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ABSTRACT

Vessels designed faravigation in ice can perform voyage with the assistance of icebreaker
in the navigation season in case an ice cover area is less than 20%. Whereas the same vessels
could carry out successfully completed voyage through the NSR with intensive icebreaker
help at the icecovered area lower than 42%. Navigation of the same vessel at ice covered
area above 80% is possible with intensive icebreaker help, but it threatens to damage the hull,
rudder or propeller.

Excessive generalization of data analyzedy caseto wrong, even opposite conclusions
Using only basic statistical information in the form of average values and standard deviation
may be not sufficient for the purpose of ves:
Much more opportunities folhé assessment of navigation in ice covered regions provides
cumulative distribution, which should be related to the time and geographical space-distrib
tion. It allows to determine the duration of time window for given area covered with ice

in a particudr region and predetermined probability of its occurrence. It is thus possible
to plan approximate date of departure and duration of voyage for assumed safety criteria.
Also, it is possible to plan a number of consecutive voyages in a navigation season.
Mathematical approach to voyage planning in ice based on a cumulative distribyiien

sented in the paper. #llows creation of an advisory computer application to support dec
sion-making by the commander of a vessel. It will reduce the human faalatamrocessing

and reduce possibility of making a mistake. By this way, can be enhanced the safety
of maritime transportNovell approach is verified on the examgg historical data about

the German Navy ship activity during the Second World War.
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INTRODUCTION

Shipping routes along the Arctic coast of Russia were recognized systematically
during the movement of the local population living on the coast of the Arctic Ocean.
They led to the dicovery of the O. Yu .Dezhnev the possibility of transition from
Europe to the Far East in 16484]1The first map of passage from west to east
through the Arctic Ocean was made in the years 169D

Voyage of vessel "Vega" guided by Nils Nordenskjoldswhe first known case
of travel by the Northern Sea Route (NSR) from west to eastvdyagelastedtwo
navigationalseasond 878 and 1879. In 1920, attention was drawn to a very intense
warming in the Arctic [5] lasting at least since 1890. In 193%ieSdicebreaker
"Sibiryakov" passed the first NSR during a single navigation seasfin Al the
beginning, movement of transport vessels related mostly the passages from the east
to the Kolyma river and the passagesnirthe west to the Lena river][2Jp to 10
vessels per annum called in to ports on the rivers Ob and Yenisei in the years 1920
1928 and up to 46 vessels in the years 18230. Trend of vessel traffic was clearly
growing.

The period of the Second World War disrupted the natural developrhemsr-
chant shipping in this region. At the same time it forced to increase the number
of cargo ships’ voyages by 80% compared
a strong pressure to perform voyages back and forth in a single navigation season
without loss of ships, and in addition, regardless of the prevailing ice conditions.

The main goal of this work was to draw a general conclusions that facilitate
ship’s voyage planning by t.lFethiltBeRdeand me €
tification of the prevailing ice conditions at the time of navigation seasons during
the Second World War, which transport vessels were able to ovetttasnbeen
executed The secongbartial aim of the study was to determine the objective driter
on of difficulty ofice condi ti ons and the application
planning.

The partial goals were:

- to determine an objective criterion for assessing difficulties of iceicond
tions on particular sections and on the entire NSR,

- to determine the effestof generalization of information about the state
of the ice cover on the deviation of the mean statistical ice conditions
by conditions in a particular space of time and geographical location,

- to determine the probability of more difficult conditioiiian average ones
that can be encountered in any place and at any time during the- perfo
mance of voyage on the NSR.
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It was hypothesized that it is possible to determine the time window of ice cond
tions that are appropriate for implementation of passagéise NSR.

For this purpose, shall be determined ice conditions occurring in the specified
time and geographical space to carry out
the voyage back and forth should be determined. On this basis the most dd&cult
conditions, which ships should be able to overcome on their routes should e dete
mined. Knowing the most difficult ice conditions, which ships were able to- ove
come it should be possible to determine the time window favorable for
the implementationf the voyage back and forth in one navigation season.

SHIPPING ON THE NSR DURING SECOND WORLD WAR

Movement of vessels on the NSR during the Second World War is not well
known. A number of German warships operated in the waters of the Barents Sea,
Kara Seaand Pechora Sea, especially in summer. In the winter of the 1941 to 1942
operated from 13 to 25 submarines in the Arg3ic The Germans knewhat many
Soviet navy ships sought refuge in the Kara Sea déevturableoccurrence of ice
floes for almost @ months a yearor this reason, as part of Operation "Wunde
land" ships of the German Navy entered there in a convenient for navigation summer
season. Germans even been reached on force a temporary suspension of the supply
of military equipment by the NS from Europe to the Soviet Union and complete
resignation of them in the Arctic summer months till the end of 1942 years.
In August and Sgtember 1942 in the Kara Sea operated one German heavy cruiser.
In the area of Nvaya Zemlya straits and at the emice to the White Sea operated
the next 5 German warships.

The activities of the German Navy had to destroy the transports of cargo on board
ships from the United States to the Soviet Union by the NSR. However, thpse shi
ments get through the Gulf Providgam ports of Pevek and Ambarchik, estuaries
of Yana and Indigirka rivers, the port of Tiksi, estuaries of Olenek, Anabar, ichata
ga and Yenisey rivers as well as the port of Arkhangelsk. In the years199583
on this route were transported an averagauah131,400 metric tons of cargd|.[

The statistical information provided bg][are given in Table 1. It's known that one
vessel made two return voyages from Murmansk to Dudinka. Other vessel made two
return voyages. First one was performed from weskiksi and next voyage was
performed to Dudinka.

25/2018 7



TADEUSZ PASTUSIAK

During the period of 19401945 the tonnage carried annually increased by 80%.
From 23 to 34 vessels passed this Arctic Route each year. Large number of-succes
ful voyages were apparently made. The voyagese performed with very small
loss of these vessels. They passed from United States ports on Pacific Ocean through
Bering Strait bound for the ports east of Cape Cheluskin. Most frequently mentioned
are Tiksi, Bukhta Provideniya, Ambarchik and Pevek.yOmlo vessels entered
the NSR from west. Need to mention that normal transport activity by vessels
in Kara Sea was performed during World War Il same like before.

Table 1.Numbers of voyagefsom USA to different prtsvia NSR in 19421945,
Port\ Year 1942 1943 1944 1945
Arkhangelsk 1

Bukhta Provideniya
Number ofvoyages made 33
Compiled by the Author based o2 [

Ports of Yenisey 2 4 4
Mouth of Khatanga 3 3 5 5
Mouth of Anabar 3 2 2 1
Mouth of Olenek 1 1 — —
Tiksi 11 14 15 14
Mouth of Indigirka 1 3 2 3
Mouth of Yana 4 4 5 4
Ambarchik 9 7 6 6
Pevek 5 6 6 8
1 9 14 11
32 34 31

The special place in this activity placesyage of German raider Komet in 1940
from east to wesivhich was performed in the total time 21.5 days (steaming time
14 days onlygand this inform#on is used later in the paper

Table 2. Statistics of shipping from 830 Soviet Arctic portvia NSR in 19411945,

Month\ Year 1942 | 1943 | 1944 | 1945
May 4
June 6 5 9 7
July 16 16 15 20
August 1 7 9 4
September 1
Total numbef vessels 23 32 34 31

Compiled by the Author based ébttp://www.o5m6.de/Routes.html
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STATISTICAL ANALYSUS OF ICE CONDITIONS OCCURING
ON THE NSR DURING SECOND WARLD WAR

Distribution of ice covering individual regions dfe NSR in the navigation ae
sons in years 1940945 (Figure 1) indicates that average statistical parameters do
not reflect maximum possible coverage of regions by ice. The level may be higher
than twice the standard deviation error of average ice cogar Real minimal ice
cover area exceeding statistical average minus standard deviation can be found on all
the NSR seas. Also real maximal value of ice cover area exceeding statistical ave
age plus standard deviation can happen in reality on particalar se

The maximum ice coverage at the level of 100% can be expected on the-East S
berian Sea, Laptev Sea and the nedbtern part of the Kara Sea. There must expect
the most difficult ice conditions. These
planwell in advance. It seems that it can fulfill needs of general forecasting of ice
conditions ahead of time from three months up to three years. It was assumed that
due to rapid regression in extent of ice cover due to climate change [5], statistical
datashould cover the last 5 years. Longer averaging period of ice extent could lead
in too large deviations of average ice conditions.
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Figure 1. Statistical (based average and standard deviation) and real (based maximal and
minimal) areas of ice cover ohd NSR in the navigation seasons of the years-1946: a

- distribution of ice coverage of the NSR regions in all analyzed navigation seasatis; b

tribution of ice coverage of the whole NSR during consecutive decades of navigation se
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In subsequent decades of navigation seasordégnntervals) ice conditions are
systematically improved. The maximum icever exists till fifth decade inclusive
(Figure 1b). The reduction of the ice cover has been declining since the first decade
of navigation season. This is due to decrease in ice coverage of external seas
of the NSR- Chukchi Sea and the soutlesternpart of the Kara Sea.

The state of the ice cover tends to change on the all the seas from the seventh
decade inclusive. At that tinreaximum possible ice coverage area of the seas does
not exceed 90%. A tepecret US intelligence report [6] pointed oudttlin 1940
were exceptionally favorable navigation conditio@aph on Figure 1b confirms
this statement. It is generally confirmed in the 1940s, the Aegperienced a war-
ing period [1. Need to mention one express actual climate warming and fast ice
surface reduction same like in 1920s [Bdking into consideration actual knowledge
inthismatter] t he word “fast” is relatimvwe and
face reduction is much more accelerating with periodical oscillatins [

The use ofaverage relationships can lead to erroneous conclusions and further
lead to wrong decisions. The minimum, average and maximum distributions-of po
sible statistical area of ice cover on the NSR in the years-1948 show significant
differences (Figure 2)The actual state of ice covered area can therefore be much
higher than expected and finally can be not possible to overcome by a vessel, even
if she is assisted by icebreaker.

Wrong conclusions may be caused by excessive generalization of analyzed data.
For example, the average of ice covered area of regions in different navigation se
sons is in the range from 30 to 57%3][1The smallest coverage area of ice which
causes the highest difficulties in navigation season is in the range from 31 to 83%.
The arerage coverage of regions by ice including a standard deviation in different
navigation seasons is in the range from 56 to 89%. In certain navigation seasons
the average coverage area of the NSR including standard deviation is always higher
than the smétst ice coverage in a particular area which creates the largest difficulty
in this navigation season. It could therefore be concluded that the adoption
of the average ice coverage including standard deviation for voyage planming pu
poses puts the plannen the safer side. This value should indicate the more difficult
navigation conditions in the lightest period of navigation season.

Whereas for a period df940- 1945 the average ice coverage area of particular
season was equal 45%, the lightest iceecage of part of the sea that imposed
the highest difficulties in the particular season was equal 83% and statistical average
plus standard deviation was equal 77%. In case planner has used these moke genera
ized information (average values for longeripérof time), have drawn opposite
conclusions. It can therefore be assumed that the use of only basic statistical
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information in the form of average values and standard deviation may be mot suff
cient for the purpose of planning ship's voyage in ice emveggions.
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Figure 2. Average ice conditions on the entire NSR in the six navigation seasons in the

years 194a01945. a- normal probability density function, bcumulative distribution for
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The lightest ice conditions occur in the seuthstern part of the Kara Sea and
on the soutfwesten part of the Chukchi Sea (Fig. 3b). Relatively higher ice rcove
age occurs in the normastern part of the Kara Sea. The maximum ice coverage
at the level of 100% can be expected on the East Siberian Sea, Laptev Sea and
the northeastern part of the KarSea. There should expect the most difficult ice
condtions. In the western part of the Laptev Sea and in particular in the western part
of the East Siberian Sea the ice cover area is highest and there is no complete release
of the area from ice.

The highest probability of ice cover occurrence on particular sea is equatrespe
tively: the southwestern part of the Kara Sea20%, the soutlwestern part
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of the Chukchi Sea35%, the nortkeastern part of the Kara Sed5%, the western
part of the Laptev Se- 58% and the western part of the East Siberian-S&¥6
(Fig 3a). The data on Figures 3a and 3b are comparable for specific cases.
If the evaluation criterion is 50% probability of not exceeding an ice cover area,

the geographical distribution is &sllows: the western part of the East Siberian
Sea- 70%, the western part of the Laptev Se&8%, the nortkeastern part
of the Kara Sea 45%, Southeast western part of the Chukchi $e26%
and the soutlwestern part of the Kara Sea20% of ice coer area (Figure 3b).
There is very easy on cumulative distribution diagram to read ice cover arege on pa
ticular sea for other than 50% probability of not exceeding required value ofvice co
er area.
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Figure 3. Average ice conditions on various regionthefNSR for the years 194045 a
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The largest area is covered by ice in the winter season. Over time, the closer to
the summer season, the area covered by ice decreases. The smallest ice cover occurs
in the last decade analyzed navigation seasons. The highbabititg of ice cover
occurrence on particular decades of days is equal respectively: deca8éolde-
ade 2- 27%, decade 328%, decade 432%, decade 542%, decade 648%, de-
ade 7- 58%, decade 8 67% and decade 977% (Figure 4a). Density cugs are
significantly narrower at the beginning and at the end of the navigation season.

It is assomated with the occurrence of a fairly consistent conditions in various NSR
seas in a given decaddigh area of ice cover in wintepring season and loarea
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of ice cover in summer. The data on Figures 4a and 4b are comparable for specific
cases. If the evaluation criterion is 50% probability of not exceeding an ice cover
area, the time distribution is as follows: decade€2%%, decade 227%, decade 3

28%, decade 432%, decade 542%, decade 648%, decade 758%, decade 8

67% and decade 977% (Fig. 4b). There is very easy on cumulative distribution
diagram to read ice cover area on particular decade of days for other than 50% pro
ability of not exceeding required value of ice cover area.
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Figure 4. Average ice conditions in particular decades of navigation season in the years 1940
1945: a— normal probability density function, bcumulative distribution. Decades of days:
=== 1 (08 00BE)JU lmjew, wm * * wm 3 (25 Jul), =m
-e-6 (25 Aug), —--8(1Sep)ii(9 @5 Sem. Codmpiled by the Author
based on [3].

Application of cumulative distribution function as a probabilistic methoglvat
uation of possibility of a vessel to overcome ice covered regions seem to be more
flexible, more synthetic application and preserving continuity of matched indices
than the method of average value of ice cover with discrete standard deviation of
a fixed increment. To be able to apply it, one must determine the value of an average
covaage of area by ice, where ships were able to reach a destination, or sail to
the port of destination. In the work the experimental method was applied. The size of
the area covered with ice in a time and geographical space, at which ships voyages
has been completed successfully were determined. First, used for this purpese info
mation on cargo ships, which successfully performed two consecutive voyages
in one naigation season commencing voyages at the eastern side of the NSR.
Then, infemation on the quantities of months and realized voyages ofldéasd
ships, which commenced at the eastern side of the NSR. In the absence of detailed
data it was assumed that each ghigde only one voyage in the navigation season
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(Table 1 and?). It was assumed that all of the analyzed voyages took place with the
assstanceof icebreakers.

The information contained in the tables were derived from official manifests.
It was notspecified whether they relate to the date of departure or expected date
of cargo discharge. Assumed that this is the date of departure of a vessel. Also
assumed that ships performed theirs voyage and left the NSR area at the last moment
before the freemg period, which would force ships to wintering in the area
of the NSRIn order to determine ice conditions, which encounteredlieage ships
in the years 1942945 it was assumed that passage time back and forth along with
the time spent for unloadjnof cargo lasted at least 2 months. Therefore, for gurpo
es of the analysis the most unfavorable ice covered area of the NSR regions for
the last two monthsf navigation season (August and September) was adopted for
analysis. It was ssumed that ships lich began theirs voyage from the east
of the NSR, first encauered in the first seas they sailed, more favorable iceicond
tions. The resultare summarized in Table 3.

Table 3. Relative sea ice covar §6] on the NSR for the month of

August and Septeber in 19421945.
Year sSwW NE W W SW Adopted
Kara Sea| Kara Sea| Laptev Sea East Siberian Chukchi time

Sea Sea of voyage
1940 13 67 81 45 6 2 months
1941 0 20 50 80 33 2 months
1942 0 51 35 92 67 2 months
1943 0 43 25 43 11 2 months
1944 0 49 94 60 18 2 months
1945 0 8 18 43 46 2 months

Compiled by the Author based or3]1

Statistical information is not very detailed. The number of vessels, landing ports,
months in which realized voyages are known. But no information which ice class
were the partiular vessels or to which port the voyage was performed in a given
month. With probability of 66% one may expect extremely high relative icercove
age of 80-94% on one of Laptev Sea or East Siberian Sea (Table 3). High level
of relative ice coverage over08c may be expected on NE Kara Sea, East Siberian
Sea or Chukchi Sea. These conditions look be hard to pass also with assistance
of icebre&er.

In order to verify statistical results and determine whether these conditions allow
cargo vessels to realize treivoyage, decided to perform experiment. The only
described in detail a transit voyage has been used. It concerned the passage
of the German auxiliary cruiser in 1940 from west to east. First, the travel details
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and ice covered areas of the seas weterthined, which corresponded to the time
space and geographical space of the ship
place with the assistance of the strongest Soviet icebreakers. It is also known
that the ice conditions were hard. The ship watsable to perform her voyage imd
pendently without icebreaker assistance, twice stuck in ice and damaged the rudder
so it required repairs after leaving the NSR region. It can therefore be assumed
that conditions were extreme for the ship assistedddyréakers.

EXPERIMENT TO VERIFY VALIDITY OF THE METHOD

In order to validate correctness of the method of forecasting possibility te ove
come the NSR and forecasting length of time window by using cumulative alistrib
tion was decided to carry out an expenimnd-or this purpose were used the data of
successful transit voyage of the auxiliary cruikemetin 1940. It was first known
successful commercial transit voyage performed through the NSR in one navigation
seasonFor this purpose, collected all podeitinformation about the ship and her
transit voyage essential for the reconstruction of the navigation data and i¢e cond
tions pesent at the time of voyage.

Information about the ship

After a long period of negotiations between the Germany and the USSR
the SQwviet Union agreed to provide the Germans the Northern Sea Route, by which
Geamany could move their Navy forces between the Atlantic and the Pacificl-Initia
ly, the two countries agreed on the transit of 26 ships, but in a later stage the plan has
been reduced to one vesskkbmet [8].

Auxiliary cruiser 'Komet was built on the basis a merchant ship. The ship had
a length of 115.5 meters, draft 6.5 meters, navigation range (autonomy) 35,100 NM,
and reached a speed of 16 kndBefore dispatch forhe Northern Sea Route,
"Komet' was equipped with a specially strengthened hull and bow, and propeller
blades suitable to navigate in ice.

Voyage schedule of the ship at time-geographical data spatial distribution

The HSK7 ship sailed on a voyage from @ady(Gotenhafen) on 3 Jull94Q
The ship disguised as a Russian vessel Semyon Dezhnev sailed along the coast
of Norway to Teriberka. There, in July and August 1940 was waiting for a suitable
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moment to commence the passage. With the assistance bt iccbreaker

Lenin he commenced passage in August 1940 to pass the Bering Strait &t the b
ginning of September. In the final stage of her passage the ship was assisted by
Soviet icebreakeloseph Stalimnd icebreakekaganovitsch11].

Between Julyl5 and August 13 of 194Bometremained in the icy waters
of the Barents Sea, mainly in drift occasionally at an¢BprDuring the second
week of August the raider received reports of favorable conditions for a passage
through the pacice and proceededastwards with maximum speed. Leaving
her anchorage on August 13, and heading into the entrance to the Matochkin Shar
Strait. The following day, August 14, théometarrived at the rendezvous point
and took on two Russian pilots. Proceeding over 160sniilto the Kara Sea,
but with no icebreaker yet available to assist her, the raider was forced to return
to the Matochkin Shar Strait the following day, August 15, and remain at anchor
there till August 19. On August 19, he received his orders to ptaleag a very
precise course. Th&omet forced her way through the melting ifield, and
reached open water on August 22.

On August 23, she was finally joined by the-meaker_eninand proceeded to
follow her through the Vilkitsky Strait. By midnightn August 26 the two ships
had passed Cape Chelyuskin, and later that day were joined by theager
Stlin. On August 27, the raider resumed her voyage. Odéwn turned back
on August 27 to resume her duties in the Kara Sea.

The Stalin led theKometthrough the thick paclce and dense fog into open
waters on August 28. Then the icebreg&elinleft raider. TheKometshould ca-
tact the icebreaker Kaganovitch Experiencing little difficulty with ice over
the next two days thBEometwas joined by te Kaganovitchon August 30, and
was hstructedto follow closely in her wake as heavy ice was expected ahead.
After a difficult 24-hour period, during which the raider twice became trapped
in ice and had to be freed under searchlights, and even susti@made to her
rudder, the two ships dropped anchor on September 1.

Relieved that the worst of the ice was that time behind ship, at a distance
of 400 miles from the ic&ree Bering Strait only, due to political reasons
the Komet sailed on alone, and ohd& morning of September 5 reached the Bering
Strait. Commander of thkometacknowledged that he could not have achieved
the goalof passage without assistance of icebreakers. At Anadyr Bagamet
carried out necessary repairs to herdeenaged ruddeand proceeded southward
downthe coast. The routd the ship on the NSR is shown on Figure 5.
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Figure 5. Track chart of the ship Komet through the NSR
Solid line — performed route, 1- 12.07.1940, 2— 20.08.1940, 3— 22-25.08.1940,
4 — 26.08.1940, 5- 27.08.1940, 6— 28.08.1940, 7- 30.08.1949, 8- 01.09.1940,

9 — 05.09.1940. Compiled by author based[8]) [4] and [10]. Made with Natural Earth
Free vector and raster map data @ naturalearthdata.com.

STATISTICAL DATA OF ICE CONDITIONS DURING
NAVIGATION SEASON IN 1940

Ice conditions occurring on the route of shipmetgiven by [13] are shown
in the table 4. They result from the statistical calculations of these data and the ice
conditions recorded by the crew of the ship (total concentrationeofloe CT).
It was also determined when she had the assistance of Soviet icebreakersk-lcebrea
ers performed their service in places of concentration of ice floe, which prevented
independent navigation of ships. It should be noted thakKthmetwas scheded
to pass in the fourth convd®]. The data show that ships have the ability torove
come the ice with a total concentration of ice CT from a zero to 70%. Icebreakers
have assistednd led ships in convoys with a very high concentration of ice floes
above 70%.Average ice coverage on the voyage in 1940 is highly compatible with
an average ice coverage resulting from the statistical calculations for the years 1940
1945 (see Table 3). Only in the western part of the Laptev Sea ice coverage
was almost twie higher than the statistical average for the period -1946. It can
therefore be ssumed that the statistical average value well illustrates the average
annual ice contions in respect of the individual tehay per i ods of t i m
days). Reliabity is at 80%.Optimistic statistical results, which is the lowest value
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of ice coverage of particular regions provided by AARI for the year 1930 dte
consistent with the valuef the statistical average for six years reduced by standard
deviation.Pessimistic statistical results, it means the highest values of the ice cover
for particular regions provided by AARI for the year 194@][hAre consistent
with the value of statistical averages for six years increased by standard deviation.
The annual vales, however, have a greater deviation from the average valua-in rel
tion to the val ueVafugdvefagetal bconcent
served on board ship are lessigistent in relation to statistical data resulted from
AARI data.

Ice corditions recorded on board ship presented in Table 4 are those shown
by the crew as higher concentration encountered. First question is a little discrepancy
in between data. The AARI data are average coverage of sea area by ice irrespective
of its concentation. The data recorded by the crew are total concentration of ice floe
encountered along the route of the ship. The data could be comparahkeeiice
conditions along the route would be reco
for same area andefod of time as made by AARI. But it was not availafdg
We may assume that recorded data are related to patches of ice floe of higher co
centition. In between these patches were located areas of low ice floe concentration
or freeof ice atall. Int hi s case average ice conditi ol
crew should are comparable with AARI data. Average AARI data show lighter co
ditions for Kara Sea and Chukchi Sea, quite same for Laptev Sea and East Siberian
Sea. Only datdor Sannikov Strait i@ not comparable. It looks due to very small
area of the straitn relation to a half of the East Siberian Sea. The ship continued
voyage on Chukchi Sea without icebreaker assistance. It means she encountered lack
of information about ice conditions irroint of the ship. Previously these data
were available throughcebreaker and Soviet ice pilots. Assumed #emet
was nawating straight ahead and encountered on her route harder conditions
than exised maybe in close vicinity.

In general, one shouldake into account, as higher range of data averaged,
as extremal values are less extending from average value. Average statistieal mult
year data do not present exact possible ice conditions to be encountered along route
passage. Pessimistic approach te thst at i st i cal data (Aver
values) indicate possible conditions to encounter at short period of time or
in the limited part of specific region. But this may lead vessel to stop and wait
for icebreaker helpor wait until ice conditions makthem acceptable to continue
voyage withouticebreaker assistance. Realistic (Average statistical data) arid pess
mi stic (Average+oc and Maximal values) apfg
during genera{6-12 months ahead) and initial voyage plizng (1530 days ahead).
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Table 4. Comparison of ice conditions on the route duringitimreetpassage
through the NSR in 1940.

Statistical conditions based on climatological datq o
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COMPARISON OF THE TIME-GEOGRAPHICAL DATA
SPATIAL DISTRIBUTION DURING THE SHIP’S VOYAGE
IN RELATION TO STATISTICAL DATA AND CUMULATIVE
DISTRIBUTION OF ICE CONDITION

Figure 6 shws different ice conditions on particular seas during voyage
of the shipKomet To illustrate the changes in relative coverage of ice marked points
at appropriate moments by marking them with consecutive numbers and joining with
dotted line. One can see\vestern part of the Laptev Sea, a much larger area co
ered by ice than in other seas. From graph it can be concluded that the NSR Admi
istration was waiting to commence transit voyage until a significant reductior-in ice
covered area of soutliestern anchorth-eastern part of the Kara Sea up to the level
of 20% happenedwaypoint 1 and 2). These ice conditions did not allow the ship
to continue her wage alone without icebreakers assistance and forced to wait for
improvement of ice conditions. The shijititwvadapted hull and propeller for nasig
tion in ice passed with assistance of icebreakers the Laptev Sea covered with ice in
about 82 percent (waypoint 3) and the East Siberian Sea covered with ice im-an ave
age of 42 percent (waypoint 4). From descriptioof t he voyage made
crew concluded that the ice conditions on the East Siberian Sea were similar to those
on the Laptev Sea (80% of the area covered by ice). The last 400 NM of voyage
to the Bering Strait the ship performed independentliiauit assistance of iceblea
ersat 12% of the area coverdy ice (waypoint 5 on Figure 6). The commander
of the ship confirmed that without icebreakers assistance the vessel could not reach
the destiation.

Several conclusions come from description @ tloyage. First of all, in between
12 and 20% of the ice coverage of the sea appears be limit of the ability of ikdepen
ent voyage of the ship with ice reinforcements without icebreaker assistanee. Se
ondly, from 42% of the average ice coverage of thetBeaship may get stuck
and wouldnot free up alone without assistance of an icebreaker. It is advisaible co
tinuous asistance by icebreaker. Despite the assistance of an icebreaker itas prob
ble to exgrience damage to the hull, rudder and propelleirdTtat 80% of the sea
covered by icehe ship has difficulty in overcoming the ice, even with the assistance
of an icebreker. Particular difficulties resulted from the state of ice cover
in the western parmf the Laptev Sea suggests that the shipgme®untered more
difficult conditions than average. This corresponds to the situation shown
in Figure 2b when withthe probability of 50% in average statistical conditions of
40% ice coveage may occur also local extremely difficult ice conditions of &6
coverage.
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Maps of ice floe concentration made by AARI for 194Ddo not contain info
mation about state of ice cover on the east of the Severnaya Zemlya archipelago.
It can be assumed that the ship was guided by an icebreaker without a thoreugh ai
craft ice reconnaissance. Therefore she sailed without ice reconnaissance in 80%
of ice coveed area. It is possible that in the vicinity of implemented route there were
areas with more favorable conditions similar to average ice coverage of 40%.

Based on this figure arising another question. Whether on the basis of the cum
lative distribution finction of statistical ice coverage, which includes a couple
of years, one can determine more accurately probable ice conditions, than by simple
statistical parameters which are the average value and standard deviation.
In arelyzed currently topic of dedisn-making is taking the risk of not achieving
the siecess. It meansot reaching the destination by a ship. If the aim of the decision
maker is a 100 peent guarantee of success, in case of ice conditions occurring in
the 19401945 peiod of time, thegoal would not be achieved. The time window
for the implementatiorof voyage in icdree conditions is equal zero. It guide
to conclusion that the decision maker should take a certain level of risk. The biggest
limitation of possibility to overcome the WSwas the Laptev Sea. In order to decide
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on the implementation of voyage by a cargo ship with icebreaker assistancesis nece
sary to take a risk not less than 7.2% probability of failure (Figure 7). Then the time
window is near to zero. For comparison, fhvebability to face worse conditions
(higher ice coverage)neounteredby the shipKometon her route was on average
12.3% in the range of 7.2 to 15.9% (Figure 7). The average value of real conditions
of ice cover is thus comparable with the statistiGles. If take the value of 9%

to make decisions, it should be calesied that the most unfavorable upper value
15.9% in the East Siberian Sea can cause a ship not able to overcome existing in the
area ice conditions.

In statistical practice is typicallgccepted probability value 0.99, 0.95 or 0.90,
depending on the parameter analyzed. The limitation to reach the destination in 1940
were ice conditions on the Laptev Sea. The easier ice conditions that wer@-contin
ously changing during navigation seasoeravon the East Siberian Sea. Tha-el
tionship of the time period favorable for navigation (time window) on the Laptev Sea
and East Siberian Sea in function of ice covered area of the region is shown
on Figure 8. The statistics cover only the period ofdiuntil the lightest ice coid
tions prevailing during the ninth decade of navigation season in-194®) incld-
ing beginning of the growth of the area covered with ice. A beginning of growth
of ice coveris ending a navigation season. The smallestaeercarea on the heav
est NSR egions in 19461945 occurred on average in the first decade of September
(Figure 8).The ninth decade is the limit of time window from the side of end
of the navigation season. If one accepts the risk (failure of reachalgpfa vo-
age) of 50%, the corresponding ice cover area at the Laptev Sea is 48% and
on the East iBerian Seas 58% (Figure 7). This in turn determines time window
limited by ice coveragen the Laptev Sea equal null due to out of range (Figure 8a)
andtime window Imited by ice coverage on the East Siberian Sea equal 44 days
from 12.08.1940 until 25.09.1940 (Figure 8b). It should be taken into account that
this time period is counted from the statistic middle day of a ten day period. For this
reason,tie result of evaluating the number of navigation days is approximated only.

For the area covered with ice on the Laptev Sea €f01212, 80% the time i
dow was equal respectively null, null (out of range), 24 days (Figure 8a). In the same
way on the EdasSiberian Sea there were easier ice conditions. For the area covered
with ice of 1220, 42, 80% the time window was equal respectively null, 24 days and
75 (Figure 8b). This means that it was not possible that ships designed foriice nav
gation were ableot pass the NSR without icebreaker assistance in 1940. Following
this study several utilitarian conclusions were received for the purposes of general
and initial voyage planning of cargo ships adapted for navigation in ice. Vessels
suitable for navigationni ice could perform voyage with icebreaker assistance
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in at least 24 day@ce conditions same to those in 1940), in casa af ice cover
is less thar20%, in particular places, even 12%
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Whereas the same ships could carry out successfully completed voyage through
the NSR with intensive icebaker help in 245 days at the ice covered area below
42%. Navigation of the same ships at an ice covered area above 80% is patsible
intensive icebreaker help, but it threatens to damage the hull, rudder digsrope
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CONCLUSIONS

Statistical data on ice cover area on the NSR provided by AARI was confirmed
by top secret information from the Central Intelligence agency Y@hA1959,
that in 1940 prevailed on the NSR extremely light ice conditions. The smallest area
covered by ice in regions of the NSR during the Second World War occurred
on average in the first decade of September.

Ships suitable for navigation in ice waable to pass the route with the assistance
of icebreaker where ice coverage of the region was equ20%2 The same ships
were able pass successfully the region covered by ice in 42% with intensive help
of icebreaker. If the region was covered by iceva80% it was possible to ave
come the ice with intensive help of icebreaker also. However, there was a risk
of damageo the hull, rudder or propeller. With such determined criteria for planned
voyagefor ice covered areas on the Laptev Sea (which ddrin 1940 the biggest
difficulty for ice navigation) equal 120, 42, 80%, the duration of time window
amountedespectively a null, null and 24 days. This means it was not possible that
vesselglesigned for ice navigation were able to pass alone theitN3$940 without
icebreaker assistance. This findimg i s
mander, who at that time passed the NSR successfully.

It was noted that excessive generalization of data analyzed could lead to wrong
conclusions. For exagpte, the average ice cover area on the NSR including
the standard deviation in different navigation seasons is always greater than
the smallest ice cover in a particular area which creates the greatest difficulty in na
igation seson.lt can therefore beoncluded that the adoption of average ice cove
age along withthe standard deviation for the purpose of voyage planning puts
a planner on the safer side. This value will give more difficult navigation conditions
in the lightest perioaf navigation seas. Meanwhile, the more generalized values
for the averaged pierd of six years between 1940 and 1945 lead to oppositeueoncl
sions. It was also saumed that the use of only basic statistical information
in the form of average values and standard deviatim@y be not sufficient
for the purpose of ship's voyage qiing in areas covered with ice.

Cumulative distribution of individual decades of days on the NSR regionsean d
termine the duration of time window for a given ice cover area with a givem{prob
bility of occurrence. It is thus possible to plan the date of departure at the assumed
probability of occurrence of ice conditions that assumed are satisfactory to reach the
destination. It is also possible to plan the number of consecutive voyages.

Mathemati@al approach based on the cumulative distribution of the normait distr
bution allows the creation of an advisory application to support deaisiking
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by the commander of the vessel. In this way it will be reduced the human factor
in data processing andha possibility of making a mistake. In this way, can be
enhanced the safety of maritime transport.
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STRESZCZENIE

W 1940 Roku na POt nocnej Drodze Worskie
kie warunki lodowe w stosunku do kilku latwé&e i ej szych i poézZni ej
sza powierzchnia pokrywy lodowej w regionach PDM w latach 118B4b
wystepowata Srednio w pierwszej dekadzi e
wlodachmoga realizowaé¢é podrdbdze ze wsgarciem
cyjnym
w przypadku, gdy powierzchn@mo k r yci a p o s zlodemjgsorhniejpza h mo r
ni2z0 %. Nawi gacja tego samego statku w rej
80% jest mozliwa przy i nt enbuszkadzgnienp o mocy
kadt ublaubsbyrmapedowe]j

Do btednych a nawet przeciwnych Wnioské
nienie analizowanych danych. Wykorzystanie jedynie @oasivych informacji

statystycznych w postaci wartos$ci Sredni
ni ewystarczajagce do cel 6w planowami a pod
dem. Znacznie wiecej mozI|liwosci d¥-a ocen
tych

lodem zapewnia rozktad skumul owany, kt 6ry
czasowym i rozkt adem geograficznym. Rozkt

ienka czasowego wystepowanhnia o
onkckesl opekr powaedanego regio

trwania o
statkow d
prawdopod

a

bienstwa o wystapienia &aakich
nowac¢ przyblizong date poczagtku podrdzy
kryteri dw bezpi eczenst wawanieMsaerehu kalgnych e s t r
podr6zy w jednym sezonie nawigacyjnym.
Przedstawi one matematyczne podej $cie do
na rozktadzie skumul owanym pozwal e na st
rowe|j wspi eraj gcej dporwocdezsg c@ ¢ c ysztyatnkyi eans o |
udziat czynnika ludzkiego w przetwarzani l
nia btedu. W ten sposob bedzie morzna zwi
skiego.
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