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Study on Ship Accessibility at the Arctic Sea Routes

based on RCP scenarios

Hyun-keun Jin

Department of Environmental Atmospheric Sciences,

The Graduate School, Pukyong National University

Abstrack

Change of arctic-sea ice extented by climate change
offers new opportunity —as social, environmental and
economic aspects. Especially; it becomes an important issue
to use the Arctic ship route bia Northern Sea Route(NSR)
and Northwest Passage(NWP).

It's so difficult to decide navigation durations and ship
accessibilities ‘as “an economic aspect with regarding  to
potential impacts. So, we need more detail infermation for
significant change™~over the-arctic: High resolution climate
model may provide a regional information on the changes in
arctic sea ice extent as well as thickness in detail.

GME used in this study is a high-resolution model
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adopted on icosahedral-hexagonal grid.

As an evaluation of model simulation overestimates the
sea ice extent compared to observation for all months in
1979-2009. However, it is in a good agreement with
observed data (HadlSST-SIC) in term of the maximum in
March and the minimum in September.

We analyzed thickness and extent changes of the Arctic
sea ice for the future. Projections of marine accessibility has
been estimated based on daily sea ice thickness data for
2010-2039, 2040-2069, and 2070-2099.

With the RCP 4.5 scenarios, sea ice has maintained until
2100 except for Barents Sea. Under RCP 85 scenario, the
sea ice extent decreased dramatically after 2060. Finally, it
would be continue the almost ice—free seasons over the
Arctic in 2090s.

Ship—accessible days which is estimated by three vessel
classes(PC3, PC6 and OW)-from 2010 to 2099. Under RCP4.5
and RCP8.5 scenarios, changes in terms of day over study
area for vessel classes, PC3 has the largest and OW shows

the smallest among the three vessel types. After 2070, PC3

— Vil —



and PC6 may be possible to access year-round over the
Arctic Ocean with the RCP 8.5 scenario. In contrast, OW
shows seasonal handicap that is hard to pass through the
NSR and NP.

In conclusion, we have performed a study to estimate
the ship accessibility for Northern Sea Route (NSR) and
Northwest Passage (NP) based on the future climate with
RCP 45 and 85 scenarios. And this study has suggested
prediction of the optimal navigation routes from-2010 to 2099

based on the “Automatic navigation” algorithm.

Keywords: 'Arctic, GME, NSR, NP, Optimal navigation routes,

Ship—accessible days
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W 1097F 12% 248k ar, thd b el (multiyear ice):=
& 10d 3F, 15% #4sk3lth (Comiso, 2012). 1~2d2F H
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1.

24 9 25

o Ao A AR83F Operational Global Model and
regional model for central Europe(GME) Rd& = 7|4k
 (Deuscher Wetterdienst)ol| A 7§28 =3 dl &, (Numerical
Weather Prediction) B2lo]t} (Majewski et al,. 1998).

249 +3 F XA+ icosahedral-hexagonal grid= T
AEe] AtHFigure 1). 14 FHxAe] 45 hybrid (sigma
and pressure) layer®]t}.

B AgoA AREFE A w7 dS5A =24 E§, GME
2as o] &gk A7 $(1979-2009, 31d7H A3 2 w1z
715-(1979-2100, 12233 A7) &gtk ol & 94l
AHEE GME B o) WL v2.240), 344 % 40km, A
2] 40% 0]t

mde] %7]%4& ECMWF ERA40S o] 8313t} 2 7
F(1979-2009) A3l B FAARE AMIP #=5 s5d

HE
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A= (Sea Surface Temperature, SST) % &Hls%E A=
(Sea Ice Concentration)g °]-&3tlem, w7]2(1979-
2100)°] g A 7AAF == RCP4.5 and RCP8.5 Alvhe] 2 714k
o] CMIP5 47) o] th3t 2bsd<t 3hS o8-8kt (Table
D). AAA RS A4S A7 A (Daily Interval) &2 31T

Aol AR WaE T AEE AR oW, A

7290 @9= m otk AR AL A HAoIH 423 40km2

¢

Z 1dste B EE - A JH(Mironov and Ritter,
2003 and Mironov.and Ritter, 2004)s 3% 59 &% A=) =

299 Af, 4 #e=E 1gdH Aol ol Al7ke] A
#H3to] wet ZhHstAA FoEHT, S S T



7] 98] Hadl-SST Sea Ice Concentration AF&Z o]-&-3}

o ARe) 43 AR 19 1°0]8] ARAe AA o)),

by connecting the mid-
points of the geodesic
arcs, four sub-triangles
are generated.

by iterating this process,
a finer grid structure is

J
Figure 1. Grid g

ly halving l".l
the |triangle edg
|

ration by su
to from new t

\



Table 1. CMIP5 boundary data for RCP scenarios based on GME.

Model

Resolutions

Institution

CanESM2

2.8125°X2.8125°

Canadian Centre for Climate Modelling
and Analysis (CCCma)

CNRM-CM5

1.40625°<1.40625°

Centre National de Recherches

Meteorologiques/Centre Europeen de
Recherche et Formation Avancees en
Calcul Scientifique (CNRM-CERFACS)

HadGMEZ2-ES

1.875°X1.24°

Met Office Hadley Centre (MOHC)

MIROCS

1.40625°<1.40625°

Atmosphere and-Ocean Research
Institute (The University of Tokyo),
National Institute for Environmental

Studies, and Japan Agency for
Marine—Earth Science  and Technology
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IMO(2007)ell W=, FH=o tg Je]S 66.5N° o] 9]
B Fwxelow A YrHIMO, 2007). ¥ 7ol A
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= didte T8 FEE AYEY Folrob-fi |
+ H5&=Northern Sea Route, NSR), H-o}H| 2] 7}-
89S 55t EA 3= (Northwest Passage, NWP), &3
& #E3t= - Trans-Polar  route 37FA2  FE¥EC
(Stephenson et al, 2013) (Figure 2). ¢7]4 &5 Z(NSR)
&, AZo] #ajo} 2Rk (Murmansk)dl . &2<] H 3 s
A7AAE A= o] oF 2,200~2,9008k 91 S5 2 S
ojm gt} (744244, 2003).

55 s AddTe dF == 55 A4
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Ch A Aol A= FEsilol ARk gt wE &
FR(NSR) 81k ofvet, BAFZINWP) A A4 553
2 N ThsAo]l vkl ddEe] AT R9E Sl



1200W /.

RUSSIAN
L FEDERATION

A

\w : . 0 /
= 5

Q;, o
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NSR) international hig 1-seas, El-lna ne . EZs (dashed lines)

of Canada, Greenland, Noeraﬁ Rus_si_a, and the U.S. within the

IMO Arctic Ship Guidelines Boundary (thick black border)
(Stephenson et al, 2013)
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7 A4 4299 Pt ds B4

55 A9s delsks Addrel thste] terd] SR ol
FA)8kt}. Transport Canada(1998)+= a|WlFAlel sk A3t
He adgel Addke] FRE 87HA = R3Skl St (Table 2).
o33t EFHWHE Polar Classgka—3tl. Ay 20064,
International Association of Classification Societies (IACS)
oAl Polar ClassE& =A|ZT wR7I+2o2 AY33IT.

AP AF et wLA7A 2 2 AT oAAE 24 oS A
(PC3), 4ZFAWAA(PCE), LRHEAOW) & 374 AHArrg A



Table 2. Polar Class Descriptions (IMO, 2010)

Polar Class

Ice description

oW No ice strengthening
PC1 Year-round operation in all polar waters
PCo Year-round operation in  moderate
multi—-year ice conditions
Year-round operation in second-year ice
PC3 which _may——include multi-year ice
inclusions
PC4 Year-round operation-in thick first-year
ice which may include old ice inclusions
Year—round operation in medium
RO first—year ice which may include old ice
inclusions
Summer/autumn operation in @ medium
PC6 firstyear ice which may include old ice
inclusions
Summer/autumn operation in thin
PC7 first=year ice which may include old ice

inclusions




2 Fa7hsA 99l el

Stephenson et al. (2013)+ el FAd wE A
rd B ARFAE Ldste] de7bsolFE dHe = Aql
Wats (M) AASHATE (Table 3). IMo] 5ol 3l 7}
s, IMe| gol¥l FelErtes ou|gith Ao M= ol &

o]-&-&}o] 37}#] AHHPC3, PC6, OW)oll th3l &af7ls+ o 1}

bl 75492 wE s,

i

Table 3. Ice Multipliers for selected vessel classes. (Transport
Canada, 1998 and Stephenson et al. 2013)

Thickness Ice Multiplier

Sea-ice type (n)
(cm) B Wece 1\ OW
Open water =~ 10 2 2 )
Gray 10 = 18§ 2 2 .
Gray=white ik~ i) 2 2 =7
Thin 1st-year, Ist stage 30-Fio0 2 2 =1
Thin 1st-year, 2nd.stage 30—~ 70 2 2 =1
Medium 1st-year e 128 2 1 =2
Thick 1st-year 120 ~ 140 2 -1 =3
2nd-year* 140 ~ 190 1 -3 -4
Multi-years 190 ~ =1 -4 -4
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7b. @A 71%(1979-2009) ) it 3 W

e EAS sl 2He RS oS AT ol E
A& ZExEE GME-AMIP 2 & (1979-2009)2] i1 57
EE A AEE 0|43t F S A FEE Hadl-SST Sea Ice
Concentration ($]-74 % 1°) 925 & o] &3slen, sk
15%°)4 & w s dd og Aolstsitt (Arzel et al, 2006,
Lemke et al, 2007, Kattsov et al, 2010 and Rogers et al.,
2013). o= s X 16%S 3 BAZ A3k 21L& A
i) A F-3kefz] "ol th (Lemke et al, 2007).

AR 712(1979-2009, 31 dAZH)el| thgkd5 = s H A&
A HH GME-AMIP 2o A (AH+ 1,151%Hm = HAS5(A
A 1,079%a)ol] B8] o) =e] s+¢lt) (Figure 3).
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-, RCP4.5¢} H|ws}ol& wf vhdl= &f(Barents Sea) % 7}he}
3(Kara Sea)g A|9|st o] A9 sy Aet Ao o
gt} (Figure 5). o]+ AF-2dst= Qg AA s Wdi{ol 4
ol o AA Rtd® Aol
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H oA HEd S BARE A AsEd Bl ol5H e
W 77t §E18HA YElsth (Figure 6 and Figure 7). o]&
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Figure 7. Annual mean Arctic sea ice extent for RCP
4.5 (blue line) and
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Figure 8. Arctic Sea Ice Extents for RCP4.5 scenario
(left) and RCP8.5 scenario(right).-Black lines mean
average extents -for AMIP data (1979-2009), Green
lines for twenty-first century (2010-2039), blue lines
are average extents for mid twenty-first century
(2040-2079) and red.lines are for late twenty-first
century (2070-2099).
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Figure 10. Same as Figure 6, but based on the RCP 8.5
scenario (units : k).



nl 7)o g B s FAe] Aol tiste] Aw Ed
ofg o} Zrl RCP4.59F RCP8.5 AlUel e EF Z7](2040-
2069) % $71(2070-2099)°l H]al] 7]1(2010-2039)<] 3™
A 227 ¥ Ad [Figure 8). 53], vt 553vE-19
HREbs FAoR W A FAVE FHEA Ve
drh o] A9 Bl 7Hg s o] FATE FAE Al
719} F719] sjie] A, oz FAVE GFe

1~2:d 2} WoH(perennial ice)®] H|Fo] F7F8tSlaS ¢ulsh

kv
o
rlr
o



a) 2010-2039 m/ 10years b ) 2040-2069

m/10years c ) 2070-2099
180
180
150W g™y | 7 S 150E
O

180 180
s L L
180T Y/D}Lf.,gs?E 1500 z). T 150E
X . k. £ Z
\ y \ =t
’\_1 20 |20W‘,'

At F ) o :-}« :’\I‘ZDE 1zovj_,:’
EA & |

e,
auw\ //3 V; =) 4 /

m/ 10years

i :

) e y \\}% 1208
/% o O, ¢ - (I A

f Mﬁ? - gﬁm

- i}gosanw{—‘—ﬁ% : 5‘\‘ ————— 190
b n’% / & f g

, AR WA S AR
\‘(J_ ;’{A?i/ 114?;: /,,sog o n ! ,(‘/,eoE
30\1\1\\\777.475 "&;;9'65 J{waos anw'\f ,:A,C/-MBE
d) 2010-2039 m/ 10years e ) 2040-2069 m/ 10years 1) 2070-2099

0.4 03 -0.2

Figure 11. Trends of sea ice.thickness over the Arctic Ocean

among early twenty—first century (2010-2039), mid twenty-first

century (2040-2079) and late twenty—first century (2070-2099)
(units : m/decade ).
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RCP8.5 244.04 = Jebdth(Table 4). SAZZWONWP)ol thdk
AubEHOW) <] &)l 7Fs @4+ RCP4.5% 84 51,7¢, RCP8.5
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Figure 12. Mean navigation days for the early twenty—first
century (2010-2039) over the Arctic Ocean by RCP4.5 (right)
and RCP8.5 (left) scenarios. (top) OW type (mid) PC6 type

(bottom) PC3 type (units : days).
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Figure 13. Same as Figure 9, but for the mid twenty—first
century (2040-2069) (units : days).
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Figure 14. Same as Figure 9, but for the late twenty—first
century (2070-2099) (units : days).



Table 4. Ship—accessible days for vessel classes at the Northern
Sea Route (NSR) (Shaded days mean days of next years).

RCP4.5 RCP8.5
Vessel Period
e Total Total
Classes Open | Close ot Open | Close ot
days days
2010
7/13 11/5 115.8 7/13 11/6 117.2
-2039
ow 2040
(dnr 7/3 11/20 140.6 6/28 12/2 158.2
-2069
)
2070
6/29 11/30 155.2 6/6 1/9 217.4
-2099
2010
7/9 12/24 168.3 7/6 12/25 173.2
-2039
PC6
2040
(A= 1o 6/27 1/20 207.2 6/23 1/20 211.7
) | 1202
2070 2080-06-11 °]3-
5099 6/18 1/18 215.1 Al el 344.0
2010
6/18 2/12 239.4 6/17 2/15 244.0
-2039
bes 2040 679 3/2 266.4 6/3 3/17 288.3
(A | -2069 I '
2070 2070-06-01 °o]&
4 1 . .
9099 6/ 3/15 285.2 S s 360.0




Table 5. Same as Table 4, but for the Northwest Passage (NWP).

RCP4.5 RCP8.5
Vessel Period
erio Total Total
Class Open Close ot Open Close ot
days days
2010
8/7 9/27 51.7 8/4 9/28 55.6
-2039
ow 2040
(LRt 7/26 10/13 80.1 7/19 10/27 101.0
-2069
)
2070
7/21 10/25 96.7 7/3 12/9 158.1
-2099
2010
7/16 12/2 139.8 7/14 12/2 141.6
-2039
Pco 2040
(A= 7/9 12/16 161.1 7/4 12/27 177.0
) |0
2070 2080-06-25 °]%-
2 12/24 . 42.2
-2099 6/24 / 15 Al #E7ks -
2010
6/26 1/26 214.9 6/19 1/25 221.2
-2039
PC3 2040
6/19 2/8 235.1 6/11 2/21 255.7
A) | -2069
2070 2070=-06-10 o] %
6/15 2/19 250.1 359.7
-2099 / / A a7
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F RCP4.5 AlUg L 2030d 749 24 - 2030 79 3147}
A & 8YZF PC6 AMute]l HHE=2E AT (Figure 14
and Figure 15).

Table 6. Container ship Shanghai-Hamburg via the NSR
(Source : @streng et al, 2013)

Total distance NSR in km 4,345 km (2,700 nm)
Speed in NSR in knots 14 knots (25.9 km/h)
Speed outside NSR-in knots 23 knots (42.6 km/h)
Day in the NSR 8
Day outside the NSR 10
Total /days 18

Table 7. Same as Table 6, but for the NWP (Source :
(@streng et al, 2013)

Total distance NWP in km 5,556 km (3,000 nm)
Speed in NWP_in knots 14-knots (25.9 km/h)
Speed outside NWP in-knots 23-knots (25.9 km/h)
Day in the NWP 9
Day outside the NWP 10
Total days 19
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Figure 15.
the NSR by the RCP4.5 sea ice thickness data (2040.07.21 -
2040.07.29).
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the NWP by the RCP4.5 sea ice thickness data (2030.07.24 -
2030.07.31).
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