictional resistance
forces formed between the lower surface of the flat ice and water, and the force of
the frontal lateral resistance of the underwater surfaces of the ice floors, and the
lateral surface of the submerged part of the ice floe. The example value of the fric-
tional resistance force for drift ice floes with an area of P = 1 km?, and the differ-
ence in ice drift speed, and water current speed of Av = 0,1 m/s is approximately
101 000 N, corresponding to approximately 10 300 kG [16, p. 72 to 74]. The re-
sistance strength of the drifting ice floss increases significantly with ice rises among
drifting ice.

Coriolis force. The Coriolis force acts on drifting ice at a certain drift speed, as on
any moving body in a rotating reference system. The value of Coriolis force de-
pends on the ice mass, latitude, and speed of ice drift. Coriolis force value is highest
at the pole, so its impact on the drift of ice in the Arctic Ocean has the greatest val-
ue, which is directly proportional to the sine of the angle of latitude. Since the speed
of ice drift depends on the speed of the wind, the value of Coriolis force also de-
pends on the wind speed. It is the higher in the higher the wind speed [16, p. 74].
Component gravity force parallel to the sea surface. If the water mirror is tilted
at a certain angle from the level, which may occur during the wave, the gravity of
the ice on the sea surface can be divided into the following two forces: a force per-
pendicular to the sea surface, and a force parallel to that surface. A component of
the force of gravity parallel to the sea surface causes the ice floe to run down on
this inclined surface of the sea.

Interaction of ice hearts. During ice drift, there is a continuous movement of ice
floes relative to each other, as a result of which ice floes rub against each other, or
collide. As a result, ice floes constantly transfer energy, which causes changes in the
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direction and speed of movement of individual ice hearts. The strength of mutual
interaction of hearts depends on their mass, speed of movement, and ice compact-
ness [16, p. 74].

The power of the interaction of ice floes. During the drift of ice, ice floes are in
continuously movement relative to each other, as a result of which the mats rub
against each other or collide with each other. As a result, ice floes are constantly
transmitting energy to each other, which causes changes in the direction and speed
of movement of individual ice floes. The force of the interaction of floes depends on
their mass, speed of movement, and the content of the ice [16, p. 74].

Single ice floe drift caused by winds is rare, however, most often sea ice
drifts within ice fields of various sizes and compactness. At a certain wind speed,
the speed of ice field drift depends on the compactness of the ice, and the smaller it
is, the greater the density of the ice. In the presence of high-density sea ice, the di-
rect wind effect is limited to the ice surface, while the water surface is minimally
affected; surface wind currents are very weak and do not support ice drift. In addi-
tion, the greater the ice density, the greater are the energy losses of individual ice
hearts due to heart collisions, which further explains the slower ice floe drift with
a high density compared to loose ice or single ice floes [16, p. 77].

The direction of ice field drift does not coincide with the direction of the
blowing wind but is directed about 28-312 to the right in the northern hemisphere
due to the Coriolis force. The speed of sea ice drift and the sensitivity of their re-
sponse to changes in wind speed, and direction depends on the mass of ice floes,
the shape of their underwater and underwater parts, and ice content. The lighter
the floe, and therefore smaller, or made of thinner ice, the faster it will be set in
motion by the wind. When the wind stops, the smaller weight floes stop quickly.
Large ice floes, as well as made of ice of very thick ice, have a significant mass, are
more difficult to set in motion, while after the wind stops, they move much longer
compared to parts of low mass. The speed of ice movement is significantly influ-
enced by tidal currents.

Arctic ice drift speeds can be extremely high under favorable conditions.
Sea ice drift reaching near its limit/intensity (dangerous criterion) in these extreme
cases is called the "ice river". Intense ice drift and "ice river" are understood to
mean drift of ice floes not less than 500 m in size at a speed of not less than 0.5
knots. The speed of the "ice river" can reach up to 1-2 knots, however, in extreme
conditions up to 9 knots [6]. The phenomenon of "ice rivers" has a local character,
and is often not detectable by traditional ice reconnaissance maps or by calculation.
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This is mainly due to the small spatial and temporal dimensions of this phenomena,
and to the large changes in ice drift speed as a function of time and space. The phe-
nomenon of the "ice river" has not yet been statistically well studied. To date, only
about one hundred such cases have been registered. Detection of this phenomenon
by ships was often accompanied by critical and/or emergency events [9, p. 192-
193]. Ice drifting in the "ice river" at such a high speed is encountered, among oth-
ers, on the Northern Sea Route, which is part of the Northeast Passage. "Ice rivers"
are dangerous ice phenomenon for ships, and even icebreakers, which, in some
cases, were unable to resist their impact.

The pack-ice motion process is associated with [13]:

» diverging (the process of loosening drift ice, leading to a decrease
in ice density or stress occurring in it). During the ice deformation
processes, fractures (figure 1), cracks, leads, and hummocks occur;

* compacting (decreasing the spacing between floes, resulting in in-
creased ice firmness or the formation of stress that can lead to ice
deformation). During compacting process, hummocking, ridging,
and rifting occur;

shearing (displacement of floes relative to each other, which can cause rotational
movement of floes and the formation of cracks filled with compact ice).

Figure 1. Ice break (fracture) observed from the icebreaker RV "Polarstern” on 10 May 2020
separating part of the "ice camp” from the base

(Source: photo by Christian Rohleder/Alfred-Wegener-Institut.)
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ICE DRIFT RESEARCH IN THE ARCTIC OCEAN

Observation of ice mass movement in the Arctic Ocean, and scientific research
of this phenomenon have been conducted for a long time. The article will present
three expeditions bringing significant value to this issue:
1. Expedition of USS "Jeannette” commanded by lieutenant Georg W. De Long
in the years 1879-1881;

2. Expedition of the sailing ship "Fram" in Fridtjof Nansen charge of the scien-
tific side in the years 1893-1896;

3. Currently ongoing MOSAIC expedition based on the RV icebreaker "Polar-
stern" organized by the Alfred Wegener Institute in 2019-2020.

The steam and sailing ship USS "Jeannette" sailed under the command of lieu-
tenant Georg W. De Long in 1879 to the Arctic Ocean to reach the North Pole and
discover unknown water spaces. The expedition ended with the destruction by ice
and sinking of the USS "Jeannette” in June 1881 (figure 2), and death of a large part
of the 33-man crew. Three years after the sinking of the USS "Jeannette”, its re-
mains were discovered on an ice floe near Julianehaab in southwestern Greenland.
This floe with debris moved with the powerful polar current from the Novosibirsk
Islands, passing from the north of the islands the Land of Franz Josef, Spitsbergen,
most likely around the North Pole, and then along with the East Greenland current
along the eastern coast of Greenland to Cape Farvel, and beyond west. The distance
from the Novosibirsk Islands to Julianehaab along the route shown is approximate-
ly 2 900 nautical miles. The remains of the USS "Jeannette" traveled this route in
1 100 days, which indicates an average travel speed of 2.6 NM/day [8].
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Figure 2. Destroyed by Arctic ice and sinking USS "Jeannette” in position north-east of
the Novosibirsk Islands in June 1881

(Source: USS "Jeannette”, Log Book of the Unated States Navy, Naval History Homepage.)

The MOSAIC expedition was preceded 127 years ago by the expedition of
the Norwegian polar explorer Fridtjof Nansen, who set off on a long-term research
expedition of the Arctic Ocean on a wooden sailing ship "Fram" (figure 3). The drift
in the Arctic ice lasted from September 1893 to 1896. The purpose of the expedi-
tion of Fridtjof Nansen was to study the surrounding north pole of the basin on the
route from the Novosibirsk Islands, as far north as possible, and then drift in the
polar ice to the northwest [7].
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Figure 3. Drifting Norwegian sailing ship "Fram" in the ice of the Arctic Ocean during
the Fridtjof Nansen expedition in the years 1893-1896

(Source: MOSAIC [8].)

In September 2019, the icebreaker RV "Polarstern” began an annual re-
search expedition in the North Pole area called MOSAIC, and from October 4, 2019,
after taking position, it drifts along with polar ice. The ship was built in 1982 in Kiel
and Rendsburg (Germany). Basic unit data: length 117.91 m, width 25.07 m, draft
11.21 m, displacement 17 277 t, 4 diesel engines with a total power of 19 000 HP
(14 000 kW), speed 15.5 knots. The ship is a research icebreaker ran by Alfred We-
gener Institute (AWI) from Bremerhaven. The icebreaker is mainly used for re-
search in the Arctic and Antarctic. During this largest research project in recent
years, multidisciplinary studies of the atmosphere, sea ice, oceanography, ecosys-
tem, and bio-chemical will be conducted. Observations are expected to reflect the
complex mechanisms associated with climate change.

MOSAIC is the first year-long expedition to the central part of the Arctic
Ocean, exploring the Arctic climate system. The project was prepared by an inter-
national consortium of leading polar research institutes, led by AWI. Around the
icebreaker frozen in ice, research stations are located within a radius of several
dozen kilometers. In addition, data is collected by research planes and vessels co-
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operating as part of the expedition. Research conducted with such impetus will
allow a better understanding of Arctic climate change, and its contribution to global
warming.

The first leg of the MOSAIC research expedition was completed on Decem-
ber 16, 2019 with the replacement of the research team, and icebreaker crew
members. The exchange and supply took place through the Russian icebreaker
"Captain Dranitsyn", who approached the RV "Polarstern" on December 13, 2019,
and the break-off of icebreakers took place on December 18, 2019. The second leg
was continued in the conditions of polar winter, that is, the darkest and coldest
period in the Arctic. On December 29, 2019, the air temperature dropped to below -
339C, and the felt temperature was around -50°C. In mid-November, the research
area of the "Polarstern” icebreaker was in the presence of storm winds reaching a
speed of about 25 m/s, which affected the deployed equipment in the "ice camp” [7,
10, 11].

Figure 1. Icebreaker RV "Polarstern” drifting with ice of the Arctic Ocean. Visible rifted
ice and ridges covered by snow on April 16, 2020

(Source: photo by Michael Gutsche/Alfred-Wegener-Institut.)
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During the research expedition MOSAIC, the icebreaker RV "Polarstern”
together with the "measuring town/ice camp", set up on ice outside the icebreaker
are subjected to drift and processes of occurring deformation of the Arctic ice.
Fractures and cracks were observed during the initial phase of the trip. The Arctic
winter period was characterized by the creation of hummocking with rifted ice and
ridges. As the distance from the North Pole and the changing season of the year
started, the deformation process with fracturing was seen.

DRIFT OF ICEBREAKER RV “POLARSTERN” IN THE ARCTIC ICE

The beginning of the icebreaker RV "Polarstern” drift after reaching the
starting position for research (¢ = 852N and A = 1372E) on October 4, 2019, began
drifting in the Arctic ice field. The drift was interrupted in connection with the ex-
change of scientists and crew on May 16, 2020, in position (¢ = 832N and A =
0099E), and the ship went to the region of the Svalbard. Exiting the ice, and then
returning to the Arctic again, was due to the procedure followed in connection with
COVID-19 for another research leg. Figure 5 presents the drift route of the ice-
breaker RV "Polarstern” in the Arctic ice from October 4, 2019 to May 16, 2020,
along with the expected further direction of movement as part of the MOSAIC re-
search expedition [7, 10, 11].
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Figure 2. Drift route of the icebreaker RV "Polarstern” in the Arctic ice from October 4,
2019 to May 16, 2020 along with the expected further direction of movement as part of
the MOSAIC research expedition

(Source: own study [2] based on items provided by AWI [7, 10, 11].)

Based on the AWI data, the daily drift data for the RV icebreaker "Polarstern” from
October 4, 2019 to May 16, 2020 is shown in figure 6.
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Figure 3. Daily drift of the icebreaker RV "Polarstern” from 4 October 2019 to 16 May 2020 in
kilometres (km)

(Source: daily drift information based on AWI data studies [7].)

Meteorological data from RV "Polarstern” with marked values of wind di-
rection, wind speed, barometric pressure, and daily drift in Arctic ice are shown in
figure 7. By analyzing and comparing the data collected in figure 7, it can be con-
cluded that the maximum wind speeds associated with low pressure, or a rapid
change in atmospheric pressure affect the high sea ice drift values day, or some
days after maximums of these data.

3(222) 2020 80



Ice Drift in the Arctic Ocean

A[rep yum aanssald oLiowoIeq pue ‘paads puim ‘UORIAIIP PUIM JO SIN[eA PIIEW YIIM ,UI9ISIB[0d, AY WO eIep [ed150[010933\ "} 2131

(10T ‘L] IMV ele( [e2180[0.10313 A JUS.LINY) :92.1N0S)

90101301y Ul dN[eA YLIp

8202 21N TIIIBI8T € TNr T4 Iajepdn 3se

or 18

(edy) uud

(S/¥) puTH

.

®

_:::

|

m

AT IME
::__:__; _E___::__f v;_ i

Scientific Journal of PNA

81



Czestaw Dyrcz

Within 225 days of October 4, 2019 at 01.00 PM to 16 May 2020 at 01.00

AM the German icebreaker RV "Polarstern",

together with the

"ice research

town/ice camp”,

sailed 2 335 km. The average daily road was about 10.4

km/day (about 5.6 NM/day or about 0.23 knots).
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Figure 5. Ice pack drift in the Arctic Ocean

(Source: own study [2].)

The ice of the Arctic Ocean is in a constant drift. The direction and speed of
the drift depend on wind conditions, and sea currents. Earlier studies of ice field
drift in the Arctic Sea have determined its general course. There are two basic arc-
tic ice circulation systems: Transpolar Drift (Arctic Drift), and Beaufort Sea Drift
(Pacific Whirlpool), which are illustrated in Figure 8. Knowledge of ice conditions,
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and the phenomena associated with their movement is important for the safety of

navigation in the Arctic.

DISCUSSION AND CONCLUSIONS

In the conclusion of the analysis were made of the following generalizations:

1.

The following external forces influence the phenomenon of ice drift:

the force of the wind on the surface of the ice, the force of the water on the
drifting ice, the Coriolis force, the component gravity force parallel to the
surface of the sea, and the power of the interaction of ice floes. The article
mainly indicates the impact of external forces (wind) on the movement of
ice masses.

Within 225 days of research expedition the German icebreaker RV "Polar-
stern” together with the "ice research town/ice camp" sailed 2,335 km,
which gives the average daily road about 10.4 km/day (about 5.6 NM/day
or about 0.23 knots).

Moving along with the RV "Polarstern” ice confirmed the previously ac-
cepted because of research and observation of the direction of movement
of the Arctic ice. The influence of external forces on ice has a decisive influ-
ence on the direction. The article indicates the influence of wind, and other
factors were not considered.

Comparing the speed of the RV "Polarstern” (5.6 NM/day), and the re-
search sailing vessel "Fram" (2.6 NM/day), one conclude that the RV "Po-
larstern” was traveling at more twice the speed on its road section. It can
be assumed that the speed of travel probably had the thickness of ice at
that time, however this thesis needs to be checked. Author does not under-
take to answer this problem.
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"Polarstern” carrying out the Multidisciplinary drifting Observatory for the Study of
Arctic Climate (MOSAIC) in the Arctic Ocean.
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DRYF LODU NA OCEANIE ARKTYCZNYM

STRESZCZENIE

W artykule przedstawiono wyniki badan opartych na analizie historycznych i obecnych
badan dryftu lodu arktycznego. Aktualne informacje na temat dryftu lodu arktycznego pochodza
z wyprawy naukowej zorganizowanej przez Alferd-Wegener-Institut (AWI) Centrum Badan Po-
larnych i Morskich z Bremerhaven (Niemcy) na Oceanie Arktycznym w ramach multidyscypli-
narnego obserwatora dryfujacego klimatu arktycznego (MOSAIC) pochodzacego z pokiadu
lodotamacza RV ,Polarstern”. Gléwnym celem tego artykutu byto zebranie i zilustrowanie infor-
macji o zjawisku dryfu lodu na Oceanie Arktycznym, z uwzglednieniem danych z biezacych badan
podczas wyprawy MOSAIC. Srednia predko$é ruchu lodotamacza RV ,Polarstern” wraz z lodem
arktycznym podczas pierwszych trzech etapéw wyprawy wyniosta ponad 5 Nm/dobe. Z drugiej
strony, artykut ma charakter popularnonaukowy i przedstawia ogélng charakterystyke dryftu
lodu arktycznego ze wskazaniem generalnych kierunkdw i predkosci jego ruchu. Predkosci dryfu
lodu w Arktyce mogg osiggna¢ wyjatkowo wysokie wartosci w sprzyjajacych warunkach. Dryf
lodu morskiego osiagajacy wartos$ci natezenia/intensywnosci bliskie granicy (niebezpieczne
kryterium) w tych ekstremalnych przypadkach nazywa sie ,lodowa rzeka”. Predkos¢ ,lodowych
rzek” moze osiagna¢ do 1-2 weztéw, jednak w ekstremalnych warunkach do 9 weztéw. Na pod-
stawie danych z AWI zidentyfikowano punkty korelacji miedzy predko$cia dryftu lodu arktycz-
nego. a predko$cia wiatru i warto$ciami ci$nienia atmosferycznego.
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