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Fig. 6 Glacier displacement rate field from June 9 to October 17, 2018
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Fig. 7 Histogram statistical distribution of glacier movement from June 9 to October 17, 2018
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Fig. 8 Spatial distribution of glacial surface velocity

B VK1 UK B Ao B% 3o 2R o e A R 8 I L S R s [RIEE, A0 B0 R 8a H AB
AsB.. AB W AZR B R IVK ) 32 sh Rt a5, AN 8c iz, mTtL k)i g 3 i
RARTE 520N ol 1 E AR 1B 8% /A N> s e e = B v O (511 O v = S5 17 € 2 g
A5 R ik 22 12 P82 BE 48 T 8
42 REIKJIIHEREMRTIRS T

VR IR RN X S A A Sy DR HL B A P, Qs i 1l A3 AR B vk 1T, Hvks
RIHIFR 2990 mP, 5T k)1 2K 1000 m, I El X pK T F- 253 358 Rk 3 30 cm/d™,
TERFRAAEA R T 5 R, HaBESE S, BT st E k) okos BO 2%, F£h
VORI, XK A mRE I RIVER SR oK) 1A b ot B oK) 3 sl
55, Hoaz sh s R E AR g,

T WA AR A B LK) R ZE i b R A ARk, B I DSM 2 [a] Y e R 2
{H AV VK BER VKRS, 20 BAS 2T X Sk N 9 5 5 P A 4.23x10° m®, 34991
Al 1.49 m, SFEHEREFR N 115 ecm/d, O, Mot WIS X 38 PN 7 il i ™ 2 X
BRI LR, ORGSR R KA B T O XK Rk R e, it =
Y se PIWE, % X R VKR 1) R s B, S BRI VK R JR) B DSM 24 (B A7 76 B 134
BT RO SE LRI S5 43 AT & BT Rl 7 R DX e A v A A KON K X
W, (KedDAL), AR ElFk) I moK gk 2R 2E, &F T — A m AL 6x10° m?
B PKINeY 2 WJE AHLTE A IR v 207 7&K 5380, BORIARTE IV 8] 4 & A= 4
KARE, (BN EE 2 WHATHA R AR A B, % KO = 3 1o 39 230 S 3 1 vk T HEK G & A2 B
I, BTUKTRRADWATE HA SIS, R aE B IREEN TaE 3, HE S
51 A A B S T 3B E (E110) .
4.3 BEITE

TETXANAR = e @R, BAREAR I SRIESE 8 T Wi DOM K DSM 1 46 X} 1
], SR ZAE5T KIS oK) IVE R I 20, AR4 A S 050 A vl B & 802 vh = A i 5%
ZEMER R, SRR R AE 2 D FC R RS 18 R RS B . — A AR VKIPE T X B b 36 5 i
N RS R A RAE, G A TR vk X IR 44 5 2 1) 22 508, X ok 3
FTH B A TR 22 0 A o 100 g g T PN B P o B2 0 ) 37 3ok A v A A A ks
B, ASCERIB BB AR AT 4R, T B AU R T 72 44 AR R E X S ] 44



54 FF B A ST IO APUAR A KT R 5 AL (e P O v 1253

—_
w

—

LR
—>
BZNJ7 1A

N,
iSlIB RS

A

0 500 1000
BEES (m)

—_
(=]

Bk (<104

[TV

2 (m)
[P 200m

-18-15-12-9 -6 =3 0 3 R

Fl9  BFFE X Im R L
Fig. 9 The changes in elevation of the study area

2018-06409 4% - ; 2018-10:17 .7

R PN

#1110 20184F6 H 9 H—10H 17 B HAMREIVK) ! 2 H#4 1F S5

Fig. 10 Comparison of some orthophotos of the glacier surface from June 9, 2018 to October 17, 2018

FROE SR A SO DL AG R 25, /ot EL vk ANsE 28 41 RS R o EL vk 1 ok o B
PRENY HAr (K 11a), RZESMWME 1b xR, BG5S NFRIFKIIZ 358 07
], ZKFiR2E b pg bl LARE 7 1) 3 o IEAEL, R PH 10 LAZR 7 ) 4 i el . AR iR
ZVAEYE R, RGO, AR iRz AR fgiih, madbim Al
RPUmRZES< 6 cm, HRF 4R E/RMES 4 om, 32D A 80551 0-0.59 cm Fl
-0.89 cm, RZELME/HIH-0.17 cm F1-0.51 cm; T E A iR 2 WA FFE< 60 cm, H K
BT EER <50 em, R 2ZETIECRIIIE SR 3128 -20.7 em F1-23.54 cm, 2835, DTEVK)I
AL 2R P W) AR B AR EZE 43 51 R 3.67 ecm. 3.17 cm f125.83 cm., F[E R B
F130 d, VIBRUEZEVE R BE VR AR, KO 0 S R = R AR Ak ARG B T 48 55k g L )
+0.28 mm/d, ZPGH+0.24 mm/d, FEE F+£1.98 mm/d, 55T K132 SR Rl R AR
e, PIOAE 20 BEARIE N JC AL = 2 5 8 R E SR AL B B 1 R SRR 2ZE A X o L k)|
1z B FITH Rl A A A 7 A f 5



1254 i B 2E 76 %

b
6r T —:— 60
|
4t | 40
' o
o~ | ] ~
E 2 : 20 g
X o L o &
B fm
® 2 —20
= [
S - i L |
L e Y | o
il — 6t L £ L —60
KRl — kIR |

BtE | AK#E EHM
BRI KRR BT R 28 254 A AR 2 40T

Fig. 11 The check points distribution for accuracy assessment and error analysis

RSB UK ()32 S AT Bl TR AR AT, AR SCEE S TS & PSR R Fise/
TV A, EEXT UK R RRE 5 H bRE I A = A B A AR T iR R . AE
ELPRR T, FRATT0E B TR DT L Fk it X iy B 750 2 JXUv o R K ) | —— 57 B oK Ry 52
X, AR N R BGOSR G (2018426 HOHMI10H 17 H) WIE
SHEAG R R R, BE)S, LT DOM Al DSM Bt & 4 T35 52 1% Mldne /N — IR DUt 7 vk
fif BT o7 L VKO R ity - T B R Yy, 3 a2 ()38 R 0 5 iR AR IO 2 ) A 9 R
B, B e B = AR SRR UK 1 ()32 S ATE Rl R o3 B F RS

S EE R FEN, 20184 6—10 H ], 7EI4K 4000~4300 m B FE I, BTELvk)I
VKT BOE A RS R 119 em/d, 12 83 R i KA TR BT EL UK 4K 4300 m AL, k5
7.51 em/d; FEWERIOS T, BFSE XIOE YT AlERK 0.92 em/d, THRELE R RO TR BT EL VK
JI G 2B vk st , B YRR 11 cmo AL, (BB AN =4Ese Sk, siie
VK58 T8 il X 3 22 5 VK 9 B R BEAR G o AR SCEIIFIE i B R iR ol S ok )1 O
R E T ALK 32 SIATE RO A B SRR AR S, [RIB A SO FE 25 3 T R ok )|
Yy S vk R BB AR I e S A ik A i 2%

5 % 3k (References)

[ 1] IPCC. Climate Change 2013: The Physical Science Basis, Working Group I Contribution to the Fifth Assessment Report
of the Intergovernmental Panel on Climate Change. Geneva: Cambridge University Press.

[2] Liu Shiyin, Yao Xiaojun, Guo Wangqin, et al. The contemporary glaciers in China based on the Second Chinese Glacier
Inventory. Acta Geographica Sinica, 2015, 70(1): 3-16. [XIF4R, kR4, S574K, . F6 155 ok 4% B i [ vk
JIBRAR. HuBE224R, 2015, 70(1): 3-16.]

[3] Yao T D, Thompson L, Yang W, et al. Different glacier status with atmospheric circulations in Tibetan Plateau and
surroundings. Nature Climate Change, 2012, 2(9): 663-667.

[4] Zhang Y, Hirabayashi Y, Liu S Y. Catchment-scale reconstruction of glacier mass balance using observations and global
climate data: Case study of the Hailuogou catchment, south-eastern Tibetan Plateau. Journal of Hydrology, 2012, 444/
445: 146-160.

[5] Yang W, Yao T D, Guo X F, et al. Mass balance of a maritime glacier on the southeast Tibetan Plateau and its climatic
sensitivity. Journal of Geophysical Research: Atmospheres, 2013, 118(17): 9579-9594.



54 FF 1 A5 FETIC ARG A DRI 5 v R AR AL BB 125 1255

[6] Zhu M, Yao T, Yang W, et al. Differences in mass balance behavior for three glaciers from different climatic regions on
the Tibetan Plateau. Climate Dynamics, 2018, 50(9/10): 3457-3484.

[ 7] Brun F, Berthier E, Wagnon P, et al. A spatially resolved estimate of High Mountain Asia glacier mass balances from
2000 to 2016. Nature Geoscience, 2017, 10(9): 668-673.

[ 8] Bolch T, Kulkarni A, Kadb A, et al. The state and fate of Himalayan glaciers. Science, 2012, 336(6079): 310-314.

[9] Altena B, Scambos T, Fahnestock M, et al. Extracting recent short-term glacier velocity evolution over southern Alaska
and the Yukon from a large collection of Landsat data. The Cryosphere, 2019, 13(3): 795-814.

[10] Scherler D, Leprince S, Strecker M R. Glacier- surface velocities in alpine terrain from optical satellite imagery:
Accuracy improvement and quality assessment. Remote Sensing of Environment, 2008, 112(10): 3806-3819.

[11] Dehecq A, Gourmelen N, Trouvé E. Deriving large- scale glacier velocities from a complete satellite archive:
Application to the Pamir-Karakoram-Himalaya. Remote Sensing of Environment, 2015, 162: 55-66.

[12] Liu Guoxiang, Zhang Bo, Zhang Rui, et al. Monitoring dynamics of Hailuogou Glacier and the secondary landslide
disasters based on combination of satellite SAR and ground-based SAR. Geomatics and Information Science of Wuhan
University, 2019, 44(7): 980-995. [XIJEH# S, T, AF. B TR SAR FIH AL SAR MY IHIRVA v S A48k Be vk A
T TE I B (5 B RME, 2019, 44(7): 980-995.]

[13] Bhardwaj A, Sam L, Martin-Torres F J, et al. UAVs as remote sensing platform in glaciology: Present applications and
future prospects. Remote Sensing of Environment, 2016, 175: 196-204.

[14] Hugenholtz C H, Whitehead K, Brown O W, et al. Geomorphological mapping with a small unmanned aircraft system
(sUAS): Feature detection and accuracy assessment of a photogrammetrically- derived digital terrain model.
Geomorphology, 2013, 194: 16-24.

[15] Benoit L, Gourdon A, Vallat R, et al. A high-resolution image time series of the Gorner Glacier-Swiss Alps-derived from
repeated unmanned aerial vehicle surveys. Earth System Science Data, 2019, 11(2): 579-588.

[16] Wigmore O, Mark B G. Monitoring tropical debris-covered glacier dynamics from high-resolution unmanned aerial
vehicle photogrammetry, Cordillera Blanca, Peru. The Cryosphere, 2017, 11: 2463-2480.

[17] Dall'Asta E, Forlani G, Roncella R, et al. Unmanned aerial systems and DSM matching for rock glacier monitoring.
ISPRS Journal of Photogrammetry and Remote Sensing, 2017, 127: 102-114.

[18] Ye Y X, Bruzzone L, Shan J, et al. Fast and robust matching for multimodal remote sensing image registration. IEEE
Transactions on Geoscience and Remote Sensing, 2019, 57(11): 9059-9070.

[19] Harris C G, Stephens M. A combined corner and edge detector. Manchester: Proceedings of Fourth Alvey Vision
Conference, 1988.

[20] Toet A, van Ruyven L J, Valeton J M. Merging thermal and visual images by a contrast pyramid. Optical Engineering,
1989, 28(7): 287789. DOI: 10.1117/12.7977034.

[21] Gruen A. Adaptive least squares correlation: A powerful image matching technique. South African Journal of
Photogrammetry, Remote Sensing and Cartography, 1985, 14(3): 175-187.

[22] Su Zhen, Shi Yafeng, Zheng Benxing. Quaternary glacial remains on the Gongga Mountain and the division of glacial
period. Advance in Earth Sciences, 2002, 17(5): 639-647. [#322, it X, FBAS 2. ST 111565 DU 20 vk )1 3t 308 Ko vk 39 K1)
Sy HERRLEDERE, 2002, 17(5): 639-647.]

[23] Zhang Ningning, He Yuanqing, Duan Keqin, et al. Changes of Gongba Glacier in the west slope of Mt. Gongga during
the past 25 years. Journal of Glaciology and Geocryology, 2008, 30(3): 380-382. [5KT*7*, fa] T Ik, Bt v i, 4. STl
Va3 ST k)] 25a AR AR B, vK)ITZR £, 2008, 30(3): 380-382.]

[24] Zhang Bo, Zhang Rui, Liu Guoxiang, et al. Monitoring of interannual variabilities and outburst regularities analysis of
glacial lakes at the end of Gongba Glacier utilizing SAR images. Geomatics and Information Science of Wuhan
University, 2019, 44(7): 1054-1064. [5K3%, 5K, XUEHE, 45, 5T SARFZARA 571 vk A ki A7 P A8 A Wil B i
IRFRAEI . BRIK AR (5 B AR, 2019, 44(7): 1054-1064.]

[25] Zhang Guoliang. The study of glacier changes in the Gongga Mountains [D]. Lanzhou: Lanzhou University, 2012. [5K[E
e TR L X BN AZAERFFE[D]. 22 2 MK, 2012

[26] Liu Qiao, Liu Shiyin, Zhang Yong, et al. Surface ablation features and recent variation of the lower ablation area of the
Hailuogou Glacier, Mt. Gongga. Journal of Glaciology and Geocryology, 2011, 33(2): 227-236. [ X375, x| #4548, 5k 55,
S5, DT L VA IETA K Rl DX 2 T RlRAAE S G AR, Pk 1R 1, 2011, 33(2): 227-236.]

[27] Li Jijun, Su Zhen. Glaciers in Hengduan Mountains. Beijing: Science Press, 1996. [Z=75 %), 72, WLk Jbat: Bl
2FHRAE, 1996.]



1256 i B 2E 76 %

[28] Cao Zhentang. The hydrologic characteristics of the Gongba Glacier in the Mount Gongga area. Journal of Glaciology
and Geocryology, 1988, 10(1): 57-65. [# B, 5T 1157 B vk K SCRHE. vk, 1988, 10 (1): 57-65.]

[29] Liu Qiao, Zhang Yong. Studies on the dynamics of monsoonal temperate glaciers in Mt. Gongga: A review. Mountain
Research, 2017, 35(5): 717-726. [XI1 74, 5K 55 . ST VAL oK) Wl S5 00T D sl (BR S 28, 1224, 2017, 35
(5): 717-726.]

[30] Su Zhen, Song Guoping, Cao Zhentang. Maritime characteristics of Hailuogou Glacier in the Gongga Mountains.
Journal of Glaciology and Geocryology, 1996, 18 (Suppl.1) : 51-59. [#:32, K -, B B4L T LRI vk 1 0
PERFAE. VK1, 1996, 18 (Suppl.1): 51-59.]

[31] Kraaijenbrink P, Meijer S W, Shea J M, et al. Seasonal surface velocities of a Himalayan glacier derived by automated

correlation of unmanned aerial vehicle imagery. Annals of Glaciology, 2016, 57(71): 103-113.

Monitoring glacier surface velocity and ablation
using high-resolution UAV imagery

FU Yin', LIU Qiao’, LIU Guoxiang"’, ZHANG Bo', CAI Jialun',
WANG Xiaowen"’, ZHANG Rui"’

(1. Faculty of Geosciences and Environmental Engineering, Southwest Jiaotong University, Chengdu 611756,
China; 2. Institute of Mountain Hazards and Environment, Chinese Academy of Sciences, Chengdu 610041,
China; 3. State-Province Joint Engineering Laboratory of Spatial Information Technology of
High-Speed Rail Safety, Chengdu 611756, China)

Abstract: Unmanned Aerial Vehicle (UAV) has been developed to obtain high-precision, high-
resolution and three- dimensional (3D) dynamic of glacier surface, which is helpful for
revealing the movement and melting of glaciers, so it has become an important technology for
glaciology researches. Because the high- resolution image data can be used to effectively
identify the detailed features on the surface of the debris-covered glaciers, this study employed
the pyramid image set combined with the least square matching (LSM) method to track the
feature points of 3D displacement field. We acquired digital orthophoto map (DOM) and digital
surface model (DSM) by UAV mapping at the lower part of Gongba Glacier, Mt. Gongga, on
June 9 and October 17, 2018. Feature points were extracted and tracked to obtain a 3D glacier
surface displacement field, which suggests that the mean surface displacement velocity was
7.51 cm/d and the ablation was over 11 cm/d at the glacier tongue. This study provides
effective reference for monitoring glaciers and glacial related hazards in steep terrain regions
and unreachable mountainous areas.

Keywords: UAV; LSM; pyramid image; Gongba Glacier; glacier ablation



