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Abstract

Under the background of global warming, the continued retreat of Arctic sea ice provides favorable
conditions for the navigability of Arctic shipping routes; however, changes in the near-surface wind
field also introduce uncertainties to navigation. This study employs the multi-model ensemble
mean of the Coupled Model Intercomparison Project Phase 6 (CMIP6) models that demonstrate su-
perior performance in simulating Arctic climate conditions. A comprehensive Sea Ice-Wind Compo-
site Risk Index (CRI) is developed, integrating sea ice thickness, sea ice concentration, and near-
surface (10 m) wind speed, to quantitatively assess the navigational risks for ordinary merchant
vessels along the Northeast Passage, the Central Arctic Passage, and the Northwest Passage from
2015 to 2100 under four scenarios: SSP1-2.6,SSP2-4.5, SSP3-7.0, and SSP5-8.5. The results indicate:
(1) In the 21st century, the overall navigational risk in the Arctic exhibits a declining trend, but with
significant spatial heterogeneity. High-risk areas are primarily located in the seas north of Green-
land and near the Canadian Arctic Archipelago, where the CRI remains generally above 0.4 by the
end of the century, suggesting that these regions are still not navigable under the evaluation criteria.
In contrast, low-risk areas expand from the Eurasian marginal seas toward the polar region, and
under the SSP5-8.5 scenario, more than 60% of the Arctic waters meet the navigability requirement
(CRI<0.2). (2) Future Arctic navigability shows pronounced seasonal differences, being most favor-
able in summer and least in winter. Under medium-to-high emission scenarios, the Northeast and
Northwest Passages are generally navigable in summer (CRI < 0.2), while in winter, most areas ex-
hibit a CRI exceeding 0.4, rendering navigation infeasible. This indicates that seasonal sea ice cover
remains the dominant factor restricting navigation in winter and spring. (3) Under the SSP2-4.5
scenario, summer CRI in the Northwest Passage decreases by 40%-~50%, while the annual CRI along
the Central Arctic Passage declines by 25%~30%. However, under the SSP5-8.5 scenario, a slight
increase in summer CRI is observed in the later period along the Northeast Passage, suggesting that
intensified near-surface (10 m) wind speeds may increase navigational risk despite ongoing sea ice
reduction.
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20 HH4 80 4EARLAR, ILHRIEUKIG B BB AR SRR A, Je R e Bk F T h K SR T R
EY R[], SHRSEEIMEN, 21 D h A E 2500 LIRS R B2 FTF2)-5]. 2,
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I, HETCOKMEZR BN EARKRFFEETHRTE RN, WUKEFEH R Wi 18 @ S% A g 32 it 1
AHABE

UL TE A 1S 5 2250 2 S H 2 AEARTIE  EAHE AR LMiE (Northern Sea Route, NSR).
4618 (Northwest Passage, NWP) UL & H B i& (Transpolar Sea Route, TSR). IT4EK, AHRALHIETEEHKZE
O SEHL BT B B M@ MTIE AT o AR W A6 7 i e H R A AT U, 2018 4 /5 NSR 4 TR is & R Al
2000 J3W, 2023 4E£ik 3600 Fii, FRHIHIE BRI MEUAT B8 L S5 s E R AR . ART,  dERAIE
WSS BIVF T HIRE VKUK bR i 80 S ORI AR 55 2 S B I 200 AHELZ R, P AR ALIE A b Sy
8% ZAE KSR, HATEA R BNV A IR, (BAERREEAR IR 5= N 2RI IR IBGE 6]

JEARIABE PO AR A R N T S e S E B E 7], B RBARREEREE T, K&t
TR H LY ACRRATE B e PER R (8] NFIE IR ATTAT ¢ 4>, [E brifg 95 2H 21 (International Maritime Organi-
zation, IMO) - 2014 4£j@ it (International Code for Ships Operating in Polar Waters) (Polar Code), 7T 2017
IR RN ST T B Hbas AT BR A1 XU A R G0 (POLARIS), TR TR K 518 0K R FE S g0k
R ARG 1 RS A RESE (9], UKD B A PR TR M T 4 — BRI Al . BRIBUKIR RSN, [R
AT R R AL TIE e & E R EK[10].  (Polar Code) BHMfTEH, MumfRid. KA RE W 2 IRZE
PSIRE RATAT IR [9] o 7E SEBR RS VAL S i, I DK% 4R B 55 XUk o e 47 g 200 1 e AT XSS () A% Lo FR AR [ 1]
[12].

S5 RGN 78 A SR AL AR AU 8 AT AR P it 1 EE B SCH#[13]. Smith and Stephenson[ 14]4
i, F 21 HZd s AR R AUTE 1) PR AT B AR K Melia er al. [15]BFFLE— 23R, 1EmHK

B N R MUE PEA T MR B B Lieral [16]48H, fERFSFHIRIE 5T R ACHUE AES AR fTE 1) v]
AT G, RTE AR S O 5B A =R E N ). BRI R, ARSRAEAATIE )
AIIEATRE Sk RIS SR, EARSRIG SRl %iﬁ’ﬁﬂ?ﬁi%ﬁ?Yiﬁl‘ﬂﬁﬂiPOLARIS*Ej’”ﬁ

Jesrti, MEE T oK BRI B0 A RE 1 REme, /025 B U AR AT R IR MR (5] [17]. A BRIEAL T 5T
KW, CMIP6 #AAE LA 10 m X Rﬁ*ﬁ?ﬂiﬁﬁm%mmﬁ%ﬂmﬁﬁ%ﬁ&ré[ls], RIRARK R
AR LI RV 1) 52 W TS LA R AN e e, 30 b T DX 38 5 17 Sk P 38 AT XSS 184 KA B 58 43 IR ¥ UK ik
TR BN AR G . BRI, FE X - UKRES AR AR ZE T T J R Sk b AR T T 8 T XU 1) £ VP A AT
HERRE

FT i, AR SCHEHIK AR PR HESR LA b o] NI 10 m KUB T, H X - OKEE & 25 a XU E
(Comprehensive Risk Index, CRI), FGi70HT 2015~2100 AN [FHERBURS 5 = 4% 2 B H I8 8@ fip KUK 1 28 1k
FRIE S 2R, UK bzl ” EERSIR AR S8, FF R RIbR IS KBS & B R (RS 2% .

2. ERES
2.1. HiE

A ST B (66°34N) LLAL X3t AT 10 K KU ASARHAE, EH 8 /N AL AR AR AUL 1 15 e A
(1) CMIP6 52 /J7 5B #1(1979~2014 7)) H 3480 H P34 Hi i 10 KRR EHE (sfewind), DA BB
£ 1] SSP1-2.6+ SSP2-4.5. SSP3-7.0 Fl SSP5-8.5 “& VUL Z 4 A Fr k42 N Y 2015~2100 4 H P34 Al
HF- i 10 K X £ (https:/pemdi.lnl. gov/CMIP6/) (% 1). Hirfr, SSP o AN A4 &4 Gk,
XS T HECG 5, SSP1-2.6. SSP2-4.5. SSP3-7.0 Al SSP5-8.5 1535t 43 MR~ 2100 AN T kAL Tk
P 2.6 Wm 2, 4.5 Wem 2, 7.0 Wm 2 Fl 8.5 Wem 2 (BN 33E[19]. T AN PR K/ NI 5
A, BT LS A5 U 45 38 I R M e A 7 A ELAE 17 < 1 PR ZKF A% F
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Jir FH K 55 PR R JE EE B ) a0k R T A R S [ SR e 4 2R o Wi e A A 169 2 17 S 4 5 (historical)
[ 48 /> CMIP6 #5377 S #1(1979~2014 48) ) A P ¥ 0k % 48 B Kl (siconc)«  HFUK S B4 (sithick BX,
sivol)FIT Hb I I3 B2 He e (tas),  BAKZ BB 05 ) SSP1-2.6. SSP2-4.5. SSP3-7.0 Fll SSP5-8.5 %5 JUFifi
SRS HH(2015~2100 4F) H -1 5 0K 2% 5 S s A oK 5 B2 8Os, b ax e Bdi AT XU il , 7% 18]
IR G—R 1" % 1°, SRJGTHE T 1979~2014 A5 ASDUAN LI ) b6 B i UK T AR A0S 40 0K SRR o AR
YT CMIP6 FEA I LR A TR SR, B H TR IER R I AR ) 12 A~ CMIP6 B (F 1), %P
3T Z M85, ARG UKTI ARG OKE B ME . VBB MR, DL 42 BRARIE ¥ e K
RE I A GOK S B2 (10 L RE )46 . B IS BIALAR A =1 A A jUAE, o 1~3 H o SURAZE, 4~6 AR
Z=, 7~9 HAEZ, 10~12 H ARKZE[20][21].

PFAl CMIP6 #E AN JbARk S5 B3R AR RE ), AR SO B YW A B33 # B BHE R 2 % itk . &
Rk IR H P ROE B RN 1979~2014 4738 [ [ S0 A UVE #S) - B3 5645 B A0 (National Oce-
anic and Atmospheric Administration-National Centers for Environmental Information, NOAA-NCEI). & F 1)
B TEIREE 7 Ak E R H TR A TR H o0 (European Centre for Medium-range Weather Forecasts,
ECMWF) )55 T 20 #1838 (ECMWF Reanalysis v5, ERA-5) [22], 2#EFE A 0.25° x 0.25°; KHEES
RIREE TR A0 - 35 [ [ 58 KA 7T 0 (National Centers for Environmental Prediction-National Center for
Atmospheric Research, NCEP-NCAR) I KA 4 AT EidE £ 1.0 (Reanalysis 1.0), 73HF% N 2.5° x 2.5° [23];
K H HAS 4T (Japan Meterorological Agency)) 58 — A4 ER K S 20 BT Ei 4 £ (JRA-55)

A~V Bapi ok s £ T i UL N A5 >k B 56 [ [ S AR < B =) (National Oceanic and Atmospheric Ad-
ministration, NOAA)M NSIDC 4 Bl 1k vk 25 4 B SR BAR 103 5 4 iR(Climate Data Record of Passive
Microwave Sea Ice Concentration, Version4), 75 [/ #F5 A 25 km x 25 km [24].  H P20k B £k 5 4E
BRI~ Zhang F1 Rothrock [25 ] & AL VKA B[R4k 5 4t (Pan-Arctic Ice-Ocean Modeling and
Assimilation System, PIOMAS), % &4 T POP (Parallel Ocean Program )i iR e AHEIK B B 48 2 A fs 7Y
TED (Thickness and enthalpy distribution), Jf[Fl4.5k B T 5 I ) SR it UK 25 5 B2 AN S FE R 4 [26] [27]
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Figure 1. Schematic diagram of the Arctic sea routes. From left to right are the Northwest Pas-
sage (NWP), the Transpolar sea routes (TSR) and the Northeast Passage (NEP)
E 1. eRAETREE . NEER 25 R EALFUENWP), FRATE(TSR)FZRILATIE(NEP)
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TEVPA KOG B AR AR R R BBURRBE T 10T, O 19D AR H P38t i 2 m R BB S, T 7
EHES M EHRENES T, 25K H ERA-5 [22], 7 #E%A 0.25° % 0.25°, 1 NCEP-NCAR [23], 4
W 2.5° x 2.5°% ACH ER BRI L EIRER] 10 FRR A4 E M, B EYEEA 1979 41 H
22014412 H.

JEARATTE 2R AL VKT, BRI VEE BRI S . FEA =& duipiE (& ), &
Al (1) PEACNTE, K& AT IR AR B K3, A0k R, 1) 2R 28 B 24 I b 3 v 3,
PRI RO B 2 A s (2) HRE, X0 — AR MK P 2 T G K 0 B RSPEEEY)
JeALIE, B AR g I A UK ol X BA A B 22 i B g (3) ARALAE, LA AT,
WA E il B, B E AW RIEARNEE . SR, BhOEA A SO, B2 R
[10] [28] [29]. A= SR FH B AL AR AL E $od ok B 56 8 [ 5 b 22 2 8] 15 41 =) (National Geospatial-Intelligence
Agency, NGA), ¥ FIRE IR W EARIE R 17 HE &4 B Mg .

Table 1. The main information of CMIP6 models used for wind speed and sea ice

= 1. BT EREMEKE CMIP6 HRER

S A B P o PR (L M KD A PR TRP 3 B (L2 P A 20

&  ACCESS-ESM1-5 360 x 300 IPSL-CM5A2-INCA 182 x 149

R CanESMS5 360 x 291 IPSL-CM6A-LR 362 x 332

Ki#  NorESM2-LM 360 x 384 IPSL-CM6A-LR-INCA 362 x 332

KiE  NorESM2-MM 360 x 384 MIROC6 360 x 256

#EUK  CESM2-WACCM  CICES.1 (320 x 384) CanESM5-1 LIM2 (360 x 291)

#EUk  CESM2-FV2 CICES.1 (320 x 384) ACCESS-CM2 CICES5.1.2 (360 x 300)

HEUK TaiESM1 CICE4 (320 x 384) HadGEM3-GC31-LL  CICE-HadGEM3-GSIS8 (360 x 330)

#EUK  MPI-ESM1-2-LR  Unnamed (256 x 220) ~ HadGEM3-GC31-MM  CICE-HadGEM3-GSIS8 (1440 x 1205)

HEUK MIROC6 COCO4.9 (360 x 256) UKESMI-1-LL CICE-HadGEM3-GSI8 (360 x 330)

UK CESM2 CICES.1 (320 x 384) IPSL-CM6A-LR NEMO-LIM2 (182 x 149)
22. 5k

AL Z W POLARIS RGP I BIMAAMTAT KIS FE$(Risk Value, RV)X MHARFE AL AR HO AT RE J1 24T
PEAE[30]. RV HHMEANRA 5ok R F e, HIMEEE y—6~+3, Hrhfifd & AR Eos, A
EEASAIEAT, IR Bkt BB R INAT KRG RAC. 24 RV =0 I, ML T
BRAERRMIA T, WUATZAER TGRS EXFM4 T, MMETTHUT, (HF5 RIS MG A BR ) 3R 2%
i3 it o

ASE 2 EURIE 5 38 R N A8 RS 77, X I [ R 24t B 23 (International Association of Classification So-
cieties, IACS)JE X [t (Polar Class, PC)f4 % o ) FF fidl 7K 45 (Open Water, OW)AGAH[31], B OW MiifE
ANFEHFOR RN B MBSAE W 2 2 Frzs(32].

Table 2. Risk values (RVs) for OW ship under different ice classes
F2.OW BRAREKE THI RV &

UKL/ UK R (cm) oW A
Fevk/0 3
FUk/(0, 10] 1
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HKUK/(10, 15] 0

R EVK/(15, 30] -1
WK — B30, 50] -2
UK W B /(50, 70] -3
Hp AR B A K R — B B/(70, 100] -3
rh & JEL R M AF DK B BR/(100, 120] -3
JE 244 0K/(120, 170] —4
VK170, 200] -5

T2 H0K/(200, 250] -6
JEZEEBK/>250 -6

FET MUK R LR 2 1 RUBSHAEL (R V) SR 2 A () 0K 85 B B, mT it — 2o S 0 A ARG i 25 (Risk In-
dex Outcome, RIO), HATE LW
RIO, =Y C, xRV, , )

Horpr, CrFoR KXW T RALEIKRI IR, RVyr &R V RBMHALE T BT XU AE . RIOY
{HARAE ST F KB T Re e R AR AONTAT U 1 25 & 02

BRIFUKAL, 302 T WG AL HE A 52 o 8 R AR PPt e, DAl 550 P KRR 5 82 FR XU R/
v, HEERREWT:

LW >w_.

(i Ly @

Horbr, W' RORRGEBRERERR, W ORVEAL B TT N I RKGE, R R — I B AR i XU (95 T 7 22, Wonin

HRGEBE . AKHE E AT RALILE, OW AT W EHBUHHE R 6 ZO R XGE10.8 ms™) [31]. 2

W W, B R RGESE R MIE B W < W I, JRGHUX I AT 500 i R DI 17 32T 0k
55, JHEIET 0.

HI T RIOy 5 KU B AR bR AE B4 e BB AP 2SR, TS RIOy $RARBEATIH— (L Ab2E, 1H—{L)5
KA IREOIC N RIO, « fEfRbrRE G IR, 7% CA T I T RIS SR 5N Z R Gt 7V e
I IEAR IR AL AR KB BCE, L, RIGJE b BT B, RS AR AR TR VA AL, JF
TR BRI AR 12]0 SR G5 R UK 5 IR 3L AR F 1 25 & i i XU 5 4 (CR1):

anzng/+%mJ 3)

MR CRI UV S PR S, ROEMIR R =28 24 CRI > 0.4 I, AAATTEAT; 24
0.2 <CRI<0.4 B, MEHIZEONEME; 24 CRI<0.2 I, WAHRGEMFKM. ACHER CRI EEMHT
Z e UK 55 30 3t T GE S R R BT RS . B, TR OK R T G KSR BE AR UK SRR, KGR A
RAUTHOTET 10 m KGERAL . d1 T RKIPfepe  t AR A BR A, AR RE MR WEIR . Kl MRS
UK BRI S UG Bl W5 AAATEBE A5 26 R AR SR RRE ISR BRI CRI TS X 1979~2014
AR XTI RIO, A1 W, HEATHUR AT AL, P& 12 D S A 2 B 28 AR Rk R, RIIE 2 4
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UK D02 AT AR DIORT S8 AL XU (RS2 K, T R s X Y B 3 AR N A B T Rl K S, X3
SIS R AR L TF, T KR R AR 2).
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Figure 2. Scatter distribution and linear fitting results between the regional mean nor-

malized Risk Index Outcome ( RIO," ) and wind speed risk index ( 7, ) over the Arctic
during 1979~2014, with significance tested at the 0.05 level

B 2. 1979~2014 SR XiE FH0YT— K XL TEH(RIO, ) S RIRX 153
(W, ORI = 5 RIS ER(EZKTENR 0.05)

3. BEMAKRERNZESHEN

(2)2015-2040: SSP1-2.6 (b)2015-2040: SSP2-4.5 (¢)2015-2040: SSP3-7.0 (d)2015-2040: SSP5-8.5
180 180 180 180

Figure 3. Spatial distribution of year-round comprehensive risk value of OW ships in different future sharing socio-economic
path scenarios in the 21st century simulated by excellent group models. (a)~(d) is the near period of the 21st century, (e)~(h)
is the middle period, (i)~(l) is the far period. SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5 are four different emission scenarios
3. RERFHZMSEFHEET 21 2 EH, hEARMTHAILR2E OW MY CRIEZBE 2. (a)~(d)A 21 L
EHA; (e)~(h) A FHA; ()~()AITH; SSP1-2.6. SSP2-4.5. SSP3-7.0 F SSP5-8.5 7y 4 Fi A EIAIHEIMUIE =
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BT 1 a2 R AR G738, THE T A RIS 5 OW At CRI, FE#r HAE 21 4l
I H(2015~2040 4F). F11#(2041~2070 )M HH(2071~2100 4F) ) 2 6] 73 ATRHAE o

2015~2100 AFAbHK = 2% = BT ) T v R Ak S 3 nika 34, (HTEAS (R HE IR 5 S B TR BUAT A
EHZ (K 3). 21 AT M B, &1 5N CRI A 73 A 2 8/ i 21 4l d ], SSP3-7.0 &5 SSP5-
8.5 1 J MK X P e B Rk, 17 SSP1-2.6 1E A fbila T-F4%; 21 i Hiny #1455~ CRI Z R &
NEE, EHBOE R TEANUHRE K, oML ST, BRI R, &
HEBOIME” 1B B I8 AR R AL

CRI fFAE R E IR, BRI “HWUKIRYE E 5. KOs RS B RIE. £Z=(& H)7E
FAEFCE 21 i AR bR R4 X 35K CRI #75TF 0.4, e AERGFE 22 8 DLAb g Sk A S XA p i & Bt
T RS A X, R Rk Je Z ARk 5 £ S 3 21 8 5, EHERCE 5:(SSP3-7.0 5 SSP5-
8.5) NERW % CRI B FFE, PR X ) AR SO R R e, H Hp e Rt R &= K8 8 B A7
PepmfEIX . 21 Y B, AUAE SSP5-8.5 5%~ 4G SCif R CRI FE2E 27 0.3, [HAARD) A AE

(2)2015-2040: SSP1-2.6 (b)2015-2040: SSP2-4.5 (c)2015-2040: SSP3-7.0 (d)2015-2040: SSP5-8.5

Figure 4. Same as Figure 3, but in Winter
4. FE 3, BA%ZF
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FZ(E 5) CRI RZHFUKIE MOV B2 . SATHIEL, BARRXIGIS A FRAC, (HSmgE 2 “ihgamh
i Fdem” M AReE. 21 AR By, RO 5t F UK S B R AbRe , KU DX IR OIE ARt 22 i)
ey fg. i SSP5-8.5 fh s, ARALHIE LT F X4 CRI PF 42 0.2~0.3, RUFEFIEME 1A L.

H (1% 6) CRI AL i AR . 21 TP B, ZRACHUE R PG JLATiE R 2 X CRI KT 0.3,
WITE SSP3-7.0 FH SSP5-8.5 5t T, AR JRUKS: DX i ) o S 25 gy i, v i 345 7 X 38 CRI P& % 0.2 LA
o @B E R INR: SSP1-2.6 BT RRE, 1M SSP5-8.5 1 5t TR KRS X 78 75 LUK KR 77 i
B BRI, MBS CRIRFFS: R, ML) BT EHE, R\EEKED ST,
JRGHE 2]y g R 7 1T e ot B 2 e i RGBS 2 A 1A A

KZEE 7) CRIBIEE S E MY, Mo XKIRERENEE . i TBKEER RHEE, KRR
B DX 4 J e P B R R . 21 e iR LSS, ARG TE A i CRI L35 N RE . ) SSPS-8.5 15t T
RS Xt — 2B [ NS KBy g o 5 H FANE], FRE=0 70 120 G it (W v ifg Ay 54 95 i) CRI T PRI
FENF IO, HELER X, RLEFFBOKIBEE 5, I H T RE S 55 6 38 A XU 1 5 i 5
JIETEN

(2)2015-2040: SSP1-2.6 (b)2015-2040: SSP2-4.5 (¢)2015-2040: SSP3-7.0 (d)2015-2040: SSP5-8.5

Figure 5. Same as Figure 3, but in spring
5. FE 3, BREF
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Figure 7. Same as Figure 3, but in autumn
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Figure 8. Annual variation and long-term trend (unit: (10a)") of OW ship's average navigability of northeast waterway under
different future shared socio-economic paths in 2015-2100. Solid lines denote the multi-model ensemble mean, and shaded
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Figure 9. The same as Figure 8, but the central channel
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Figure 10. The same as Figure 8, but the northwest channel
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Table 3. Navigability characteristics of Arctic OW ships in the 21st century, including scenarios considering both sea ice and

wind speed (SW) and those considering only sea ice (S)
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Figure 11. The years in which each of the three Arctic routes first meets navigable conditions under different threshold schemes
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Figure 12. Proportion of navigable years for the three Arctic shipping routes under different threshold scenarios in the far-
term period (2071~2100)
12. JEHA(2071~2100 ) A EIFMEE R TR = £ E EMIEM &I B R EL 5

DOI: 10.12677/ccrl.2026.154077 740 SR TR


https://doi.org/10.12677/ccrl.2026.154077

GURRY], FEARBUETTZE T, CRI N5 B SRR SRR — Bl =R NUEE T4 K
FZET CRI K52 BEIN [EZHT N BEAAFAE, 2R CRI AN B 3 R AR i BE € P akah . 3 —20 04
KIS [ AR Ve 5E T B R M A A A IR B I B9 e, B A AR s 1. Herp, HZE CRI T
R, EAFBRE T 5T B R IR EAT AR, HAE 21 Al I rTIE U oy tL B sos 2 1, R Y]
Houf B EAR A B . &I CRI BAARAERFERE KT, 2 B0 5 T BT B 2 0.25/0.45 )
HELUE IR BB 1, RUIFOE U2 BRI R B e v . M2 T, K R gy Rt AL
MR, TRCTE BRAE R B S5 A 1 JOE B RTIE M AF RO, IR e I 0 AT A LA

LZAKRE, BUEARMAEER CRUEA T BB K OB RHIE. ARBUETT R T, =5AHE
FERZT PR Z SRR 8, IR RSN AT RMAE. KELETEER B, RUIAE
TACARTIE R I AR 22 AL B 4518 B R AR iV 5 T e

5. G 5itie

BT PEREA T8 2R U VKR U T 10 K XU B4 FME 5 51, A SR 2 X, - KRB & 27 UK F8 5 (CRY),
T IS T AE SSP1-2.6. SSP2-4.5. SSP3-7.0 Al SSP5-8.5 Z5PURE 5 21 i), rhiiALTi ow
Pt 2 AL AR AT B AT 2 1) AEBR AR AR, BRI

(1) MR T 20K R R . Mok ST 10 m KU X - UKEE & 254 XS 5 $0(CRI), SEEL T
XoF AR AR TR 1) 2 Z R AV . G RRE, (R B UKCAERT, bR i /e /) pE AR
W S T AL o U Y s B T AE BTN KU DR J5 5 e HE OIS S5t 30 A DXL e s 2650 o — T UK A3 B gk > 24
10%~20%, #5251 Kt BLIA 2l 3@ AT AR ISR 03 LU I SRR AIG, R Ik Al vl BE R A m il T
ARRACAR BB 7. BOAh, FEHEBE ST, 55 DR =T R RS IR Btk E o, 2D
3T T DR 2 %o S S 7 s A PR LA T 7 A P o

(2) AFEHEBOE 5N AL UE @ ATRE ST IR FE AR AR 3 7 . RS S (SSP1-2.6) T, X H ==
RACHTE R PG AL E Y B B & nT @A, 21 A E B LR ATED S 70%. S
(SSP2-4.5 5 SSP3-7.0) I, @i fe /1 W F 1, H AR ILAFE AL AL iE vl i@ M4 & b il i 70%~80%,
WL D B AR T IE N Fs & 21 AR, PEALNTE B ZR AR FERZ) 40%~50%, H J i
RSP AR BRI L 25%~30%, ARG EA IR . 75 s HFsUS S(SSP5-8.5) 1, 3@ Ml 2% 11 L5 38 5
NRE, FE K =R AUE nTIE T R 80%, Hh B R AR AL PG AL ATIE IR 90%~95%,
HRUIE A 75%~85%, (HAZEASEREm KR -

(3) HFUKIRD AT AR SR AL AT G 1) S T, (AR SRS ST, i USRI SR, EAKZER T
TROKIBRIE AT LS (5 0 5 3 am, HEZE MRS S B UK TR ] K - VKGR G HL” B

5 OG0T A 8 A RE ) B A AR B S R B s AR L, AR R TR S NIEHBTHT 10 m X
TR 5, AR AT IE 8 AR IR AR 2R P AR RRAE o 7E UG (UL 2 SSP5-8.5)F, #BrNiEE R
HE LG AT RIS o B ET o, e B XU B s e A B A TR RIVE R . Ak, ZRA TR A R BN, HECT
I FEHF UKL BT, R — UK A VPAG 75 21 R A 7 VAR /N, U8 B A% 85 53 ml e et A SR AL AR s AR
REIFAE RGME Rl ok, R T W — DN <R 78 0L M S eGSR 8 7
P 5 2 AN G S PR AE AL, DATE 4T 200 AL B LIS 22 4 AN 5 1 o

KA E— /R Y. B, CRIMUAINIGUKIERE . MUK AT HTH 10 m KU =ANHF, &
TR - UKEEA B HREL, A2 58 B 1 LA iz 22 45 M 4R %L Polar Code F5 1, Mt /KIsk 417 18 52 2K
B KRR B S S NS B E RG] R E R IA M R R E S BN 2 DL R
PR AL, ()5 5 KA R KM [33]. AR, Polar Code 7EMAT 1 RIANIRAE LML ot SR gt . BE

DOI: 10.12677/ccrl.2026.154077 741 SR TR


https://doi.org/10.12677/ccrl.2026.154077

I AUERMIE VKL B DA AR BE I 2R T BEAE VK LIS R T33 ] SEMIREIEAE B AR, R S S
25V UL R B 749 5 G B AIE AT 22 S UTHIG, {ELISCSSER TR LA BT AT I A
1 U A B V5 M A5 B34 BRI, 7S5 SR SRR A K AT MU 205 R
. AR R WL AR, BORIGE CURIRE). B R RS
F1v SRARPERERIANBRZESS, W TFRUK BRI SERRATLAT R LB T A FEEE R, IR AERK A,
R R 3 LA DK 9 AT 5 0 0B — 25 5 5 5 B S SR A ATS
B, BRSO 3 R AIE B 20, ORI SERRALAT VR0 IR T 2SR A AE 220351

EHEWH

AW 5% B E 5K H AR AR 4 AT H (42430411), EX BRBEIE ST H (42075024) % B .

Sk
[1] Barnhart, K.R., Miller, C.R., Overeem, I. and Kay, J.E. (2016) Mapping the Future Expansion of Arctic Open Water.
Nature Climate Change, 6, 280-285. https://doi.org/10.1038/nclimate2848

[2] Stephenson, S.R., Smith, L.C., Brigham, L.W. and Agnew, J.A. (2013) Projected 21st-Century Changes to Arctic Marine
Access. Climatic Change, 118, 885-899. https://doi.org/10.1007/s10584-012-0685-0

[3] Notz, D. and Stroeve, J. (2016) Observed Arctic Sea-Ice Loss Directly Follows Anthropogenic CO2 Emission. Science,
354, 747-750. https://doi.org/10.1126/science.aag2345

[4] IPCC (2021) Climate Change 2021: The Physical Science Basis. Cambridge University Press.
[5] WEFIR, THEE, R2ME, % CMIP6 BRI UK IS BE JI iRk (1], MR 7T, 2025, 37(2): 212-224.

[6] Zhao, C., Wang, Y., Gong, Y., Brown, S. and Li, R. (2021) The Evolution of the Port Network along the Maritime Silk
Road: From a Sustainable Development Perspective. Marine Policy, 126, Article 104426.
https://doi.org/10.1016/j.marpol.2021.104426

[7] Deale, B. and Kristoffersen, B. (2018) Post-Petroleum Security in a Changing Arctic: Narratives and Trajectories towards
Viable Futures. Arctic Review on Law and Politics, 9, 244-261. https://doi.org/10.23865/arctic.v9.1251

[8] Cariou, P., Cheaitou, A., Faury, O. and Hamdan, S. (2021) The Feasibility of Arctic Container Shipping: The Economic
and Environmental Impacts of Ice Thickness. Maritime Economics & Logistics, 23, 615-631.
https://doi.org/10.1057/s41278-019-00145-3

[91 Stoddard, M.A., Etienne, L., Fournier, M., Pelot, R. and Beveridge, L. (2016) Making Sense of Arctic Maritime Traffic
Using the Polar Operational Limits Assessment Risk Indexing System (Polaris). IOP Conference Series: Earth and En-
vironmental Science, 34, Article 012034. https://doi.org/10.1088/1755-1315/34/1/012034

[10] Hx=ig, sk, T, 25 JUREWNUEBN A BT TSR], BEEEER, 2021, 66(1): 21-33.
[11] 2=, T, skiEvE. AR SUE AN AR H AR5 H XU VPN iR AR AR D], K552, 2016, 31(3): 8-14.
[12] E¥, BW, k¥, & FTHRESIEZ RO AR R IS S AL [T]. @R, 2017, 36(5): 512-

520.
[13]1 FARZE, 48304, BRBE. 87N E Rl & i o L 8 TR (CMIPO) PR [T]. A AL S Bt fE, 2019, 15(5): 445-
456,

[14] Smith, L.C. and Stephenson, S.R. (2013) New Trans-Arctic Shipping Routes Navigable by Midcentury. Proceedings of
the National Academy of Sciences, 110, E1191-E1195. https://doi.org/10.1073/pnas.1214212110

[15] Melia, N., Haines, K. and Hawkins, E. (2016) Sea Ice Decline and 21st Century Trans-Arctic Shipping Routes. Geo-
physical Research Letters, 43, 9720-9728. https://doi.org/10.1002/2016g1069315

[16] Li, M., Hu, S., Gao, Q., Ding, R., Zhao, C. and Huang, F. (2025) Navigability of Arctic Sea Routes in the 21st Century
Based on CMIP6. Advances in Polar Science, 36, 246-264.

[17] Chen, W., Jiang, Z. and Li, L. (2011) Probabilistic Projections of Climate Change over China under the SRES A1B
Scenario Using 28 AOGCMs. Journal of Climate, 24, 4741-4756. https://doi.org/10.1175/2011jcli4102.1

[18] RZEE, WH&FE, HIE, 25 CMIP6 fHANILHT M 10 m KUERE S RIARAE[T]. mEA R, 2025, 44(4): 833-848.

[19] Eyring, V., Bony, S., Meehl, G.A., Senior, C.A., Stevens, B., Stouffer, R.J., et al. (2016) Overview of the Coupled Model
Intercomparison Project Phase 6 (CMIP6) Experimental Design and Organization. Geoscientific Model Development, 9,

DOI: 10.12677/ccrl.2026.154077 742 SR TR


https://doi.org/10.12677/ccrl.2026.154077
https://doi.org/10.1038/nclimate2848
https://doi.org/10.1007/s10584-012-0685-0
https://doi.org/10.1126/science.aag2345
https://doi.org/10.1016/j.marpol.2021.104426
https://doi.org/10.23865/arctic.v9.1251
https://doi.org/10.1057/s41278-019-00145-3
https://doi.org/10.1088/1755-1315/34/1/012034
https://doi.org/10.1073/pnas.1214212110
https://doi.org/10.1002/2016gl069315
https://doi.org/10.1175/2011jcli4102.1

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]
[29]

(30]

[31]
[32]
[33]

[34]

[35]

1937-1958. https://doi.org/10.5194/gmd-9-1937-2016

Walsh, J.E. and Chapman, W.L. (2001) 20th-Century Sea-Ice Variations from Observational Data. Annals of Glaciology,
33, 444-448. https://doi.org/10.3189/172756401781818671

AMAP (2015) AMAP Assessment 2015: Methane as an Arctic Climate Forcer. Arctic Monitoring and Assessment Pro-
gramme (AMAP), Oslo, vii+139pp.
https://www.amap.no/documents/doc/amap-assessment-2015-methane-as-an-arctic-climate-forcer/1285

Hersbach, H., Bell, B., Berrisford, P., Hirahara, S., Horanyi, A., Muifloz-Sabater, J., et al. (2020) The ERAS Global
Reanalysis. Quarterly Journal of the Royal Meteorological Society, 146, 1999-2049. https://doi.org/10.1002/qj.3803

Kalnay, E., Kanamitsu, M., Kistler, R., Collins, W., Deaven, D., Gandin, L., et al. (1996) The NCEP/NCAR 40-Year
Reanalysis Project. Bulletin of the American Meteorological Society, 77,437-471.
https://doi.org/10.1175/1520-0477(1996)077<0437:tnyrp>2.0.c0;2

Meier, W.N., Fetterer, F., Windnagel, A.K. and Stewart, J.S. (2021) NOAA/NSIDC Climate Data Record of Passive
Microwave Sea Ice Concentration, Version 4. National Snow and Ice Data Center, Boulder.

Zhang, J. and Rothrock, D.A. (2003) Modeling Global Sea Ice with a Thickness and Enthalpy Distribution Model in
Generalized Curvilinear Coordinates. Monthly Weather Review, 131, 845-861.
https://doi.org/10.1175/1520-0493(2003)131<0845:mgsiwa>2.0.co:2

I, TR, RV, 5. AUW 2 I UK)R R 5 BT S SR A TR ], AT 7T, 2024, 36(4):
607-622.

Ja g%, GRIEEA, SR 20 20 90 EAX DIRALHIRIKID 1 B0 1150 T ——H5+ PIOMAS AR )] KARHE,
2017, 41(1): 57-70.

Ellis, B. and Brigham, L. (2009) Arctic Marine Shipping Assessment 2009 Report. Arctic Council, Tromsg, 194pp.

Ostreng, W., Eger, K.M., Floistad, B., Jorgensen-Dahl, A., Lothe, L., Mejleender-Larsen, M. and Wergeland, T. (2013)
Shipping in Arctic Waters: A Comparison of the Northeast, Northwest and Trans Polar Passages. Springer.

Jensen, @. (2016) The International Code for Ships Operating in Polar Waters: Finalization, Adoption and Law of the
Sea Implications. Arctic Review on Law and Politics, T, 60-82. https://doi.org/10.17585/arctic.v7.236

IACS (2011) Requirements Concerning Polar Class. International Association of Classification Societies, London.
WERET, IR, FREIE, 2. JEBOVZR KRS R S B 2 P[], BT, 2023, 46(3): 36-41+58.

International Maritime Organization (IMO) (2015) International Code for Ships Operating in Polar Waters (Polar Code).
International Maritime Organization, London.
https://wwwcdn.imo.org/localresources/en/MediaCentre/HotTopics/Documents/PO-
LAR%20CODE%20TEXT%20AS%20ADOPTED.pdf

Miiller, M., Knol-Kauffman, M., Jeuring, J. and Palerme, C. (2023) Arctic Shipping Trends during Hazardous Weather
and Sea-Ice Conditions and the Polar Code’s Effectiveness. npj Ocean Sustainability, 2, Article No. 12.
https://doi.org/10.1038/s44183-023-00021-x

Yang, X., Lin, Z.Y., Zhang, W.J., Xu, S., Zhang, M.Y., Wu, Z.D., et al. (2024) Review of Risk Assessment for Naviga-
tional Safety and Supported Decisions in Arctic Waters. Ocean & Coastal Management, 247, Article 106931.
https://doi.org/10.1016/j.ocecoaman.2023.10693 1

DOI: 10.12677/ccrl.2026.154077 743 SR TR


https://doi.org/10.12677/ccrl.2026.154077
https://doi.org/10.5194/gmd-9-1937-2016
https://doi.org/10.3189/172756401781818671
https://www.amap.no/documents/doc/amap-assessment-2015-methane-as-an-arctic-climate-forcer/1285
https://doi.org/10.1002/qj.3803
https://doi.org/10.1175/1520-0477(1996)077%3c0437:tnyrp%3e2.0.co;2
https://doi.org/10.1175/1520-0493(2003)131%3c0845:mgsiwa%3e2.0.co;2
https://doi.org/10.17585/arctic.v7.236
https://wwwcdn.imo.org/localresources/en/MediaCentre/HotTopics/Documents/POLAR%20CODE%20TEXT%20AS%20ADOPTED.pdf
https://wwwcdn.imo.org/localresources/en/MediaCentre/HotTopics/Documents/POLAR%20CODE%20TEXT%20AS%20ADOPTED.pdf
https://doi.org/10.1038/s44183-023-00021-x
https://doi.org/10.1016/j.ocecoaman.2023.106931

	基于CMIP6模式模拟的不同排放情景下的2015~2100年北极通航风险评估
	摘  要
	关键词
	Risk Assessment of Arctic Navigability under Different Emission Scenarios Simulated by CMIP6 Models from 2015 to 2100
	Abstract
	Keywords
	1. 引言
	2. 资料与方法
	2.1. 数据
	2.2. 方法

	3. 通航风险值的空间分布变化
	4. 北极航道通航风险的年际和季节变化
	5. 结论与讨论
	基金项目
	参考文献

