55 44 3% 55 6 1] Y S 1| Vol. 44, No. 6
2022 4F 12 H JOURNAL OF GLACIOLOGY AND GEOCRYOLOGY Dec. , 2022

DOI: 10. 7522/j. issn. 1000-0240. 2022. 0149

CHENG Pingping, WU Kunpeng, XIAO Letian, et al. Application of UAV equipped with high resolution sensors in fine topographic mapping[J].
Journal of Glaciology and Geocryology, 2022, 44(6): 1707-1716. [#2FF, S3MMs, H IR K, 5. Jo AALIE 05 43 HE A% RS 70 RS 4 3 %

W R R R T, vk A, 2022, 44(6) :1707-1716. ]

T AW B 4> P R e R SR ZE RS MR T
WS B i FE

Z I,

HAKR?, FHAEAE

(1. ZROME I M SR IFBE , 8 8] 2410085 2. K BRI S A 8L AR TERE , = B 6500915 3. sPEFRLBE Pi-L

ST ERATIE BE VKRS [ 5 S 5080 %, HOl 241 7300005

4. R R HhERE S a5 8 TR0, iR IV 411201)

O AN R R A RS SR IE S AN B 7 R LR (DSM) |, RERS AR AF A S WORS 21 3
TR MR . 8 SCLARUAR 1 iy DR S oK1 A S A F 5 X, 1) M300 RTK JE AL BC 4 £ MOP &
AAAIL, ARAT T b TE 43 B850 1.5 em I IE 18 & DSM. 5 il K38 S8 AU Planet 5% 150RIN AT e R AR Y
TanDEM A L¥, o AHLATIN AR A TE S 5245 . DSMFER B 5 ok R IEDE &S HAABOR IS . A
SO I BE B v R LA 0 BE I R 1% , RE A6 AT 280 IO 2L L oK T I8 49 23 A1, HL A Sl R B 22/ T
10%. Rt , o AAUATIN 3R A DORS S AR DN AITZE i B A W ORI 1 ), TR AR Bk T

V/SIZOMI ST UNVER: N 20 v SN fo:h AL

K AN FEEI . IESTAR KEAHIE ; HESR0k)1]

FESZES: V279", 2; P232 XHRARAERD: A

0 5|8

Hi IR S b R R T8 Y = R RIS R 24
AR 1l e S AR TE 25 B FEAS Y U AT 1 T 2507 v AR A
LIPS O LR SY P N IR G X e S AN (e W 7N
G MY M b 5T 9 | IERUK SCE A T AT
YN TR, BRI R R A B v AR AR A
(Digital Elevation Model, DEM ) H. 45 1 2 & %, 7]
DL R FB R TR SR o S5 it 8 2

RES G X
1 AR (4 R Sl T IXIE TS AR R

FE R MO W5, 7= A2 T 2 505 = PR AR AU
il AR TR DEM 2B R FE 5 =
X AR ARG R o A AL AR B A T
SOOI 1R PR S RGO AR B
7 DEM W 32 2 AR R, 40 55 [E Terra ASTER

fm HEA: 2022-10-05; &iTHHEA: 2022-11-22

XEHS: 1000-0240(2022)06-1707-10

: [ SPOT £41] . E %R =5 (ZY3) 5" HOh
LGS B AR I ) 52 =55 KA . & AL
1R IR T I —Fp T Sh X MR &R 4, an 35
SRTM DEM (Shuttle Radar Topography Mission) .
Ki %5 J7) TerraSAR-X/TanDEM-X "' | {1 Ji BA
KRB A RAE ST A2 = S AL (H
K B2 119 DEM ZE 5 ) 32 1) 8] | 2 18] 25 AH 26 S RS AE
R B R ZEE W, ORI S RIE R BAY&
FE OGN AL 1) b THD A SO Dk b I 422 M5 [ i
5 IRAE OB AR B ] TR LA SR E B BOE
BE 75 2 (9 77 9%, W ICESat GLAS #i1 ICESat2 AT-
LAS!™ ™ =gy U] S8R RUEE (1 # P i
BAE SO BE 25 (] 53 HE 3 2 Dy AT A R4 e

R R A AT 2R U 1Y S e o 50 N U B 2 e |
i T2 WA 000 75 SR e e TR, o S DX 3 e w1 R
E5] - 2a o I e B A0 0 = B U - S i

EEWH: aMA HAREIEEIH (202205AM070011) ; 8 5 A R} 34 300 H (42171129) 5 7] 1528 & J' KK [ BRAF 58 poc 224
T AFFE 4 (CBAS2022DF020) 5 55 UK 7 i =i U BF 24 2545 25 2855 701 H (2019QZKK0208) 5 25 i K2 A A 51 k35 H 7% B

TEE ' P21, Bha, FZNFHIZMZAESY . E-mail : chengpingping2007 @ 126.com

BEMEE: 20, RIBEGE R, B2 MRN8 oK) AS Ak oK He kK %9555 . E-mail : wukunpeng@ynu.edu.cn



1708 K JI

7 + 44 %

82411 X, B0 K B R ORG240 b R W I & 22 R
AVHITE S5 DR 5 M, o DL AR B G B B R R
A, JEAESK Bifi % JC A ML (Unmanned Aerial Vehi-
cle, UAV) AR B AW 583 , 7T DUAAEA [\] 25 [a] RUEE
BRI B A BRI SAR . AL
1F B 52 4% A0 % 5 4 1 45 AU (Digital Surface Model,
DSM) BB A5 AR 4 1Y Sz WA 20 b Y 3% T e 1iE , 78 &2 2%
WX EA Tz 0 o A PG &R & B R i A K
JI, S0 A H Te ML i i ALK 5T, 24
HHAE AR BR RUEE UK AB AL AR N k)1 AR 1R 72 L 46
VKN AR v kR 3R = AR b S SR RIS Bl
fif /Y5 K K I RFAE SR, 4N Yang 25 I JE A AL
FRIBCT F 7R i b DX K R SR 300 9 Rl D) 2l 2 2 4k
W S5 F I T AL J it o 0 k1 s, o3 A T
UK R TE A 19 4 5 R s Immerzeel 45 F I T
FLAE 0 - 5 A L b DX oK) ol B Bl A A8 Ak, L 4
KN 5Pz sl B, IR 40 1 ok )1 R TR 28
XF UK Rl ) 222 5 ) o T R 328 R vy K ) 1 0 T
TR, 1 7Y 1l DX K[ 385 3 222 3R 4 L 1R 4 1
Fomml 1 DL AR e H XU VR AR VKO ol

96°30'E

FU UK R R (B2 H R | RE - A )
183 715 1o 7 b XA ] 26 280 )1 %o A 72 b A JRe
25 e SO TR AL KO R B R AR S A B
U TR TR T R T ALK
QY-S & 3 TGN €3 PN e
B, KON 2 T 5 R B 250 UK T A2 AT 58 A B 25
MO AL 32 T RN T B R, AN 2 LATT
JR DX 3R JBE ) oA T 26 TR PR 25 N i A i J 2
(] 73 H R O BR ), X LT g vk 1 R DE 2519 A shi
SR, AL A T TE A HILIT R oA | XN 20 308 B D A5
B o ARSCLABAR W (0 I A M DA 5 ok )1 R
S AT IX 3l d JC ABLER R I, SR 2 e
FAF DRI AR B i R E 2, S vk
IS A AF 5% B 2 S, [R]ESE oA 11 DO 41 b W i A
TR

1 #RXH#R

B A LS T 7 8 e JU R T, SR DY -
AR (P 1), R A K vk Rk 45T

96°30'E

(a) 18 FI A 4 X 0 5 0K M
96°45'E

/ 96°46'E

96°45'E

29°20'N

29°19'N

96°46'E
(b) BEFE VKA 54 T0 AHLPOS Befjide 3 Ai
B b H A b DX R 550 )1 M PR A7 B, JRC TR A Landsat8 5215 (I B ALA B654) (a) ; Tt 55 vk )1 A v 6 AAL POS
T ML 50 A, JIEIE 9 Planet 8414 (B BE4 4 B432) (b)
Fig. 1 Overview of the Kangri Karpo Mountains and Yanong Glacier, with background of Landsat OLI image (B654) (a);
POS and Route of UAV at the terminal of the Yanong Glacier, with background of Planet image (B432) (b)



6 1 PP 28 o O AL 20005 73 B 3 A2 TR LA A0 2 M 00 e ) 1oz 1709

N5 AT VL S Tt 0 BB AT 71T T 8 it VA %€
B R 0 A 2 XUy ok 1 Y 7K Y L R e )
AR 1) PEAE IR A, B A HOE 19 46 T B 3 i
KN Z A XA SR 7R -8, 9~3. 2 T2 IRl ffi 45
ZHL X R B AR K[

ORISR, 2015 4F (< H I A kb DX B 7K )1
1166 %%, THIFR 2 048. 5 km?, - 0K )1 AL 1. 76 km*™¥
1980—2015 4 [1] , % i IX vk )1 T B> T 24. 91%,
Wy 155k (—0. 46+0. 08) m w. e. ~a”', H ¥ i S fir
SRR 7 B 2R T IS Bl R R A
I i X i K P I 7 AR R ——fE S K )1 (T AR
173.0 km’, £ 31. 1 km) , 35 2 40 4 [a] i B /D o 5
70.30%-a”" , Y FTAR (—0. 65+0. 22) mw. e. a”',
KK sl B ] 355 (~660+£25) m-a™™ ™,

2 EIEIRELS AbIE

2.1 FA#LAT

P T A T e DX 5 K ) | R s b TR B2 4% (R
T SR A LA I =R B MY T, A BIE S k)T
AR g FF e T A ML RZ I o o AR BIF 5 4 FH K 35 )
BHEA RS 7] (DI M300 RTK (M3R) &AL, I i
41 M6 Pros(M6P) il BUAHAL . ZAHHLIL B4
JSF35. 7 mmx23. 8 mm, i3k A1 40 mm, AL
142 6 100 77, Bl ss =R & BT U T4
WE S Gt nT LA 3 s B0 T A 7 e o e
YA, 7E RAT R B IE N 160 m B, I fL s

BRI IE S 5215 HL I 3 BE 22292 1. 50 em-pixel ',

ARTFSE T 2022457 H 31 H 769 7R P b DX AfE 55
VKN AR v FF R T 2 AN 6AT SR A @A77 K
i WaypointMaster {4, & 5 A6 T I 7 L, JOF &
A ALOS 12.5 m 73 ¥R DEM, il i X &~ 160 m,
fL 1] 5 55 1) B B 90% , A= Al M A 4k o 38 2ok 545 Hb
IRUIRS NS GEE 5% g Ol o - S AT 31 W | L% 5 N D
FERTCANL A S . H T 0K )1 R S M % 52 2%, b
TR 458 0 M DAAT 38, DR DL AR F 9% R ) TG A5 428 A5
MCE ),
2.2 HiEAhIE

M3R+MG6P it il 4F: 55 56 B , 3k BOf 8484
384 1 . 1 S5l i SkyScanner #{4F T FAHML A 77
POS %4l , ¥ POS {5 2.5 AMU4A I8 A, A2 il Con-
textCapture@*%?Aﬁ:‘ﬁ Uil TR X RS, AR5

il it ContextCapture #7711 R 8L, [ 4525 p

AR AR VLAD | IE SR I S B B R
ﬁ*%ﬁ”(Dlgltal Surface Model, DSM ) #4 7 4% . 56
X Z SRR G- 22, 456 POS RG-S 5 i
JGE PR A4 RRAE A, d S R P 2218 25 05
il A R B AN LI ER o TE AR SR AR R B9 S T
FLICR I, AR R R w5 T = UR AR
M =2 TING ARHE =2 TIN 7 &% 2., ITHT
S AEIL AR R, 50 b T S 5 — 4R BRI AR
W 2, d 2645 3 46 bR R WGS-84 s T 43 3 5y
1.5 cm (I IESHEZAR A DSM ™

Fe NHUH F ‘ﬁﬁ%i
ZHETIN |—»| YR
POS{Z B %% JP

12 To NHUATIN K H a3 i A
Fig. 2 Flow of UAV aerial survey and data processing

2.3 RENH

FH T 2R FH TCAG 4 A =X, A A 1 G
SZAGR DSM AN S P PEAS 32 X T AL CATE
AUER A BOE) AR ICHL . 3T 384 IFA R A
B2 h = R AT R — I UG AR B AE AL
frERE  EX T PERRER 1.5 em Y J7 [
22N 1.36 cm ZJ7 0] V-1 224 0. 33 cm. 1E5%
G VL L FE b, AR B 269 087 N34z a1
A mUR MR DS IE , Ak 530 T i G i £ P 1) %
P PR IR 2E 0. 51T Mot (E 3) .

3 #R51TiR

3.1 T A&

F1IFH M3R Jo A HLHE BE & 50 M6P & il L AH L |
POS &b FRAR {4 SkyScanner , 25 = i 5 % 4 Context-
Capture, £33 7 HiTH 73 B30 1. 5 cm B IE S 245
DSM(44).

EBF RS B T X AL 3. 7 km?, He P k1]
X AR 2. 35 km®, 7 BN X AR Y 63. 5% 7K1
X R R AR, Tt SRR KA ] 23 A o 7E R
VKX, DKTHE A8 B — A /b 1 vk S4B R oK T i



1710 7K Jil + 44 45
4
* _ L5
$ 2
&
#1of
S i
3F * =
. . * % 05
= -
& i : s
i 2f (o) IRELE W
i
E[_
&
K
1}
[ B |
<0.5 1.0 2.0 >3.0
O 1 1 L
X Y z (b) R IL LIRS
(a) B BT E I

Fig.

K3 T AHLBEZ IR 2 R A E AT EE (a) , R ICRCIR 22 (b) , 4 AT RCIR 2 5811 ()

3 Uncertainties of UAV aerial survey: photo position uncertainties (a), RMS of Reprojection Error (b),

statistic of photo position uncertainties (c)

96°46'N

29°20'N |

29°19'N |

(@

0 250 500 m
-_—

Tk 1 X

96°46'N

29°20'N 29°20'N

29°19'N 29°19'N

(b)

Hf/m
i 4323.61
394873
CIBvk I X
0 250500 m
[ |

96°46'N

K4 T AR ES 5218  DSM KUK & & VKL DK | DK T i)

29°20'N

29°19'N

Fig. 4 Orthoimage and DSM acquired by UAV, and crevasse, ice cliff and glacial lake



6 1 PP 25 - T AHLEE 005 7 B 5 A TR K 40 T2 M 0 v £ 12 1711

KRE. HRBEEX, R TRBA2ZEFHEMER,
KEVKRPE VK KA T . DSM s, iK1 X
KM B R V-2 B TREEE 2R B, b
TV AR S A Ry 3 W 5 DA VKT DX 1) 19 A0 35 7, b TE
WERR T XK & B M s 3 A 55 0 FR
PEHLS
3.2 SmREREEGILL

ARSCIRILT 8550 PR B 1% Planet AT 5
FEEA TanDEM, DA LUt K 38 J86 5 T A HLA I 72
VKINFR IS K HIE i ik 22 5% .

Planet 5% {5 £ & 214 i FI 21 7 04> % B, 25
] 53 3825 3 m, B[] 20 BEAE AT IR 3] 1R AR SCHEHL T
B IC MU B A (2022427 H 31 H ) &L L=
Planet $21% (A% 5] 2022 4E 7 H 25 H ) . Planet 5%
PGP R DX A BR UK 5 B AR i 57, H 2 vk 1]
GEITR-E AR T8 I iE| 3 Eb s W] R i)
HCIFRAE (SCREE A , fEME LRIk N 3 A . HL
T WG B AR L , Planet 5245 76 R 9 0K )11 26 18
WA —E WME . 1 JC AMLIL S i) 25 3 B fE
REK N A5 KON RETES BB

96°46'N

TanDEM & ] H 2014 4= 3 H 13 H 3K B Ter-
raSAR-X/TanDEM-X 514 , il i & LR TR ik T
| 7 (Interferometric Synthetic Aperture Radar, In-
SAR) 15 1 [ 25 [6] 73 HE 3 12 m (19 B0 F = FE AR AL
TanDEM # B} (8] 5 6 A ML i TR ], 59
PEAS VKNS A AR P AEORK , T 4 B 33K A K ) 1]
AR ZE 5, PIHA S HE TanDEM 5 DSM Xt
K AP Rk B ) o AR SCHEE T — 40k X A
| T2 PP, LA ECK ) X % i [ E 5 (a) 1.
TanDEM [ PP’ b JE 1 T .75 , PRI DG K IXC e i 42t
HELE PO FEAR IS i vk X = R I sh e /N LS
(b)]. DSM KPP’ #JE &1 7S , AN T vk DX
Y5 TanDEM (1) PP ] T S AH R R (A ZE VK1 IX, 5
FEA B0 B W 3, vk I AR 42 2= [ 181 S
(c)Jo Xof v A gl 2 050 db 3 1) X3, 3 3 A 2 O o
SHEAZ A DSM & B, 1% K I0A KRR AR AT,
HY T 20t 4B 25 S A, 5 B0Z X S O 2 AR
W AT AR 18 K U TanDEM,
To N AL DSM RE 1% i 0 2 15 VK 1| IXORS 41 b JE
FEIE.

29°20'N

29°19'N

— R L

4200

29°20'N
4150

Eifd/m

4100

4050
P
(b) TanDEM

29°19'N 4200

4150 |

4100 |-

Efe/m

4050

96°46'N
(a) i X B R AL

4000
! o
(c) DSM

PS5 i DX R v R AL A (a) R oK i) T o AL AR : TanDEM(b) \DSM(c)
Fig. 5 Elevation changes in bedrock (a) and elevation fluctuation in glacier surface along
profile P-P’ with TanDEM (b) and DSM (c)

S [A] I, A SCGA LT TanDEM F1 DSM 42 HU T
FULI DX b T B o I BE R A R0 R R, BT

TR UK Xy 0 4 MR B e G I R B 7
TR 5 0 T2 VK X 97 46 15 1 24k 9 BT 5



1712 7K JIl

7 + 44 %

— G MRV X, PR i R AR R i 3R 38 9 334
FERFAE 5L 18 25 5% . TanDEM $2 B3 B 7R vk )1
DXl AR R~ 2, AN J2 DA ] DR 22 e T il ok
AHIE B AR AR L . DSM R U IR s, ZERR UK IX

96°46'E

I B AR F- 22, 7 R M5t UKL R DXl b e AR
JRIE 5 [ I G 5 %Xﬁtkﬂ,mbﬂzr“%ﬁﬂéﬁﬁ
TUKZ4BE VK EE AL (L 6) , B itk Te A HLATI DSM §

% FH T 4 O 24T

96°46'E

(a) TanDEM3; i
29°20'N -

29°19'N |

HIE°)

89.85

0.02
0 255 510m
[ s

(b) DEMY i

1 29°20'N

1 29°19N

I0.0Z
0 255 510m
[ m—]

Bl6 L X vk T 2 i B MO 25

Fig. 6 Surface slope and characteristics in surveyed area

3.3 KEHFHEESRE

AR, vk 3R R IR Y S AE UK A5 4k
VK9 S0 5% A SR , vk e i i) & & X
VKN A 5 2578 oK) BR B ai A vk LB 5k
PG AR IR SCK DSM B 43 B 2 BH L vk LB
bk;%ﬁﬁ&@t;ﬁ%%ﬁ,Tﬂﬁﬁbﬁzglﬁﬁﬁ 17
PRI, PKIEE IESS 248 b A B 20 Bk TIE
B BAUE RGB (£ 405 U8 , AR B AL E R,
ARSI i RGB A5 I BEHE Bk T i
3.3.1 pkZp

XFIE S 5245 5 DSM B B A4 #T , K24 Bt 32 2243
ATERR VKX, HLUK B Ab 52 B R B o X L 4T
KB, UK SR AL 3 B R F 60° . AR SCE B VK X
S X, 38 A 3 B R 7 (slope>60°) R U 45 [X.

UKL A o A A R . fR T 2B B B KT
To AT DU K 5 Hb T 3 2R, IS A HLAT I AR B
DSM 7 4 B H (] {37 7 3¢ B4 o S 4H 308 ot B 1
PR DL ICE B 2B 4 A o T UK LB 2k
(A WA ), 78 4 B v ] 437 8 O S 52 18R B
XF H RGB A5 B % B, 210 A5 e B A vk 24 B v
() A7 2 RSB AIG, 1) T R AR I8 Be 1 {3 (R<50) AT
A R BUK B H ) 7 B AR R . MR R (E k
IR A B BUEEANSS & R AT B G2
R ] SR HR e B 24 B oA (B 7) o WAl F sh 4R HU
UKL B N T H AL T 385 R 4 A, X L
RIL, H S BN KR BURE FE AT 353 90%

MUK ZEBR 5 A RRAE 0] LB Y, VKB 35 2 T B
TN ERERE R LT - AT X LA TE SRR 6 7k



6 4 PP 25 - T AHLEE 005 7 B 5 A TR K 40 T2 M 0 v £ 12 1713

/ oo //i//(/é///////;f// u/

A
// ’/”,l/// g
///1’ Hri

il ////f g sy

(@
P73 B S RS B I (i SR BB - TR SR 245 (a) , B (), B B2 KT 60° (A% 23 A ()
RSAG I B (d) , R AR BOR BEAE/INT 50 (S (e) , B 7(c) 5 7(e) MHE 4 (f)

Fig. 7 Ice cliff extraction by slope threshold and Red band threshold : orthoimage (a), slope (b), the raster of
slope larger than 60° (¢), Red band (d), the raster of Red band smaller than 50 (e),
the combination of slope threshold and Red band threshold (f)

JNZ Bl 77 1), N 22 HE 55 vk 13z 2l B R, 45K
HARMENAET ., BRKEZERBE, LKA
IKFN 290 m, Fefi PR LY 2 m; BB VE R AT 10 3
Z5,BIM0.5~3.0m FE . XHIR X K & B kR
BRGE Tt 43AT , VKL 53 A %% B AT 35 5] 8. 44% (VK
PR TR R TR ) o
3.3.2 ki

XTIE S 52458 % DSM /) B3 AT , 0K 3= 3 A
ERBESG X, HEAR R, X adr ki,
VKT R 400, AR SCEE BRI 75 X Ok
6 X, T8 5 0 {1 V5 (slope>40°) 3R Bt B [X vk 2
W25 53 A s S o FR 1 T A HLA I 5080 4y B %
B R R A AR B R T 40° 1 X 3. AH
X Fefist X R B UK EE |, B R 3R Mt Jo] 320 DXl R A ¢
N, B AR ESE . I 50x50 8% % 11, H-4H LA H
A , 7T A SO B 5 /NI IRST AR T, 3R ICUK 43
1 (&8),

6 H T H AR R DR o KRR 30
(3 B A K BB 1R 25 /N T 10% . BT JC AHLAR
D TE S B B (5 B I DURI I UK 5 3%

© ‘ o

it XA (] D' 3 1) S 53 W SO P BB 2 A
I, A B e KRR AR BBURS B2, BRI AL 20
AR IRES . W X SR B VK Ge it o b, vKE
A3 Hak B 7. 78% (K 1 A AR I X AR ) o
3.3.2 KW

XFIE ST AR RGB AR By B A4, B T
LR B WA, UK TR R UG B 5 oA
WAEBEZES ., ACGERTIKEETEETX N
TR X, 3 A RS B i 7 (R<100) FF Jié vk I
PRI . B e A A ) PR R BURB B N T
V) (L P B A 5 SR TS AR B O L KN T A A A A
FE, RS e o O s e JE IR ARG A, R A
T H Wk A, Bl vk i ok i, A5 2 vk 84y
M (E9).

R X I & B A vk, i A T H R
AR E I TR 657. 28 m?, BELT: H oh H B4 i i X
iK609. 79 m’, FRPURZEN 7. 2%, TR S
TR2E 5, B — B AR U AN [R] vk T, R 254 r
25 H BRI 2ZE /N T 10% (3R 1) .



1714 7K JIl

7 + 44 %

96°45'55"E 96°46'00"E

29°19'00"N

29°18'55"N

96°45'S5"E 96°46'00"E
(a) IEGHAR

29°19'00"N

29°18'55"N

96°45'55"E 96°46'00"E z

29°19'00"N

29°18'55"N
29°18'55"N

96°45'55"E 96°46'00"E
(b) VKA

K8 UEE IR

Fig. 8 Ice cliff extraction by slope threshold: orthoimage (a) ; the distribution of ice cliff (b)

96°45'56"E 96°45'58"E

z z
b b
< =
& &
\:I WEH%%%EXE{I TKEWELA
[ ATRBRIKEWLR 1 .
96°45'56"E 96°45'58"E
E9 VK HEE
Fig. 9 Glacial lake extraction by Red band
threshold and manual
1 KIATRR M R 22
Table 1 The area and uncertainty of glacial lake
N TRk [ER(ERER YIS
UK RIS

ki g AR

@ 17.38 17.58 -1.2%

@ 38.21 36. 14 5.4%

® 58.59 60. 36 -3.0%

@ 543. 09 485.71 +8.7%

B 657.27 599.79 +7.2%

4 HFHRERE

TE AL TE S 52 A5 R R 7 2 1 A A RE A AR

1 2 WK 20 b Y SR TARRAE  FEE 24 ILIX B2
i o A SCRH M3R JE AL FE & 50 M6P il
A AL . POS 4b # %% {4 SkyScanner ., 25 = fif 55 B {F
ContextCapture, 15 5| 7 Hi [ 43 HFH N 1.5 em (19 1E
F521% S DSM,, ﬂzﬁﬁ?ﬂﬁzﬂr‘uﬂkﬂ“:%%ﬁ%u
ML RFAE o A FLB T o 20 AR G SR 4 Planet
F = AR BLR TanDEM, Jo A ML I 1E 54 5% 1% .DSM
TERRBK N5 N R EDIEE EBABRILH,
A% MR 223 VK 1| DXORG 4H R APk

YRR IS AN R i R k)N 5T, 28 4R
quﬁﬁﬁ'ﬁ??ﬂ(ﬂlm%@i@ﬁﬂﬁk)'lmkﬁf (kR
UKV A i 14 1R 3% T8 vy A 728 A S 3R 1T i Bl i E i
V5 B KRR AE S B o AR ORI 0 B B v
R AR B (B, R A R HR UK AL Bt L T I8 1)
A, H A SRR 22N T 10% . (B T I AN
DE SR B 6T A5 B, ME LA R R J2 B s
248 . PRtk RSk R JC AHLIT RS 240 1B 5%,
R T AWAE B 2008 HOLTHE IR 2 AL,
Dt AR BUIE R IE RS . B F 2, TA
BLATC I 5 B K 1 DXONG 240 Hi W 7 A > vk ) 1 5 v L
AR KB 7, U 3R KRR B S 15T
IR BE HL TR X5 K A2 AR 52 i, AT A RCTR# MR i
RIS R

£ 2 3Lk (References) :

[1] LiZhenhong, Li Peng, Ding Dong, et al. Research progress of
global high resolution digital elevation models [J]. Geomatics
and Information Science of Wuhan University, 2018, 43(12) :
1927-1942. [Z4R3E, 2208, TH&, 6. 2Bk PR Ee s
FERAIDT R SR [T]. RO, 2018, 43(12)
1927-1942. ]

[2] LiX, Long D, Scanlon B R, et al. Climate change threatens



6

PP 28 o O AL 20005 73 B 3 A2 TR LA A0 2 M 00 e ) 1oz

1715

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

terrestrial water storage over the Tibetan Plateau[J]. Nature Cli-
mate Change, 2022, 12: 801-807.

Khojeh S, Ataie-Ashtiani B, Hosseini S M. Effect of DEM res-
olution in flood modeling: a case study of Gorganrood River,
Northeastern Iran [J]. Natural Hazards, 2022, 112: 2673-
2693.

Bove G, Becker A, Sweeney B, et al. A method for regional
estimation of climate change exposure of coastal infrastructure :
case of USVI and the influence of digital elevation models on
assessments [J]. Science of The Total Environment, 2020,
710: 136162.

Shao Z, Fu H, Li D, et al. Remote sensing monitoring of
multi-scale watersheds impermeability for urban hydrological
evaluation [J].
111338.

Zyl JJ V. The Shuttle Radar Topography Mission (SRTM) : a
breakthrough in remote sensing of topography [J]. Acta Astro-
nautica, 2001, 48(5): 559-565.

Krieger G, Moreira A, Fiedler H, et al. TanDEM-X: a satel-
lite formation for high-resolution SAR interferometry[] 1. IEEE
Transactions on Geoscience and Remote Sensing, 2007, 45:
3317-3341.

Wang T Y, Zhang G, Li D R, et al. Geometric accuracy vali-

Remote Sensing of Environment, 2019, 232:

dation for ZY-3 satellite imagery[J 1. IEEE Geoscience and Re-
mote Sensing Letters, 2014, 11(6): 1168-1171.

Hugonnet R, Mcnabb R, Berthier E, et al. Accelerated global
glacier mass loss in the early twenty-first century [J].
2021, 592: 726-731.

Pieczonka T, Bolch T, Junfeng W, et al. Heterogeneous mass

Nature,

loss of glaciers in the Aksu-Tarim Catchment (Central Tien
Shan) revealed by 1976 KH-9 Hexagon and 2009 SPOT-5 ste-
reo imagery[J]. Remote Sensing of Environment, 2013, 130:
233-244.

Wu K, Liu S, Jiang Z, et al. Quantification of glacier mass
budgets in the Karakoram region of Upper Indus Basin during
the early twenty-first century[J]. Journal of Hydrology, 2021,
603: 127095.

Wang Q, Yi S, Sun W. Continuous estimates of glacier mass
balance in High Mountain Asia based on ICESat-1, 2 and
GRACE/GRACE Follow - On data [J]. Geophysical Research
Letters, 2020, 48(2) : €2020GL090954.

Zhang G, Chen W, Xie H. Tibetan Plateau’ s lake level and
volume changes from NASA’ s ICESat/ICESat-2 and Landsat
missions [J]. Geophysical Research Letters, 2019, 46 (22) :
13107-13118.

Kiadb A, Leinss S, Gilbert A, et al. Massive collapse of two
glaciers in western Tibet in 2016 after surge-like instability[J].
Nature Geoscience, 2018, 11: 114-120.

Zhang Z, Liu S, Zhang Y, et al. Glacier variations at Aru Co
in western Tibet from 1971 to 2016 derived from remote-sens-
ing data[J]. Journal of Glaciology, 2018, 64(254): 397-406.
Bash E A, Moorman B J. Surface melt and the importance of
water flow: an analysis based on high-resolution unmanned aeri-
al vehicle (UAV) data for an Arctic glacier [J]. The Cryo-
sphere, 2020, 14: 549-563.

Fugazza D, Scaioni M, Corti M, et al. Combination of UAV
and terrestrial photogrammetry to assess rapid glacier evolution
and map glacier hazards[J]. Natural Hazards and Earth System
Sciences, 2018, 18(4): 1055-1071.

Xue Y, Jing Z, Kang S, et al. Combining UAV and Landsat
data to assess glacier changes on the central Tibetan Plateau[J .

[19]

[20]

[21]

[24]

[25]

[26]

[27]

[28]

[29]

[31]

[32]

[33]

Journal of Glaciology, 2021, 67(265) : 862-874.

Yang W, Zhao C X, Westoby M, et al. Seasonal dynamics of
a temperate Tibetan glacier revealed by high-resolution UAV
photogrammetry and in situ measurements [J]. Remote Sens-
ing, 2020, 12(15): 2389.

Wu K, Liu S, Zhu Y, et al. Monitoring the surface elevation
changes of a monsoon temperate glacier with repeated UAV sur-
veys, Mainri Mountains, China[J]. Remote Sensing, 2022,
14(9): 2229.

Immerzeel W W, Kraaijenbrink P D A, SheaJ M, et al. High-
resolution monitoring of Himalayan glacier dynamics using un-
manned aerial vehicles [J].
2014, 150: 93-103.

Miles E, Mccarthy M, Dehecq A, et al. Health and sustainabil-
ity of glaciers in High Mountain Asia[J]. Nat Commun, 2021,
12: 2868.

Bhattacharya A, Bolch T, Mukherjee K, et al. High Mountain
Asian glacier response to climate revealed by multi-temporal sat-

Remote Sensing of Environment,

ellite observations since the 1960s [J]. Nature Communica-
tions, 2021, 12(1): 4133.

Zhou Y, Li X, Zheng D, et al. Evolution of geodetic mass bal-
ance over the largest lake-terminating glacier in the Tibetan Pla-
teau with a revised radar penetration depth based on multi-
source high-resolution satellite data[J]. Remote Sensing of En-
vironment, 2022, 275: 113029.

Ke L, Song C, Yong B, et al. Which heterogeneous glacier
melting patterns can be robustly observed from space? A multi-
scale assessment in southeastern Tibetan Plateau [J]. Remote
Sensing of Environment, 2020, 242: 111777.

Wang R, Liu S, Shangguan D, et al. Spatial heterogeneity in
glacier mass-balance sensitivity across High Mountain Asia[J].
Water, 2019, 11(4): 776.

Yang W, Guo X F, Yao T D, et al. Recent accelerating mass
loss of southeast Tibetan glaciers and the relationship with
changes in macroscale atmospheric circulations [J]. Climate
Dynamics, 2016, 47(3/4): 805-815.

Zhu M, Yao T, Thompson L G, et al. What induces the spatio-
temporal variability of glacier mass balance across the Qilian
Mountains[J]. Climate Dynamics, 2022: 1-23.

Zhu M, Yao T, Yang W, et al. Energy- and mass-balance
comparison between Zhadang and Parlung No. 4 glaciers on the
Tibetan Plateau [J]. Journal of Glaciology, 2015, 61 (227) :
595-607.

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

Brun F, Wagnon P, Berthier E, et al. Ice cliff contribution to
the tongue-wide ablation of Changri Nup Glacier, Nepal, cen-
tral Himalaya[J]. The Cryosphere, 2018, 12(11): 3439-3457.
Dehecq A, Gourmelen N, Gardner A S, et al. Twenty-first
century glacier slowdown driven by mass loss in High Mountain
Asia[J]. Nature Geoscience, 2019, 12: 22-27.

Shean D E, Bhushan S, Montesano P, et al. A systematic, re-
gional assessment of High Mountain Asia glacier mass balance
[J]. Frontiers in Earth Science, 2020, 7: 363.

Wu Kunpeng, Liu Shiyin, Bao Weijia, et al. Remote sensing
monitoring of the glacier change in the Gangrigabu Range,
southeast Tibetan Plateau from 1980 through 2015[J]. Journal
of Glaciology and Geocryology, 2017, 39(1): 24-34. [ R4
W8, SUmHeR, B, 2. 1980—2015 47T B w1 S AR S i
H AR Ly AE A YR B [T ], vk )R, 2017, 39(1):



1716 K I

+ 44 &

[35]

[36]

[37]

24-34. |

Yang Wei, Yao Tandong, Xu Baiqing, et al. Characteristics of
recent temperat glacier fluctuations in the Parlang Zangbo River
basin, soutbeast Tibetan Plateau[J]. Chinese Science Bulletin,
2010, 55(18): 1775-1780. [k, WhHAR, 1RH075, 45 . I
SU1 78T AR 1 01 A A I K Y AR AR AR (). B2l e
2010, 55(18): 1775-1780. ]

Ke L, Ding X, Zhang L, et al. Compiling a new glacier invento-
ry for southeastern Qinghai-Tibet Plateau from Landsat and PAL-
SAR datalJ]. Journal of Glaciology, 2016, 62(233): 1-14.

Li Xia, Yang Taibao, Ji Qin. Study on glacier variations in the
Gangrigabu range [J]. Research of Soil and Water Conserva-
tion, 2014, 21(4): 233-237. [, HRMH, 5. K HE
A X VKN AERTFE [T ). K AR FFRITSE, 2014, 21(4)

[38]

233-237. |

Wu Kunpeng, Liu Shiyin, Guo Wanqin. A dataset of glacier
distribution and glacier changes in the Kangri Karpo Mountains
during 1980—2015[J]. China Scientific Data, 2018, 3(4) :
64-71. [ SIS, XIFER, SETTER. 1980—2015 4F b H A i
Ko A s e 7], b RS, 2018, 3(4): 64-71. ]

Wu K, Liu S, Jiang Z, et al. Recent glacier mass balance and
area changes in the Kangri Karpo Mountains from DEMs and
glacier inventories [J]. 2018, 12 (1) :
103-121.

Wu K, Liu S, XuJ, etal. Spatiotemporal variability of surface

The Cryosphere,

velocities of monsoon temperate glaciers in the Kangri Karpo
Mountains, southeastern Tibetan Plateau[J]. Journal of Glaci-
ology, 2020, 67(261): 1-6.

Application of UAV equipped with high resolution sensors in

fine topographic mapping

CHENG Pingping',

and Eco-security, Yunnan University, Kunming 650091, China;

Institute of Eco-Environment and Resources, Chinese Academy of Sciences, Lanzhou 730000, China;

WU Kunpeng*~,
(1. School of Geography and Tourism, Anhui Normal University, Wuhu 241008, Anhui, China;

XIAO Letian®,

LEI Dongyu*

2. Institute of International Rivers

3. State Key Laboratory of Cryospheric Science, Northwest

4. School of Resource

Environment and Safety Engineering , Hunan University of Science and Technology , Xiangtan 411201, Hunan, China)

Abstract: The orthoimage and Digital Surface Model (DSM ), acquired by the unmanned aerial vehicle (UAV )

with high resolution sensors, could reflect the fine terrain accurately. In this study, the terminus of Yanong Gla-

cier in southeastern Tibetan Plateau was chose as the study area. The orthoimage and the DSM with the resolu-
tion of 1. 5 cm were acquired by the UAV of M300 RTK with M6P camera. Compared to Planet image and Tan-

DEM, the orthoimage and the DSM present the surface feature and fine terrain in glacier area accurately. Based

on the methods of slope threshold and Red band threshold, the special morphologies of glacier surface, such as

ice cliff and glacial lake, were extracted automatically, and the uncertainties of extraction were lower than 10%.

Hence, the fine terrain in glacier area, acquired by UAV with high resolution sensors, has great potential in the

future glacier research.

Key words: unmanned aerial vehicle (UAV ) ; photogrammetry ; orthoimage; fine terrain; Yanong Glacier
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