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Abstract

Glaciers, as an important component of the cryosphere, are indicators and early warning systems of
climate change. As an important freshwater resource in arid areas, the glacier change vulnerability and
glacier ecological service value are closely related to regional socio-economic development. Based on
Landsat remote sensing image data, meteorological data, surface runoff data, vegetation cover data, and
related socio-economic data, this study constructed an evaluation system for glacier change vulnerability
and glacier ecological service value in the Chinese Altai Mountains region. It quantitatively evaluated the
glacier change vulnerability and glacier ecological service value from 2000 to 2020 and clarified the
temporal and spatial differentiation characteristics of vulnerability and service value in this region. The
obstacle degree model was used to further analyze the influencing factors that hindered vulnerability
reduction. Finally, based on the evaluation results of vulnerability and service value, a zoning system of
“high vulnerability-high value priority protected areas” and “high vulnerability-sensitive response areas
with change rate of service value” was established. The conclusions reached are as follows:

(1) From 1990 to 2020, the glacier area and volume in the Chinese Altai Mountains region had
continued to shrink at a rate of about 0.67% a!. However, the change rate of glacier area among different
counties and cities was significantly different. Qinghe County had the largest shrinking rate of glacier area,
reaching 2.43% a’!, while Burgin County had the smallest rate, only 0.60% a'. From 2000 to 2020, the
glacier change vulnerability in the Chinese Altai Mountains showed a continuous upward trend. Spatially, it
showed a distribution pattern of low vulnerability in the southwest and central areas and high vulnerability
in the north and eastern areas. With the continuous improvement of social and economic conditions and
adaptability, the main obstacle factors hindering the reduction of vulnerability to glacier change gradually
concentrated from the adaptability and sensitivity dimensions such as urban fixed asset investment and total
grain output in 2000 to the exposure dimension. By 2020, the main obstacles to the reduction of
vulnerability of glacier change were concentrated in the exposure dimension, among which the changes and
development levels of glaciers themselves were the main reasons hindering the reduction of vulnerability.

(2) In 2020, the glacier ecological service value in the Chinese Altai Mountains region was 3.649
billion yuan. Climate regulation was the most important service of glaciers in this region, followed by
runoff regulation and freshwater resource supply, which accounted for 87.88%, 8.82%, and 2.47% of the
total value respectively. The glacier ecological service value in the northwest of the Chinese Altai
Mountains region was significantly higher than that in the southeast, and there were significant differences
in different counties. From 2000 to 2020, the glacier ecological service value in the Chinese Altai
Mountains region showed a decreasing trend, with a total decrease of 4.199 billion yuan, and the change
rate of service value was -53.51%. Except for the increase of glacier ecological service value in Burqin
County, Jimnai County, and Qinghe County from 2000 to 2010, the glacier ecological service value in all
counties and cities decreased in different time periods.

(3) At the core regional management and control level, glacier change priority protection areas and
glacier change sensitive areas delineated based on high vulnerability-high value and high

vulnerability-service value change rates include: Habahe, Burqin, Haboksair, Fuhai, Jimnai and Qinghe six



counties and cities. Among them, Habahe County and Burqin County are only priority protected areas, and
glacier protection red lines should be designated for them, and the areas within the red lines should be
strictly controlled. Haboksair County and Fuhai County are only sensitive areas to glacier change. For this
kind of counties and cities, it is necessary to adopt adaptive strategies according to the different conditions
of each region to improve the regional ability to cope with the sensitivity of glacier change. Jimnai County
and Qinghe County are priority protection-sensitive areas. In the glacier protection of such counties and
cities, it is necessary to delineate the red line of glacier protection, and adopt adaptive strategies to improve
the regional adaptability to glacier changes. At the level of regulating the vulnerability of the whole region,
the ways to mitigate the glacier change vulnerability in the Chinese Altai Mountains region in the future
can be from increasing urban fixed asset investment, improving water resources utilization efficiency,
controlling regional population size, participating in climate change mitigation actions and directly
protecting glaciers.

Key words: Chinese Altai Mountains region; Glacier changes; Vulnerability; Service value; Glacier

ecosystem management
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B8 ip

L1 IRBERMAREX

UK B B — 8 B HOE S50 A T H Bk R 2 ) R 2, BT AF2Rmk. &
FRZE 1 GiliffE I, 2000) . Z B EANUR I AR S RSB0 R Bt nas, HiE
i e E AR S5 YRR AT, X HbIK 2 gkl 35 I 9 1 H (Marshall et al., 2011; Xiao
etal, 2015). BFFER, UKIREXTALIE ) HAM AR RFEARITREm, HEHR B0
AP X I Rt (FRI%E, 2014, 2017) . 1F UK B ) 51 B B4y, vk )14
H5RAEATEIRMZZEAEN, FFER IR AR AR A 5 FEBURE SO SRR o X Fhojd
IR P e SEATL A S 45K ) 138 A 88 A O e B S R A I AZ O 4B A, AN e s X S A B
ALk, A AEE S EERR B SUEARIE AN (Thomas et al., 2011).

A ERREHHLR T2 10% 19 DX 380 0K ) 1 78 55 1% S [ 25 7K e g 4735 HOBR 3T 70% 134
WK ERERRE, 20T NFEERE X LK) B R R R A E . o2
EF R R, L oK) RUKGE R AL A fr g, RN 2 ¥ 2 KVLR
TSk B By CREKOEESE, 2007 1By ZEMI R A 1 [ 5K e, UK )AL 4E R A
XK R IFE N AR ERDE, WK R BOEAT A R0, A 22 E HAmr
AR RS, ASMARERL . 7B REIETT K RO I8 = AR AR SR A T AN AT Bl i) AR
J&EE (Gagné et al., 2014).

19 225 LAk, HhBRSUE R SR R E S . WIEdE R, 1880—2012
FENA) AR R T IR THA 0.85°C (IPCC., 2013; A4S, 2014) . B AEATIE I K IR
W, ST A UK T H B L ) 2540 B % (Kraaijenbrink et al., 2017; IPCC., 2018).1971
—2009 =, ABRIHUK ) Ffif  CAE 2 226 Gt [ R BE (IPCC., 2013; Z5 K45,
20140 R E L HBOK ) 5 4 3ROK ARG IR — 1, ORI HH AR a5 sl v S ) ot
FREL 7 HRPIRES,  H 2000 )5 H R 22 B itk CGF =AU E XS RS S
Z0142.,2015) . 1ET 2 XY 7K S B AR IIE 1975 50, KO RESLH ok i X
HOKGHIRAL TR P & , B A SRR E 5t A5 nl FE 8 R g (5KkEL4E, 2011; Pritchard et
al., 2019).

S AEARA AN N RGBSR S0, UK AR TS ARSI DhRg b, HARRS
BRI H 2t 2, KA N et 2wy >R i RS A0 IR 95 3918 R AR IR Z ) A4l (28
KIIFE, 2014). —J7 1, VKNG E SEREm K KBV AR RS HESE, 4k
i bk BRI RN X A A TR TR, it X IR UK N AR AL P e s e SR = . 1 — T

1
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[, VKNSR, B SRR RGREL, BA W AR R ER MK ER . 7 EH
e UG M ThRE CBAFEESE, 2016), TEAIRBREMT ST, BEUK)IFRSm, &
IN_ESDRLEEA S, SEUKIRS 2 H B GFEESE, 20200, Hik, F
VPR X IRUK ) AR A I 551 0K )1 A28 R AR I RS ANME, AR UK 5 5 AT RE R4
PRAR R Jd i IR R A g5 7 5 IR S I E AT = AVPAY, BE RGHERVK)]
B RE NI THRERFE SR XS S R o T P& PP 45 Rt X s RO vk A
S R4 X S UK ARG BURK X, AMYRERE N IX Sk 4 5% I R 3R AR e /K R IR AR B, 6 Rg
MRS E Z R SRS A SRS ThRE, WMSCIA BT ARSI R R R .

H ] i) 7R 2 L 2 R UK B 46 B s Z P X 2 — (Yao et al., 2012; Wang et al., 2020;
Su et al., 2022; Wang et al., 2024). #£ 1960—2009 £E ], [ B /R Z& 1L oK )1 | ThI AR AN 4y
SR> T 104.61 km? AT 116 2% (Yao et al., 2012). 2000—2021 4F, iZHh X 9K 1] fit 7K FE 15
BN 3.16x10° m* (Wang et al., 2024), 5 XIREIK TR 3.16%, A& 2020 i X it
IKE 8.54 i, W2 606 T NAFHKTE R UHBET RFWHES, UK)1FE K]
PRALRRE KR, X 4ERET R IX A2 4 R R Fa e PRI SR N A7 22 K ¥ 35 G E . (Jia
etal,2024). Fik, UK)1HE IR GG TTHRERT DX 3= A2 B, S ECYHAE . KL
BEFEAN X K R R A A, IX AR — D XA S AR S @B DT RSk
JEFEAE T IRIE RS (Chang et al.,2022; Wang et al., 2024). 2477 8% 75 DL E I N FE A HLE,
RGPEAl b R R 2 L X K ) AL I 55 1 S 0K N A S IR S A8, 33 TR Al 45 IR R
Blezth . 22 A BIUK N A 75 R G0 1 B SRS

1.2 ERMNAREERE

1.2.1 7k)II RSB 5T

Wags 248 N K5 305 R G R AP B8 vl /e 38 52 451 % A2 (Turner et al.,
2003), HAME&HRFIET HRRFORNE, WEZLY RSN AT A4
SR Z IR (Birkmann et al., 2007; Birkmann et al., 2013) . B 25 N F 4tk 16 A W
I, EMESSNmEH+FE: FINMAR FEZREARRGMNY B R E SHBURME, M
VAR A BRAURFF B 5 R AR RGPS IR F2m 50 4K B o B2 235 1 5

(IPCC., 2012; IPCC., 2013), {1 0 Mg AR A FE M AL IR DA IR AFR A SCVE H AR B
BN A R BRI R R R 4ERE (Reid et al., 2013). fEMLT T, MasgtEn e uk
R AR A —— B iR i IR B IR R RS AL TR AR LA, AR RN
FH2 RN BURME S &N R TS HESE (IPCC., 2012), Mg B 8-+ 24
H LR AT BT A
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W R RKAE 2007 FHE H oK R B X AR eSS e . AR EANZH: —
FEUKURBE IS 1, BROKER BB A a1, BT ARG MMEssPE, Rk
P 2 B A ] LA UK N R g5 1 . AR RIS . R BRSS9 eSS — UKk B AR AL
RS PE, BP ARGk B Rt m M g5, R4in LEHE TR X HRE—Sit <%
B RG. EXEBERAE BETFE, 2015,

UK R G 55 P VAl (0BRSS IR T UK R R AL I e 55 T 72 H AT E N Ab2 R A
XFT UK 2R G e 55 VE VP4l 70 A T3 AL T WP AR Z B B (Pan et al., 2011; Immerzeel et al.,
20200, FREFRFEFZ AR 2007 R E 20K SRS X 80K 2 (A I &R, (Hanfa]
R UK AR A H AR IS R 5 4 22 B T R G 2 R RS G LI AT 2 2w A 7 i B R A 7 1)
(B2, 20100 H ATk )G F5 1 T 78 220 NS FNER 18 1) 52 M 00F 98 2 1m) I 55 1k U7
fFEPR AL . TR FHREU T SR e B AL . L EZERNF R A AT L LR LA
Jrii: OUK ) e 55 VAL R AR AR B R e, AS[RI A 72 58 K HE i 7T H b B0 RF s A0 B
(17, b2 G 3 1% M 55 1R 1 VPAl T ARt XS vk 1 i 55 1 PR e AT v . BE, W
UK AR Ak e 55 P Fi8 OB R TH S 7 VB dE T oy Wi SR E e s, ML (M
P4 2013; Mustafa et al., 2020; Cai et al., 2021). @B 75 A 6] R ekt vk ) 12240 1 i 554
BIENERE RS (Bury etal,, 2011). #S&F RS (LH4E&%, 2018). KBRS
(Anderson et al., 20200, LU KA ST X SOKIEIAFAE S KGR 52 (P8R4,
2013). @H:F A RAEE X UK N TS VERIVEAS, #8532 # R IPCC R AR I AR A%
1 SRS XS AR UK Mg 53 PE M5 T BT IPl (He et al., 2012; #EEF4E, 2013); @FFE
JABS—fe 55 P —id B A BE U 7T . AR BB el A — 7 a2 A . R
K S MESS VP, M IRHRIKZ PR 3R rh S od M e it (EHE4E, 2014, 2017); 3 —J7 1,
X O S R I S, AR SRR L KEOR . N LR R AN B M s S AT A A
VAL, AT IE IR AL AN [ e () SE it RCR AR B I 7L H i (228 4%, 2015). #R1T, 1E
UK NARAR G5 P B 7 b, PPAs 285 SR AN e M 32 B A2 FR b de b o 22 S SR R A e 7
VR SR R AL RIS o 7E XIS UK N AL e S5 VPR o, FebR PR EERG R ST B
HFJ& (Caietal., 20220, RHSH AN ERIRERBEONERZ, ¥F2 82 B IR
JE b REC LA R A o (2 Hi TR AT FR S B T R DA SO A B A, TR
LI A AT TA] /N RO ) DX Ak ) A AR i 55 R AIF 9 2 0 6 BRI RE Y 1)

122 k)RS HHER 5

UK SRR, B B, SRS R G R, RARBERRS IR, BN
RAL IR PIOK B KR AR RS 2 RIS AFH8SE, 20160, &1, LME
W FE 2 RIEVR AR A IR BTN, UK ) B BN FIF FTAR R e A 4%, 2019;
PRI IEEE, 20200, M0 UK AL DXAE AT R AL B Aaze . SRR G 59 AL 22 2 /K-
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FHAT AR, A AN HIR S AR B M AR PR AR AK S, UK AR SS A RE B AT RS I AL (A7
5, 20200, FEE AT IR, UKEREIIRSS 1B 0 H &N R, 2016 4210245
PR “GUKFIE SR, KRFHAZ SR WA, TN T & K
MR S5 AL (PRI ISR, 2020).

10K )1 R 55 S5 0K R B BOR 77 T B FE 10 A TR R B Be G AE4E, 2019). ©A 1)
UK NIRSS FHOCHIE AL FE 2 N UL R LA T T : OMRSS hRe BRI 5y o A ESESH AR SIS
WAE XI5 771, W OKR IR 55 DhRE R 73 ARG IR 5% T IRSS « SCRRIRSS A1 SCAL IR 5%
VOAN R LA SR /K BT S TR BEIR « AR AT I T-28 (U HES%E, 2016, 2019, 2020) .
QA A X SR N A S RS ANE TEAG o A [7] 5725 A4t 25t X Ae s R 58 B IR, 374G 7 Rl
R ZITIRSE IR AESRSANE (BRIEBSE, 2018; Fh36F4F, 2021; 4k
4 2021; Cai et al., 2023; Sun et al., 2023), K ILUK AR 55 (8 A2 A R AR 1L &
R BN S 225 (Fh3E T4, 2021; 4%, 2021; Sun et al., 2023). @A FEFLA K
UK IR S B VAL o e AUK 7K BE 50 A 2 il UK N1 DK B8 77 S . (PMIROT 4%,
2021), [AI T “BIE—H 77— B AR DT UK R B SR AT RRSE R AR AT (BRI
2.2020). @UKNAES RS VPAE TR WK)IEBIRS ThAE HAa 2R Jutt, 4
o AN [ B0 AR 45 Th RE 7 B B AS R B RRAN J5 8o it KON AR 25 IR 45 B VA 10 D vk =
A=H: AL RS RIS e PAREAVNE MR 7. BRALIRSS ThRE N A5 15 RE
5 AN [R Ml 25 Th REANAS [F] X S0 AT 2 A0 VP AL, /2 B i 2 i HAEs el ke —
(5K IEBBEE, 2018; #NE 25, 2021; S4EHf45, 2021; Cai et al., 2023; Sun et al., 2023). fiE
P AT e P AR BRI ) | R P R, RIFUK) T Bk T FEM RE R AN Al
RN — B8 Gk o AT D B Ll O X AT VAN I AR AR R O 2 (S 4EHkSE, 2021). 1%
G E S =V 2 K B RERFEAE A F B K, X—ERR TN, K
7893 2% FEUK )it B A A IR 25 S MR AE. QT s th &, 2015), TR Tk I A RS
ME TR AR E— R E, KPR E X, FF25 Y 8RN TR IE (FhE
A, 2021; YRS, 2021).

B A UK A2 RGNS I E PEAS S Ab TR R B B, DA 78 A 1 a1t
MESE CRAEAESE, 2016, 2019, 20200, (HATTHIIE L N AZ Lo il @ OUK )1 A A IR 55 DhRe vFA
WEIR RATE . F BRI BARUE S VP TR ARE = G0 — R, PPAl &5 SRRt 14 X
PABGIE EL A . @UK)NAERS RS ThREVEN A e se 3 . Hal, WKIAESIRS Dhaei e &
PR EEAE AR RGBS T, MSARMAR. BLE L BASEMEL, KRG B S
FRVRFIRNE 75 BT X UK 1 R RFAEARE RO PPN 7 ¥k HEAT S50t AT S B A L AE K1 AR S IR 55 e
{ELVPAS A S NG o @k Z 0K ) 1A 25 MRk 25 T R PEAL (%) 25 18] 43 S A BN A8 2 AR R 7
T UK 1 B R ) 25 18] 3 A A5, EUME DRI IR SR vk 1 BERE, B UK 1 A &S I 5S
INEE VAL 245 SR B S 2, = 0 23 (8] 3 A BN A R Y 2 9T . @EEXT R
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FUEE XS UK) N A ZS D RETT e 1 KRB 7E, (EAE BLIORUEE ot HeE AT R 4 (K ik 7E 2R
b o BEE VKR EIRHE AT A, VKT ARSS ThRE I 7T B — ThRE IR B 4x 1 I 25 5 1
AR . ART, B BRI . RS RE RIS, B EERER R
Gk IR AL, SEEFRPERUKNAEZ RS A 32 2] BRI AR BERA R,

1.2.3 KINESRGEER

ARRGEHM ST 1992 FIEIR Y, SEEMHARFTREEESRENZ MR
o AR R T FRAEE (Kaufmann et al., 1994) . LA/ B 22 40 it % YR B2 5 1 7 256
Ui KA & . ARpF kil P2 &4 H B (Berkes et al., 2000; Saenz-Arroyo and Roberts,
2008). BHEAES ARG L FASHEE (Robbins, 2013) HAELE M R4 (Levin et al., 2013)
3, EHEEFRNE WP M R ERSMMEDA, BREEAr=. ¥R, X5
L INEE (Adeel et al., 2005). NEKH SR FIESIMENES RS NAHLIES (Heesterbeek et
al., 2015), 3Eh0 7 ASE IR RN B E BT SeI & i R R~ 8 BEAE DA
WX 22 JCA IR 45 IR (R B (DeFries et al., 2004). Ak, A 56535 52 R R 400 )57
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Figure 1-1 Technology roadmap
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