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WY 11 165 328 B 2 5 AR5 R I 2 FH AR 20 Bk X6 HE T 3l A P S [ A 4k 1) R A 44
B, REUBRIN TR . oK S IS A0 AN SR S AR AT S DA T ) 3 KRR R,

ALUL, A ST S AR v T S KB A A BT A, BUE AR AR AR T sE kL
AT A AT TR 0 o A R JEAR ATk 52 5 PO REE 1k 0, 78 AR AU 45 A SR 11 1143
WUPERE B B =, JUHIE ARG OK I Al 5 Nl MU A L AT . A
T RGE AT AT ST A 1o X LRI, AR SCHR 54387 2030—2070 4F vk TH AL 00 T A=
JCATIE T RE M AR fL R B, AN AR S HERC 52T 6 PN fe Ll 7 i
gk, AL ALGE AT R A EAS TR vKOC BRI R AL B T AR, R iR
R AR ACATIE 138 A AR
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2.1 HREHE

IS AR . Fenbis . URESFEEE SR A E RS HIehR, SEBUR S Bt X Lok R
B L8, MFR AR B UL 1. ¥ T EdE K U T World Port Source i (http://
www.worldportsource.com) .

R B 142 (Representative Concentration Pathways, RCPs) B IA] S & )
Z 514> (Intergovernmental Panel on Climate Change, IPCC) "M% 5 YR PFARL 45 1 - & 1Y
HEBUE 5, ST RS T . KATEI . HEi . S8 SE2mERY, 6
% S WIS b DX A A A2 Ao HZ i A B 3B . AR SR F RCP 4.5 FIRCP 8.5 MU HE i
T ™ SRR SR AT RIZE S B (Coupled Model Intercomparison Project Phase 5,
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Tab. 1 Basic information of important ports in Russia

W L SCA R b R &N i E2358

B SR IR SR 7 7 ARKHANGELSK 64°32'0"N 40°31'0"E
it AR DIKSON 73°3027"N 80°23'47"E
SN KHATANGA 71°58'57"N 102°28'17"E
JEE IR S i v MURMANSK 68°58"21"N 33°2/46"E
i 7 PEVEK 69°42'6"N 170°16'59"E
BRI SABETTA 71°15'0"N 72°6'10"E
AR ST. PETERSBURG 59°55'38"N 30°13'48"E
S TIKSI 71°38'35"N 128°52'35"E

CMIPS) () 6 FpaBRSAZA K ®2 6 CMIPS EHRSBEERMEEFES
u':zu? % g %n E F;“ ;}:& TE (httpS: /les gf- node. Tab. 2 Basic information of six CMIPS global climate models data

llnl.gov/search/cmip5/) , £ 4k 4% 24 P PRI Wi RCe A
NetCDF. R AHLAL AL I meE MO o o
S PRI, R A SCof B i) 3 TR e CENES S 360216
2026—2075 4F A AFE S H 1 H—10 A IPSL-CMSA-LR W 182x149
31 H, BFEHER N1 do 45 CIMPS MIROC-ESM EES 256192
BB B BAA B 2, MPI-ESM-MR feH S0z

22 MRFAE

ARSCIEEAR B 1 SRR A s A T TAR B, TSR AR b X A5 A A X P e A 7
LA, IRE RS T T 26 448 500 Dijkstra 50 BRARSE B, A4 11 3] (9 A1k
BB LR , AR B DL AU 2 8 128 R s A i TR ), o i e s s 10 M R etk iy
AT ATT
2.2.1 HIBAMESHITREIREBITE  EHE20304E . 20404E . 20504F . 2060 4EF12070 4
SAMEARAE Ry MRS A B )15 5, 25 R B v @l A A K S IO ), K B 4 A5 0
JG5a. BAESH1H—10 A 31 H Aok 631 7 S E AL, 1 Iz (8135 25000 36 vk 4
P, SR )5 Fi B EASE-Grid Jb2F 2R 77 (3 A S5 B 52 1 O 200 J1RAE S5 A BIbAS B3040 455 >
360x360 METTHE M, BRIt K/NR 25 kmx25 km™,

i FACARE i T AT PEAR Y (Arctic Transport Accessibility Model, ATAM ) X8 fiip P4 37F
frifl, AR A T AU KX Wiz 240 (Arctic Ice Regime Shipping System, AIRSS)
PRI EOME & . LT UK RIRAR R VKR &L (Ice Multiplier, IM) J&— 3 M —-4~2 [lAEZE
B, IMAERRE, AT KBRS . IMAE/NTF 0, FRIZIKIXAFAEE KGR, NG re
BEAMAT s ARSCHERERE VKA (PC6) FIE-E ETAF (OW) 2 PR il IMAE, 11
Jriganssst (1) FiRe,

2, T=0
2, 0<T<70
1, 0<T<I5
1, 70<T<120
-1, 15<T<70
M, ={-1, 120<T<151; IM, = (1)

-2, 70<T<120
-3, 120<T7<151
-4, =151

chF' 1MPC6%PC6X¢@IM{E; IMowﬂﬂ%ﬁ‘ﬁﬁﬁﬂﬁﬁﬂlM{E; Tﬂil?ﬂ(@fﬁ (Cm)o

-3, 151=<T7T<189
-4, =189
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FE ATRSSHEZL T, A SCH KR AIYE i SRl 43 A 2 F e WKFMIEE . L, MSAAMLT T %
445%0 (Ice Numeral, IN) 1T :

IN=(Cy xIM)+((1 - C)*x IM.) (2)
R, Cu Rk B EERE (BUE 0~1); IMuUKIITEEL; IM e I HFVE I TEEL

22030 (1) P IMERBUEIERE, KRR IMERE -5, WA IMEE N3, %

MR B 2030—2070 4F 1 vk 42 B 5 R B ARAGHRL, 15 214 i B A X 7R
ASTEJHERCRE 52 R 2 R B A9 IN(EL.
222 RIEMEITE AR Dijkstra f5c 8 B2 AT AN AT 2 6 0K T 2 45 i
M2 (8] fpe i B AR B 8, (0 FZ B I AN 8 S PRt o R B B R O, BE A T4
SFRBORT 0 7 (AU I vl AT, B SE I VCIR AP E o Dijkstra fi S %42
=RESI Il

(1) XFFHGITs, & XdRs B BMEOL) EE AR, e 2g oo A B i
FBRARIEES d ol 0, R T HEAMAE T, d= o, FRICIEGICs HTIMREICk;

(2) ROt AR B BGERARIMC BT Z R d = minld, dit+h]. X
W LSBTk BMGIC i I B R R S

(3) FERTA AbricGooh kst die/ D EAATIN > 0 (R[3@FT) AR i VE A T —4 1k
8o, Fridgoti hioE e b i — MRt

(4) MRFRice o2 BRaE4 ot HINE R T ORGICh, 18 d'= d+d,, H
d, It 5Bt h ZBIMIEES (SR 2 ME0i. h ELIRAHE, di=1; R 2G0T
iv hGooRha A, Wd=1.4), ¥d S5ERM ML, WHd < d, WESRd HRd,
PRIC A h i AR T ) — i

(5) WERFTAGITEYARIC, WAEETEW, FUEREE (2) £, xRy
Beftfidk . #4208 Bk kAR i 2030—2070 4F PC6 FT OW il A5 171 1) [ 2V e 70 AN [ 1
SRR T Bl LR E B Rl — A5 R — 7k A OW T4k B T PCo ik = L,
PRBEMS IR BAS [ AR AT RE 1 A 22 A8 1k
2.2.3 WA ETE LUK RS OB A AT K R TR TR R R . O #e
IN {ELRE I BT ) MM AR TR/ R 25 kmx25 km, A ZRA0A TN BOGH £ 28 1 B8
925 kmx1.4 = 35 km, XFRAGEMAE, MATRHE=ZTKN (ALK E) /[N
XIS 5 B BT A MAS A TES RIAE I, 45 BN i B a4 .

Zepk iR EZ )R, AT LIS E] 2030—2070 4R Wb vk VRS i 4% 1k 113 1 A VA
(RN R A =R
2.2.4 BREAITE HHEHE, KGR CARMBTIIRED ARNTE s
AR, ORI E A 4100 TEU BTk BUAERCFINE™ . FESLATHE T, W EAtis AR &R
(E1), MRIEIZAE R A R KGR —HE RS S iz oA i 22 1k

SHZEOCHMFTR?, AKICE s AR FE .

(1) WARWMA . WA WA IERAIFS: TU,;, A HIKAE T 4100 TEU 42 2E 44 /%
HFH4 M 2.6 J1 3500,

(2) BERA: O TCr, AMEG TR, EM R 1728 TG, A EIH TH N
473425 370; @ TR, MGHYEY 2%, FREAERRAEY SR M 14.3 79550, Ira i H e
P19%391.78 005 B TP NARE: B, PUvKFU B0 AR B PRI 9 o 21 T 3600, & H
K2 R 575.34 5500, @ TM, NS FRSY, HAEHIRE MR TYM1/2, N2367.13 3%
It & TS, M HAbIE E T, WE N BB 2%, Rk H HAhiz 5 5% o 47.34 50,
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(3) MLk EA: © TF, HEEK > VAR A LA TU FALiSE S
Yo, 25T T HUORHI EE < BRI 16 = -
Ko T BLAR I HE 2 AR LA PRRTe |pER |
TSR, FUAAR N, P> B SR TR [ A |
F=FPXBHP=FP%mXV3 (3) »ﬁ%giﬁi—»{ﬁ‘c@%w KX |
St FREHURERNFER (h); FP
LIRS BHP pLasn | S
HEFIBND Sy Bk R BEP [ L etz s |
J1 4.68 77 kw, FPH 187 gl(h kw); e —
VAE (kn); m MHHIRE, B L v
AR (3), m = BHP/V,'o ALK v
FEAE KT AT A3 16 n mile/h A
SR Pl — 1142, — 20
S8 1y 2 BR T IN (LTS £ e i
YA TR, PRI A% B RS R
145 TR R AR R . UK
TR o 600 ot T SR i |
HUBRERS R | A7 it ] 2 3 1 AGE AR
TR MRS ML B SR 20 Fig 1 Shipping cost system

@ TB; WKy i s, MRAEHP Wb g miiE S 5 (http://www.nsra.ru) 4 R
FE, FRRALAT I OKI AL O S ARSI, B UKL . AT 2R S SR e AT
Ko TEAC Ty AT IE 8 3wy D ol B BB DK A (B A S R b, B BRSBTS o AR S
fL: —H8 4100 TEU H24 56 M 1 e 40 18 2850 TEU, RS2k 14 117,
ML E BT Y% 4804 3990 T ¢, B VKRG . ASCh iy PCo 9% ([E PRyt U 2 1)
WHBAR) Bk S OF 2 —Hm MoK A9 TA Super 544353, H iH Baltic Sea
Ice Service (http://www.bsis-ice.de) A0 (FF=2—Fim HALIN v 5 HAD ARG VK2 1 3
XY CFAR “URIXER E" ) 155 IA Super 9 %F I T4 2 i Al AR &30 = B E 19
Arc5; 1 OW RIS A Hu i A 7B 15 G2 B H ) Type EAHXT R, FHAT AR R 5% i) 75
LIS N T 2 W B I E R B RE 1) Teel MFE% . TR, ZEZuKPf 2% 3 HA 0 ol e 5
Arc5 Flllcel IFZGHATIFA . MiATZ=T . RBFOCIE DT, WU E F—RKEAE N &
BIATEENY o SRR . AR G Ty A A R A T T DR A i 7 AR, A
AFEE Ak, TR, TN K A SR 1R LIRS
Je, VAR DORTRIES 1 & AR i s S0 (R ok i 9% o

@ TD, WATIH S, —M— M 7150 T3 70 AIHTIKAL 4100 TEU 4R 78 il H 5 i
Hh25 a, WIAEIFIH N 7150 J7/25 = 286 J7 3506, Hrér HIrIHS N 8 T30,

i b, SE AT AR

T,=TU,+TCr,+TR,+TP;+TM, + TS, +TF,+TB,;,+TD, (4

~—

3

3.1 2030—2070 E XL BB MK &L T L
PL20304F . 20404F . 20504F . 20604F . 20704F 5B [a] 5 5 AE R AR SR A1 5t
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HBIFSE B B, 224 U 7E RCP 4.5, RCP 8.5 I & M HETL I 5 T PC6 F1 OW fift 94 75 4%
CMIP5 i P ARtk (K2), BAH S MNRILMENL (JbrkVEdyR) W, &5
R AR Y X IR T T AR LB VK X, AT IR T a0 i BR UK XA kA K R
Xl R oKk vk Ol i vk 4R B RN KRR LR AR, DI T E 2 BB Rk
B B AR L, SR Z W T AT, AR NS RRZ e IR AR A T 5 IF
H OW M BT £ Bl €0t 328 37 ] i (. 25—, U OW IS AE R AP 1 vk mT LA A F1 PC6 [H]
EEMRE S o TE2FPHEE =T, BEEHEIORE BT, OW MEIEATRE ) W3 s, JF
BN T H R TS A TR

DL ZE A5 OR300 11 1 A1 Ik 1 i M AR AT 1 2, AEFSE st B i T BB 8 4 7 3 i
LRI R K ZEPC6, OW HIEIMERE /N, RCP 4.5 56T, 2030 45 /DA JLA R AY
OW iy AT LA LA A5 B 1) (A ik, (HAE SR (SRR I KT PC6 (&l 2a) . TN [R4FE7E
RCP 8.5 5t ([El2b) "HAEHLIETTHY OW FFFEAH R BEEA T AR 25 B W 4508, PC6 |47
DIE IR FEMIZE CFRR “EEAL” ) 73, RCP 8515 T, #2050 4F FHffiZk LA
SRR, KEEH OW SR T LUIFI PC6 —HEE @, HL@fiLkiar i (& 2f); 3
2070 4F OW A SEBE T 58 438 AT (E125) o M 78 A28 50 P s 1 1) T 4R A S 1 3t
B, AR, SR Z MM&ZE R AR Il va k. Bl FIRG 3E s th & i ik 2
Wi A7 AR R S (8 AR A DK 28 Ak FRR e R A o BRI 12 07 e R0 B 2R LA 2R 3 3 2 49 11 1Y
PRLRAB BUANT A 2%, MG 2 A3 11 1 22 30 280 5 o7 i AT 1 2 o P R EL I AT 1K, 1%
B Ik e ass i A%, AR B AN [ AR 2R H8 L ELAR (R vk S 0 TF R T 2 452K
RGBS RL RG22k, VKIS —, B magindert, a1 LLBSE i AR

SRS, WRERTEBGEAE S | R AR HEBOR B R, UKL R AR R A
1151 P A VAR A AT LR AR N R 22 3 S8 — . vk ARkt AR, R B A T s AT AR L
S, e — B B T L, Rk TR R IKE TS —, MR
RSB TSI, a5, OWALALR PCO AR RITEEATAE 11 ERY22 i o, £k
13 [ AV AT R R Rl R o
3.2 2030—2070 £ R ILATIEE A BT E) #E BE T

iz B 1 550 o 45 A A AR SR TR 2 e 4 2, TR R S AsE 7 2030—
2070 4F B AT A TR AME, 45 B FIHERCE 56T A AR AC VKR TR s 101 31 1 A 00 A
] 50 a AR fRB AR (K 3) . BRI, 84 T AYRILA TS ] Bifi 5 AR AR AR fL 4 A 5t
FREFAH, ERCP 8.5 (KM, OW MATHT ] T A AR A LB I & (181 3b) o 2 FlHE
g =T OW M ATIf K R (AR &) /NF 650 h, 1 RCP 4.5 1% 5 ) PC6
A RAE/NT 490 h, RCP 8.51% 5 NI/ 440 ho AN AHERCHE B XA TIHS A9
R B ELA B S A s, HEROHR BE R R, U T I R R R

B AP —1E A A B LA A B, SRR KA ER (K1), X4
BEE R (A MR AR T 8 MR T 22 14, 2030 4FEMF K a1k 544 h (22.7 d), #]20704F
FFE 463 h (19.3 d), B R FIE EELEC UK EENT 7 0T A 8 ANk L ek, Wb T 3.4 d;
B ZR SRS 7 357 5 FES R 2 17 v s A L T2 A R s AL BRI [R) 3D, HLrp R R &l s 11
FIFBEAEAR T RRIIREE R 3.1 d, DOR T A6 %035 Fit vd 20 10 2 R m) AT
HEAT, BHE RIS NI 3 d; WA ZE 5a Pa v 2] A0k ) RERF AR 30, AR
310 d; AR TEHE B AT B A L VKL R, 7E 2030—2070 AE T2 K B R RN
TR, HAEPTA T AR D (SRR 3.6 d)o #E P45 10 adlfjift
[ FRE14 h, PRI A R U Nt , 510 aZ84020 hy AR 7 is T %
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2026—20354F

2036—20454F

2046—20554F

2056—20654F

2066—20754F

K2 2030—20704FPC6 FIOW M R R HEHIF 515 UM T Eefiisk
Fig. 2 Optimal navigation routes under different RCPs and climate patterns of PC6 and OW in 2030-2070
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o FIRDUS/RIL - WSEgR IR~ BREH ~ FHE ~ ElE - XBRe - FRH
960 , . OW—RCP4.5 960  b- OW—RCP8.5

///

560 » 560 \N

‘—_‘\o—o_. .\—.—.\
360 360
2030 2040 2050 2060 2070 2030 2040 2050 2060 2070
4y
c. PC6—RCP4.5 710 d. PC6—RCP8.5

mop T~

_ ~ 610
Se0f —~—1 8 e,
W = —_—ee
& 510 % &1 R
e —_—

410 410

310 310

2030 2040 2050 2060 2070 2030 2040 2050 2060 2070
GEG) 45

K3 AR S ALE T ARIUNTE T HE 1 3] Ak Al
Fig. 3 Changes of the time between ports along the Northeast Passage and Bering Strait under
different ship class-RCPs combination

e, 510 aZ8fb 5 ho BERHPIEHEMY 10 aZr  — FURDURREISE = l5TaR o Wi BEREHTT
e b e e i o B B B
K-t 33 T4 K 550

MAN, BEDEEAEROTIRE T ———
PR B2 51 13 AT — LB vk ——
BN, ORI ESHER s S
A U AR IR B B T I B A e =250 —_— .
Z o KA ACUKTEVR k1 [) P AR ) 22 150
ZEAE MRS, 20304F . 2070 4 1 E] 14 sl e
MR K = 251 YN, it DA 20302040 2000 2000 2070
AT B BE 5 3 T — AR 28 i 25 6 R e A
H(FS), SRR bR e e
M Fé—] 5 ':F' ﬁ u Ziﬂl , Zi IEJ {7% M @J El /Q\Iﬂ%j/i? Northeast Passage and Bering Strait
(3o SN o N S IR S S R 2
I ) e 1 S AR T I K 0 A8 AR A, AH R IFFE I BE P S M K 4 D i i 22 . 1 R s 1 3] 1
ATREIR () 22 B 22 BERE N 10, REROMTATIHR XS FIE 0.4 he BAR—UGESIL AL RN
0.9619, #HET 1, ULIHIIARREEME, ZAUEE H T4 RSO T Rm A2 o
3.3 20302070 EFRMETMEMBETLERE

P UK B EE B 15% LA T b X RIS oK oK XY, Mg oK B AR BE< 15%0, i Had it
Z X IRN T EE W VKA HE P B A T o AR SO — BEATER il vk R < 15% 0 T B BL R B
Pk Ay Al A AR e TR —FEO, 85 A U kB 1 2 AR g vk s SR < 15% 10
ARk, 15 BRI —IE S4BT 2030—2070 4F AR nl g B R AR 1L
e (6).

e, RCP851ER (Kl6b, 6d) HIASILFREEZHRIZ, 45 Wk 11 H & A AT £k vl 8 At
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B IR . RCP 451 8 AR
BRI AR BT R, e 7S] = 04073 419897 Mot
HPEESS . HIK, fERCP 4SHRm, e | L
MARHRUE T (3 Fsg PRt fe 3 ss P

) MR TEM LRI E 4 .

DAL, S A AR T A R = R

R 3 A M 2050 4F TR A HL ]

PR, MRCP8SHHE T, ARMEL | g

P AT L FLAE 2060 457 4 T 25HE, B S5 15 35 55 75 95 115 135
S35 3 0 0 T AT 9 2 B TS TR O

2030 AR E AR . BRI R, M ES s AU TIHS TR S B AR 25 5 R
2050 ﬁg@ , Fﬁkﬁ%ﬂiaﬁ%ﬂiﬂiﬁ;ﬁﬂﬁ%%ﬁﬂﬁ Fig. 5 General relationship between the decline of port
ﬁﬁﬁﬂgﬁ%%ﬂ i H*Uﬂ:{’% I E/‘J@L%*H navigation time and longitude difference to the Bering Strait
R, PURRHE I (AL . BIoRDURS
IR GEARE R S T v R ) e O R AR e O s T HLAS 2D BT A, ERCP 8.5 5t
T, IR 7R 3 v FRE I 2 7 v AN T A5G AR s 10 T Sl A B R 22 BB AR ), B
20704F{X 22241000 km, [fif RCP 4.5 5t F OW MM AR 22 B 2B 4EY K (18 6a) .
GAAMA—ERAS, A0 ATEAT R SR E T TR . X S AN
AT SE A A HLAR M 2050 4R JF AR R T, FE M 2030 4F 9 962 km B TH£1 2070 41 1626
km, F3FA 10 a2 166 km. LA AR HE AR MR B2 (R oo AiE. (5510 a2
6172 km) o BE/R S T0 AR fb i B 5, 5 10 a o] 38 T EL AR N 232 km, 7R3 3 it 1
F AT AT HRE 50 4F N ARAR XA, AR R A AR AR A R D A TS e, 10 a (U
I 76 km, Ul BB A R A TR IX, T KRR A2 TR D R B Al A
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Fig. 6 Changes in navigable mileage under different ship class-RCPs combination
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The evolution of navigation performance of Northeast Passage
under the scenario of Arctic sea ice melting

HUANG lJixia"?, ZHANG Tianyuan’, CAO Yunfeng’, GE Quansheng', YANG Linsheng'
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Beijing Forestry University, Beijing 100083, China; 3. State Key Laboratory of Earth Surface Processes
and Resource Ecology, Beijing Normal University, Beijing 100875, China)

Abstract: The global warming has led to the acceleration of the melting of Arctic sea ice, and
the opening of the Polar Silk Road has gradually been put on the agenda. In this paper,
according to the navigation performance of eight important Russian ports reaching the Bering
Strait through the Northeast Passage from 2030 to 2070, the sea ice data of six CMIPS climate
models under two RCPs and two ship types of PC6 icebreaker and OW (merchant ship) ship
are adopted. Based on the study of the four factors of optimal route, navigation time, navigable
mileage and navigation cost, the main conclusions are as follows: (1) With the change of time,
the optimal navigation routes are gradually concentrated and orderly. The navigation capacity
of merchant ship has been significantly improved, and by 2070 it will have the same navigation
capacity as the PC6 icebreaker has. (2) The navigation time between the Russian ports and the
Bering Strait has decreased by 14 h every 10 a, of which St. Petersburg Port has the most
significant decline. By 2070, when the longitude difference between the Russian port and the
Bering Strait increases by 1°, the navigation time of the port decreases by 0.4 h. (3) In the next
50 a, the navigable mileage of Northeast Passage will increase by 166 km every 10 a, among
which the change pattern and average change pattern of navigable mileage in St. Petersburg
Port are the most similar. (4) The navigation cost of the route from the Arctic port is reduced by
$10,000 every 10 a, and the decrease of the total navigation cost of merchant ships is the most
obvious under high emission concentration. Combined with the change of sea ice, the ports in
central and western Russia have great potential for resource transportation. This study
quantifies and evaluates the evolution of the navigation performance of the Northeast Passage
under the future sea ice melting situation, which provides theoretical and data support for the
navigation of the Northeast Passage and the Arctic port trade.

Keywords: global warming; Polar Silk Road; Northeast Passage; navigation performance



