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Abstract: To investigate the distinctive characteristics of rainstorm and glacial snowmelt-induced
debris flows in fringe regions of glaciers, this study focused on 64 debris flows located in the middle
and lower reaches of the Yigong Zangbo Basin. We used field investigations to comprehensively analyze
and inform our remote sensing-based interpretations, and established matrix laboratory-based
mathematical expressions for them. The objective was to identify variations in the backgrounds of
formation of the two types of debris flows as well as the extent of hazard posed by them to
downstream areas of accumulation. The findings revealed the following. (1) Glacial snowmelt-and
rainstorm-induced debris flows exhibited dissimilar or analogous distributions in terms of key
topographical factors,including the relative differences in elevation and indices of the shapes of their
longitudinal profiles. (2) The maximum and minimum material reservoirs for glacial snowmelt-induced
debris flows within a single gully were 6 740X 10" m® and 253 X 10" m®, respectively, while those for
rainstorm-induced debris flows were 228 X 10" m® and 1. 5X10* m®,respectively. (3)Glacial snowmelt-
induced debris flows had maximum and minimum peak discharges of 1 498. 2 m®/s and 105. 4 m®/s.,
respectively, while rainstorm-induced debris flows had those of 126. 7 m*/s and 2. 0 m® /s, respectively.
The noticeable disparity in flow between them arose not only due to differences in the area of the
catchment, but also due to the influence of glacial meltwater and snowmelt in case of glacial snowmelt-
induced debris flows. Notably, the maximum and minimum peak flows of glacial meltwater during a
100-year period of recurrence were 79.7 m*®/s and 0. 6 m®/s,respectively, with a snowmelt equivalent
of 32.52 mm/d. (4) The distances over which solid loose materials were carried by glacial snowmelt-
induced debris flows in the areas of accumulation were significantly greater than those carried by
rainstorm-induced debris flows. For instance,the maximum washout distance for a single gully affected
by glacial snowmelt-induced debris flows was 414. 3 m, while the equivalent distance for rainstorm-
induced debris flows was 43. 6 m. We examined the mechanisms underlying the differential
development of the two forms of debris flows in the region,and our results provided valuable insights
for the management and control of debris flows in analogous areas.

Key words: Yigong Zangbo; developmental characteristics; rainstorm-induced debris flow; glacial

snowmelt-induced debris flow
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Fig.2 Geology of the study area and the distribution of surrounding major fault structures
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Table 1 The main topographical factors influencing the formation and development of debris flow
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Identification of the sources of solid substances in glacial snowmelt-induced debris flow and

rainstorm-induced debris flow

f14 38 SR AR SR ST 1A S B LS B Y e S A
PR o W5 DX U8 A U R AT 4 B, O o AR
T R R AT T B AR A Uk AR T R R

a

DI T 4 Y5

EV4 1 4 5



.+ 350 - A E TR R CH AR O

%51 %

fRE R B AR L RTSE. &5 G AR % O I i F
3 (F 2) (Guzzetti et al. ,2009; 7 #4455, 2016;
Zou et al. .2020) , & 1FH AW I A9 o Oy i
L2016 58 B 45,2019,

(1) B3 THT A ol N e A < 2 TR 2 Aot
T bk b, Dy st AR R L AR b i 3 A
BIG o An . — MR IZ 2R WIS R AR B2
LB Y 22 5 L A5 H RO I 00 b I 22 A A
W7 T B SR B R PR R R R B T A

() IIEYIE XKWL o A e Rl IX
B VU5 E R TE BE RN — o FE XK 4 1 1E v R
HEAT S b 25 58 % B, 0k DL o DL 0k Sl 32, R

ZHAE 5 ecm~4.5 m, — Ok UL W IR YA
6 B IR 25 6 22 A R W e D R SRR A
FA) D7 125 W) A e 1 S W R T AR

(3) Ukt Wy W08 < VSR vk NI 1B 35t B 7 5 1Y
PR A4 S5t B R Y HERUE S XS R A
i HERRUE 25 9 vk 11 st B8 9 T 7 57 A0 5 v o Bk
AR AP ) S (Teurrizaga, 2018) . #F5E X
UKt HE BAOE 28 F2A A A DR HE R A AR
VKRR HEFAR (Wang et al. .2022) , R 3E L)L | oK fist
Py (0 HEAROR 25 R AR O P oK s 3k AR 0 Ak
KopAi . e Z W LA RIS IR
Y AR

®2 YEETHEARX

Table 2 Equations used to calculate the volume of solid substances
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Fig.4 Geometric model of moraines in trough valleys and aprons
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Table 3 Results of calculation of snowmelt equivalent
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Table 4 Empirical formula for the range of hazard of debris flow
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Fig. 5 Rainstorm-induced debris flow and glacial snowmelt-induced debris flow

T U8 A U 2 #h I KB R O LR A R
CHREE 45 2011 3 2 8 A I 78 AR 2l IX 53
o R 32 R [T I8 TE A A AR I 5 A
10 S R 5 AR A T A BT . T K 9 /R
A R A 2 R AR R R R AR R T e A i
] Fof 2 A58 3 2 e 90 A 7P 00 35 D B0 £ 9 PR A5 1L

e e R N S Bl A i 1Y & A= CEV 2. 1999)
BWRAME K EELZWEN, EEEZS5EWH
58 P8 RS2 B[] 5 G, UK I il /K 5 il 35 0 L 1) g
W 38/ FEAR IR P A% &
3.2 HEHRER

PRI Gl 5 3 A 300 %) 3t B i AR LI R G i 22



%2

KR EA,F 5 BRI L GHF FWRAE R G K BT RE R ZF A

+ 353 -

LU 2 T e A S K . M T Ml R A R R e A T K
FRF LA AE — AR, B E A
R 5 P i 7 R A BB I R A
Z 45, W50 X AE e b B AT L s AR R AR i
AV ) 7R3 e SR AR B R . R
145 52 b BT A0 25 58 kR, 2 B 28 AL B 6 A 3SR
O3 AT AE By TOCAT P RS B O vk R e
AP — o A 1 AR AR AR B

5% X AN [] 28 B0 9 A 9 A6 D Sl i AR L R 25 LM L
MO P AR EES. P EL A 9
A 1P i3 PR g B R CAD LU A T I E K
BECL) (YN HRE (G AR 5 B2 (RAD L 7K i it J3E 48
B (SPD 0738 BE FE 5 50 (KL 9\ ) 50 1 2 IR 48
BN A TR S B CF) L 38F ¥ 35 % (S)
Xt B 5% X U8 AU A R b 5 N kA A
(E6),

20 80 40 80 60
B RDF/4b B RDF/Ab B RDF/Ab
o == G-SDF/4b 170 351 mm G.spF/it 70 == G-SDF//t 150 -
< s =R J60 30p AR 100 S TR, g
18 R d50 25 TR ds0 R 140 =
100 {40 20F 140 130 2
T 430 15F 430 120 }E
w5 420 10- 120 9
> {10 =
q10 5+ 110
0 ) 5 ox 0 ) R N S S US WS S
LQ'\S o7 Q;L%\SBP Y Q0 29 “\5\\5} 7 AR NR S Y
Q\ o @q»" @ D \Q ) \\. R} \ \\ f @ o’ (5. - &b( )
28 T R F ) AT T R 5 ) K58 JE 1 B (SPD)
30 70 40 80 40 70
B RDF/ 4t B RDF/4b B RDF/4b
425 == G-SDF//t 460 35 mm G-sDF/4 7|70 35[  mm G-SDF/4: 160
= — RDF/% 30k —RDF/% 160 30F — RDF/% B
=0 — G-SDF/% 50 — G-SDF/% — G-SDF/% 50 5
L 251 450 25 =
= 40 40 17
21s 30 20T 440 20 30 2
Z 10 15+ 430 15 g
= 20 yof 420 10 20 5
5 10 5L 410 5 10
0 N L O A A5) 0N 00 AN N N\ 0 N a0 a0, o, o0 N >
) ) YR WPTA MR\ PN AT NN 5 S0 03,08 03 O OO 40
XSRS R R REECAN ERETONANN A 7'
R 1R T R(A) B VA K (L) VB A1 VA 1l H PR (G)
30 - RDF/%% 100 - RDF/&L;% 7020 = ror |00
- B G-SDF I G-SDF/ At
& 25 — RDF/% 80 — RDF/% 60 15 40
= ook — G-SDF/% — G-SDF/%450 N
L 160 140 30 32
F 5L 10 P
ES o 440 -30 20 &
E r 120 ” g
sl 120 1o 5
LN OO I N 00 200 A amN a0 5N S 00 NI O I I N 0
AR AN S A0 5T (0 T LAY 0\5 qu qu: Qnﬁb 7’5“
Q o7 e t ARt
MW BE FE 48 BU(K.,) IS B4 T (S) AR FE(RA)

6 WMHEEFLERSGITE (RDF ARHWIRAR,G-SDF Ak BERATR)
Fig. 6 Chart of topographical factors

e M URA I 18 i 3 A AR LA TE 0. 5~5.0 k',
55 R W e AT A L. UK Rl 5 )8 A I Y I 4R 1 AR
TE10~50 km® JEF N £, 2 W I A i 195 18
KETE6.0 km LN, EEEFFE 2. 0~6.0 km
TR PN T KRl 25 8 A 38 ) Y 3 K B 7E 15, 0 km
TN . VAT TE A TR 8 B9 7E 0. 05~0. 45
HITE RN . A0SR <<0. 4. 2 WU A7 7 S A TR 1R
TSI UBEAE 0. 4~0. 6 Z 18], Je A1 Fi HsIE AR
FETTIE 5T XN B A B 2 T R 48 £0>0. 6
BV A A o AR GE 45 A, vk Rl S U8 A I Y
WA ARIE B FEE P AE0. 25~0. 4 JWH N, H

VA1 It 38 4 i AR A B0l A U B > 0. 4,
BRI B WA IS IR TE 2 P
ARG A H EEEFLE0.2~0. 4
Z I,

VKN b 35 08 A T 0 ST S8 MR R B AR e
30°~35 Y I P, 7 BVEIW 57, 14 %6 ; 1 2 TR U A
T 7 B3 B 2 80> 307, 1 84.00%, vk )I il
e A1 U 1 VAT B B AR B Z A T E 20~30 ZJA] L 4
BB R /N AW R AR EZEPE 20~40 Z
[ 5 UK )1 il 2530 A 0 1 40 A RR AR S A AH AL, 3k
A1 A G 1 4R BT L oK LS R AT T



- 354 - A E TR R CH AR O

%51 %

TH OS2 B AE 150%0~200% IO B BE |, BT IE A
W FEE A E 500%, ~600% BB b, SR A
T FRAE G 1 3 — S B8O e A i ve H B A
LU I8 A K U 1 A X R 22, vk T Rl S5 U A Y A
X 2 L AERALE 2 000~3 000 m YL AR I,
T e A1 U W AR R R 25 Z2 4R TP AE 1 .000~2 000 m
A FELRR B 1. b G ) ) v e 8 K R R
B, B WA U5 VK1 Rl S e A U 0 3 B0 (E K
AT B AE AL, A3 B AE R FE 0. 5~1.5,3. 0~

(A)
UK b= VS0 I8
[T o [ v i
FRE [ s
W T 32 1kt
i 18 16 4 0 9

5.0 Z ],
3.3 YMIEEEER

VK Gl R A B R A B R R T EE T TR
AL 5 H V- 34 W U5 At 29 S ZE R U A T 33 A
255 WP AN G 58 1 IR R A5 BIF R X N U A TR
Uit B P W A L G b R R A A U BN AR AR
Ik TR AR ot % AR i A SRR A DR ) T HE R A TR K1
il =5 8 A Y VAL B N A TR DK T 0 DA L 3 TR 4R Tl A
TR HERR WU I S HERR R (1K D
(B)

B7 #AREXREERVESHE

Fig.7 Distribution of sources of debris flow in the study area
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Fig. 8 Results of sources of debris flow in the study area
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Table 5 Results of calculation of debris flow
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NO2 G 55 1) 126.7 N18 20.2 % N34 3 541.3 N50 5.8

NO3 22.1 N19 34.4 * N35 266. 6 N51 7.4

NO4 7.7 N20 47.4 N36 17.5 N52 10. 2

NO5 45.7 * N21 * 290. 2 N37 33.1 N53 13. 1

* NO6 x (e FFH)  752.1 N22 37.0 * N38 213.9 NG54 39.7
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* N15 * (fkBef)  413.2 N31 8.8 N47 19.1 N63 2.0
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Fig. 9 Results of debris flow after adding values for

meltwater and snowmelt conversion
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Table 6 Calculated and measured lengths of accumulation of debris flow
— ik HEFR s — il e AR S .
P BkSAE,  WWNKE/, KE/ Uﬂ‘%ﬁ/ P> B/ WK E/ K/ ﬁ%ﬁ/
10* m® m m % 10* m® m m %
No1 0.36 99.3 62.0 60.2 N33 0.23 88. 4 72.1 22.6
NO2 1. 84 149.1 96. 8 54.0 N34 * 20. 42 272.3 219.3 24.2
NoO3 0.19 84.5 87.4  —3.3 N35 * 6.75 206. 5 Tk 2k /
NO4 0.04 56.0 (7S / N36 0.28 93.6 T 2 /
NO5 0.33 97.0 [N / N37 0.83 122.2 92.6 31.9
* NO6 * 56.03 350. 5 300.5  16.5 N38 * 5.29 194. 2 144.7 34.2
No7 0.22 87.2 85.7 1.8 N39 1.47 141.0 Tk 2k /
* NO8 * 9.02 222.0 194.0  14.4 N40 0.02 47.1 Tk 2 /
* NO9 * 2.53 161.5 207.5 —22.2 N41 0.20 86.0 59. 6 44,3
N10 0.26 91.6 T 2 / N42 0.82 122.0 Tk 2 /
N11 0.41 102.3 133.4 —23.3 N43 1.08 130.7 91.5 42.8
N12 0.29 93.9 [N / N44 0.02 47.9 [I¥N /
N13 0.16 81. 4 2k / N45 0.09 70.7 N /
* N14 * 13. 47 245, 4 229.5 6.9 N46 0.26 91.2 S /
* N15 % 22.42 278.7 214.8  29.8 N47 0.27 92. 6 e /
N16 1.15 132.2 108.5  21.8 N48 0. 30 94. 8 71. 4 32.8
N17 0.22 87.8 ek / N49 0.17 82.8 79. 4 4.3
N18 0.12 74.7 (7S / N50 0.05 61.0 (7S /
N19 0.18 83.9 (7S / N51 0.08 68.8 (S /
N20 0.32 96. 3 Tk / N52 0.16 81.5 62. 4 30. 6
* N21 * 17. 69 262.7 194.8  34.9 N53 0.22 87.5 65.9 32.8
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* N27 * 109. 42 414.3 310.2  33.6 N59 0.03 51.8 41.3 25. 4
* N28 * 3.18 171.1 R / N60 0.36 99. 2 34.1 190.9
* N29 % 10. 19 229.0 184.5  24.1 N61 0.19 84.6 il g /
N30 0.58 112.0 Bk / N62 0.17 82.0 Bl 2 /
N31 0.13 76.9 50. 4 52. 6 N63 0.01 43.6 PN /
N32 0. 44 104.2 84.9 22.7 N64 0.04 57.1 (IS /
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Fig. 10 Predicted range of threat posed by debris flow to the areas of accumulation
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