H ARG AR, 2017, 32(1): 88-100 http://www.jnr.ac.cn
Journal of Natural Resources DOI: 10.11849/zrzyxb.20160108

EF LiDAR.SRTM DEM RY#BiZ L1 25Tt ia
+—ikJI1] 2000—2012 E Y R & HE

REE,FLH,IE L, T M

(1. H ERLEBE PG A IR BT TR 7T e vk o PRk 2 [ 5 T S B0 28/ K 1ok, 244 7300005
2. PEBLA R AR, 05T 1000495 3. PHILITE R 2 M 5 AR 24 B , 221 730070)

FEE . LUAR I L BTG — vk N S 4, R AL 3R = 406 49 #2008 (Light Detection And
Ranging, LIDAR) Fl SRTM DEM %{## , 7E LIDAR s, 7= B0 i Ak 1 | 25 FRsci i v R IE 1R 25T
Al SR 1, N B R SR B Pk P SRR . 261 :2000—2012 4F +— K1 9K
T 5 P2 AL —-7.47+0.92 m, 28 H N -0.6220.08 m- a™', Al 55+ — vk 1| 4 4F 24049 5 - 16 g
-0.53+0.07 m w.e., W T4 }-6.35+0.78 m w.e., A /K YR LN (330.4£40.8)x10°'m’; 5
St L TR0 S K ) g RSP AR AT 6 EE R Y E T A 5 SR 5 T S s LIDAR $odl B AR
1R PRORG N2 ) A3 R, B A OG T AR VKO 1 W BT R 5 mh (9 i FRAR 20, 18 S 3l FE s 1
VKN B A A g, BRI 1 AR 53t

X O ARELSEWRE —uk) 5 vk P B ; LIDAR ; SRTM DEM

FESES: P343.6 XEAFRERD: A XEHS: 1000-3037(2017)01-0088-13
DOI: 10.11849/zrzyxb.20160108

PN RS AR, B e e, A ekl ok 2 BB A ka4, %42
BROKPEIAIA A0 A TIRZIE ", FEBRE VAT, k1R GE R ax 2 57 K
FISE X A S PR ARE PRI, el oK) bR 5 105 | A i) — R PR SC . KB A 2530
355 TR BT g 85 T JRE TR A B RS oK) ) T~ A S W i 1| B B2 R i ) o 2 2
B, XU — ZR 504 B AN KON AZ (A B TRZIR SN, SRk 1 5 e L KB
A B A A I ATk PN 32 2R FIAEAT/ S ik, 2Orikx A1 Wy
WRAEI, VK R 22 A AU A A 25 W iz i DX, (A5 o~ A O 4 vk 11 2
KRN FPSIAR A BR, B X MU EAR A A, 25T R 70 B DEM B ARIBOR
DX R ] P8 B 0 S S T RE s S LD RS U T I R 77K SCER TS
AR BEIEAE B E A S0 DRI YE X o #H5 0A/INAT S TRl , R SR P A3 Y —
PSRRI, TR DCONDK IR X, isbie i e, BoA W] iy 3 B

WiEBE: 2016-01-28; fEITHHA: 2016-08-04.

ELTH: HHXARMERLETH (91425303, 41471958, 41601076) ; H B2 B 76 3 2 6k # 4 (No.
Y629961001) . [Foundation items: National Natural Science Foundation of China, No. 91425303, 41471958 and
41601076; West Light Foundation of The Chinese Academy of Sciences, No. Y629961001. ]

E—EERNT: REFER (1990~ ), 5, WEGHEA, WLU5ea, U078 =40 EOR 50k P B
i, E-mail: xuchunhai716@163.com

HEEEEREN: R0E (1962- ), B, #H506, FEMNFKIISHEE ) HAFFT . E-mail: lizq@lzb.ac.cn

Bt g R B ZE X R A O SR BE RO DL S 4RO G B . TP R B R IR XA S TR
WFFE T b i A A =K SCRER A T S A9 T — DK I A SRR s . B2 )l = e 551 5 S 41579 SRTM
DEM #i J h [E GRR A8 52 a5 R I A U ol il



¥ il 4. T LIDAR. SRTM DEM AR % L B i |-— vk ) 1] 2000—2012 4E4) A A5 2 89

VKNS PSOK SOK IR . AR E X T,

JE4EE, SRTM. ICESat/GLAS. T & MALIETH L. GRACE., Jase i ARG 454K
P )z o T Uk 9 5P AR A I e, HLER = eSO H R4 (LIDAR, Light
Detection And Ranging) F#OGIIEE | 2hA5224r GPS., RN & REEEM N B4,
el A5 LR = N B ik R G, [ B ELA A g 1) 28 ] A R R A5 S 4 i 22 1 H
R, BTS20 BORASRE, B RTSET LIDAR B Tuk )1 W 5 - vh i BFgE /b . A
SCUA BT AR P B s IR Sk i T — oK NN 9], B LIiDAR fE B 05 2 8508 1 49 o -
g, AL —E LR DEM k) 4 S i B AR R

1 W5 X AHENL

VKNl (99°52'40"E, 38°12'45"N) i TARE I Bedbyl, AT Rainr b i
W, 45 N 5Y424B004, YK)INEIRAT 4 775~4 320 m, sH[ANIEIL. WA RA . T
WS, ZRSCNEIKN, PESh/INRILARIPK) . 2010410 A, R s vk 1Rl
ST ARFANE VKNI WA 2R (R B AN 58 T A, R T dakdne K I — 25 0Kk 1 e AR e vk
KNIk " vkI, ARk SR AR 15 T 0 0P 1S Sl B I AE AT B, D
BT, [FIRMEEE 12 millEAL, JEEVKI PR AR T A 2 R MIE, (99°52'40"E, 38°13'

BT i T A e R WL ) 2%

Fig. 1 Location and observation network of Shiyi Glacier
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Fig. 2 Process of glacier mass balance calculation based on geodetic method
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Fig. 3 Ground point cloud of the upper Hulugou watershed
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Fig. 4 LiDAR Raster DEM data of the glacier region of 2012
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Fig. 5 The elevation dislocation of the non-glacierized area
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Fig. 6 LiDAR and SRTM elevation data registration
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Fig. 9 Changes of glacier surface elevation after adjustment of

i, HR R SRS 1 Shiyi Glacier from 2000 to 2012




96 A % % | ¥ il 32%:

SO (RUR R TR 15 0k)1])

VA Ll - — VK %) 40 oA

RBEE T KO A I i g5 Ak

WGMS  (http://www.geo.uzh. ch/

micorsite/wgms/literature.html)

Mt E 10 RIEH, 10 ab

— VK5 15 vk )19 B P15 TS

WTEAS AR B R A

WAL, HRAE WGMS $ 41 11

TR, 1S UKIIE SR . ]

THZEA 5K PR BLAE 23R fli P

KN BRI, HY

10 SR vk )| [ S X b JET- 7 1 28 T 275 s i

Fig. 10 Comparison of typical monitoring of glacier mass balance /ﬁ ﬂ:ﬂﬁ ZV{I 5 éﬁk R E [JJ 5} /JJ( J II

X - b T2 o 26l PRI 150K 4 T s AR A A AT AR A AR R 1P

VT 10 a-E— VK1 AR ) -8 -0.495 m wee.-a”, 15 VK1 °H-0.686 m w.e.-a’',

VK1 -0.53+0.07 m w.e.-a”, - TPEZM, HERECOR AL —IK)IIX 4

SRR, FEAKEAR R 2ER 20%, oK) EFIH Al s, ERH¥IRES T 0 C,

VKN B B R R A e 2 . R 1] LA A — vk X A & 5 -E— k)1

XAG3ARRL, AT — ok B A R 5 L — KN A P R, AR ds

TN 5L — VK NAE Y PR E o . R B AR S b B AR 2 e il 15-7K)1]

FAE ] 55 UK EBE AL I AIEGY , TR 25 0KJ1] 1997—2007 4% (5 ASCHYMESE I BOAAFEAR

KINES) RS B -0.42+0.06 m-a” F1-0.52+0.06 m-a”', G4SN
o,

B AR A Sl R Ul Bk R HIRIE
Fig. 11 Temperature and precipitation histogram acquired by the automatic weather station at the end of Shiyi Glacier
3.3 KIRFEELNSES S
vk 1E T Z 2= AR R B Rk HFR SR A R R & AR S 2, )T -5 7 i
BIAGIRA BHEMOCR, TN B HS B B AR bR stk , JF BRI s kg



1 il 4. BT LIDAR. SRTM DEM AR % L Bl i |-— vk ) 1] 2000—2012 4E4) A2 97

VKN T R 5 55 2 AR TR [ 2 0 K Ll S ARSI IR 15 oK) LR B i, T
RUASR AT, BB K m R, ERR TR e R, RO Y
i, WA S 06 el 2s, 2 ALEE F TRt A A LR VRO B s 46
20 tHE22 90 AEA HP I LR AR 3% LU Ll IX iR e o B I, AR AR B B R 1 °CPY, 4K 2000
AERE, AR L X KA FREEm, HREKAERR AR, HFE KR FEETER S, &
A 247 mm, AEREKEAE 13 mmP, XA R B ARASR T oK) ) 5 ) LR
B A — VIO T 383 14 A0S 2 AR 2 98 RS 42 0 2000 4F DGR BB . AERE K B (A
12), 10 a EZ AR F AR 0.04 )C-a™'. Oerlemans FIF57 % B SR AT 5
1 CRFEREK BN 25%5% 35% A e VR4 fi AR5 DE AP TR, 7] 0L <R
TG & — vk o7 45 A

P12 ARG A-IIE 10 a EZSR . ARRRKAE (L

Fig. 12 Summer temperature and annual precipitation change at Qilian and Yeniugou stations during 1960-2012

4 45iE

A% 3CH F LIDAR #1 SRTM DEM £# ,  DAKS % (LB -+ — vk IR v 52, 4
N7 T —42 225 DEM SR F k) 9 B E AR iR . 28 20002012 4F+—KJIT vk
I AR5k —7.4740.92 m, AEMJRJEAE(K 0.62+0.08 m-a™, fhidE k)1 4R34 o -1
$}9-0.53+£0.07 m w.e.-a”, ZFYFEFHN-6.35+0.78 m we., ITAAKUELAN (330.4+
40.8) x10* m’; 3 52 55 At AR W K ) 1| S0 A 5T B 4 SR 6 e a3 AT, IRk T Al
AR, JEA 21 A ARE 1L X SR B TR B R KO I Al AT &
B, MLk = 4RO R B AR B s K g H A AR m S AR, H TR



98 A % % | ¥ il 32%:

R BE AR AR AR T /D, S T LR = AE O G R BORTE k)1 S5 22 A O I 5
Bb, ASCLLLIDAR 5 80i g 2l M 1 ok N B i S fe, RO 1 k)1
YA SR AN E P, BIFST T A R RIS 07 6 BAR ) e 14 e R T A S A

2% 3 ik (References):

[1] IPCC. Climate change 2013: The Physical Science Basis [M]. Cambridge: Cambridge University Press, 2013: 4-10, 335-
344.

[2] FISCHER A. Glaciers and climate change: Interpretation of 50 years of direct mass balance of hintereisferner [J]. Global
and Planetary Change, 2010, 71(1): 13-26.

(3] VLKV, 25258, TR, AFFON U X RAR LI ARE (1): ZK SO [9]. vk )NER A, 2013, 35(3): 513-527.
[SHEN Y P, SU H C, WANG GYY, et al. The responses of glaciers and snow cover to climate chang in Xinjing (I): Hydro-
logical effect. Journal of Glaciology and Geocrylogy, 2013, 35(3): 513-527. ]

(4] 2580, BT, AR BRI BT AE LXK BHRASZ TS [J]. 55 PU2LHTSE, 2010, 30(1): 96-106. [L1Z Q, LI K
M, WANG L. Study on recent glacier changes and their impact on water resources in Xinjiang, northwestern China. Qua-
ternary Sciences, 2010, 30(1): 96-106. ]

(5] XUAEE, AR, FaAe. Rl & ARSHAI -5 ok P S R E [9]. k)R L, 1997, 19(1): 14-24. [LIU C
H, XIE Z C, WANG C Z. A research on the mass balance processes of Glacier No.1 at the headwaters of the Urumqi
River, Tianshan Mountains. Journal of Glaciology and Geocrylogy, 1997, 19(1): 17-24. ]

[6] NECKEL N, KROPACEK J, BOLCH T, et al. Glacier mass changes on the Tibetan Plateau 2003-2009 derived from
ICESat laser altimetry measurements [J]. Environmental Research Letters, 2014, 9(1): 0140009.

[7] NECKEL N, BRAUN A, KROPACEK J, et al. Recent mass balance of the Purogangri Ice Cap, central Tibetan Plateau,
by means of differential X-band SAR interferometry [J]. The Cryosphere, 2013, 7(5): 1623-1633.

[8] JANKE J R. Using airborne LiDAR and USGS DEM data for assessing rock glaciers and glaciers [J]. Geomorphology,
2013, 195: 118-130.

[9] BUEAR. HLABOGTR R SRR 5 RN [M]. db st L Tolk i ket 2010: 37-54, 169-172. [LAI X D. Fundamentals
and Applications of Airborne LiDAR. Beijing: Publishing House of Electronics Industry, 2010: 37-54, 169-172. ]

[10] 255, X4 B, B0, 45 MR i A5 — K SCE RR 4 TR IBOUL I 166 5 i S AR e T[], IR A4 g, 2012, 27
(5): 481-498. [LI X, LIU S L, MA M G, et al. HIWATER: An integrated remote sensing experiment on hydrological and
ecological processes in the Heihe River Basin. Advances in Earth Science, 2012, 27(5): 481-498. ]

[11] VAN ZYL J J. The Shuttle Radar Topography Mission (SRTM): A breakthrough in remote sensing of topography [J]. Ac-
ta Astronautica, 2001, 48: 559-565.

[12] BERTHIER E, ARNAUD Y, VINCENT C, et al. Biases of SRTM in high-mountain areas: Implications for the monitor-
ing of glacier volume changes [J]. Geophysical Research Letters, 2006, 33(8), L08502. doi: 10.1029/2006GL025862.

[13] THIBERT E, BLANC R, VINCENT C, et al. Instruments and Methods Glaciological and volumetric mass-balance mea-
surements: Error analysis over 51 years for Glacier de Sarennes, French Alps [J]. Journal of Glaciology, 2008, 54(186):
522-532.

[14] FISCHER A. Comparison of direct and geodetic mass balances on a multi-annual time scale [J]. The Cryosphere, 2010,
5(1): 107-124.

[15] KILIAN J, HAALA N, ENGLICH M. DEM generation from laser scanner data using adaptive tin models [J]. Interna-
tional Archives of Photogrammetry and Remote Sensing, 1996, 31: 383-388.

[16] NUTH C, KAAB A. Co-registration and bias corrections of satellite elevation data sets for quantifying glacier thickness
change [J]. The Cryosphere, 2011, 5(1): 271.

[17] PAUL F. Calculation of glacier elevation changes with SRTM: Is there an elevation-dependent bias? [J]. Journal of Gla-
ciology, 2008, 54: 945-946.

[18] GARDELLE J, BERTHIER E, ARNAUD Y. Impact of resolution and radar penetration on glacier elevation changes
computed from DEM differencing [J]. Journal of Glaciology, 2012, 58(208): 419-422.



1 il 4. T LIDAR. SRTM DEM AR % L Bl i |-— vk ) 1] 2000—2012 4E4) A2 99

[19] RAUP B, BACOVITEANU A, KHALSA S I S, et al. The GLIMS geospatial glacier database: A new tool for studying
glacier change [J]. Global and Planetary Change, 2007, 56(1): 101-110.

[20] ZEMP M, THIBERT E, HUSS M, et al. Uncertainties and re-analysis of glacier mass balance measurements [J]. Cryo-
sphere Discussions, 2013, 7(2): 789-839.

[21] ZEMP M, JANSSON P, HOLMLUND P, et al. Reanalysis of multi-temporal aerial images of Storglacidren, Sweden
(1959-99)—Part 2: Comparison of glaciological and volumetric mass balances [J]. The Cryosphere, 2010, 4(3): 345-
357.

[22] HUSS M. Density assumptions for converting geodetic glacier volume change to mass change [J]. The Cryosphere,
2013, 7(3): 877-887.

[23] BOLCH T, PIECZONKA T, BENN D I. Multi-decadal mass loss of glaciers in the Everest area (Nepal Himalaya) de-
rived from stereo imagery [J]. The Cryosphere, 2011, 5(2): 349-358.

[24] KOBLET T, GARTNER-ROER I, ZEMP M, et al. Reanalysis of multi-temporal aerial images of Storglaciren, Sweden
(1959-99)—Part 1: Determination of length, area, and volume changes [J]. The Cryosphere, 2010, 4(3): 333-343.

[25] Z= 8. RIN S EARTERE 15 k)1 BT 5 0 A (M. dbat: K4 iR, 2011: 1-2, 9-11. [LI Z Q. Progress and
Application of Research on Glacier No.1 at Headwaters of Urumqi River, Tianshan, China. Beijing: China Meteorologi-
cal Press, 2011: 1-2, 9-11. ]

[26] it R, WRARAR, BEoo ). ARG LB — kN W -0 (9 fe B N 25 2R (9], k1R £, 2005, 27(2): 199-204. [PUJ C,
YAO T D, DUAN K Q, et al. Mass balance of the Qiyi Glacier in the Qilian Mountains: A new observation. Journal of
Glaciology and Geocrylogy, 2005, 27(2): 199-204. ]

[27] SHANGGUAN D H, LIU SY, DING Y J, et al. Changes in the elevation and extent of two glaciers along the Yanglong-
he River, Qilian Shan, China [J]. Journal of Glaciology, 2010, 56(196): 309-317.

(28] ZH, PP, £, S5 DK FloR S 28 T A8 W 1 —— LA ARSI 15 ok ) [0, vk L, 2007,
29(3): 333-342. [L1 Z Q, SHEN Y P, WANG F T, et al. Response of glacier melting to climate change—Taking Urumqi
Glacier No.1 as an example. Journal of Glaciology and Geocrylogy, 2007, 29(3): 333-342. ]

[29] E AR, sk &, A0 8). 35 52 a RN & ARFERNR 15 k)1 P2 e B2 MO S S OC R EIE (1], HAR BRI
2, 2015, 30(1): 124-132. [WANG W D, ZHANG G F, LI Z Q. Study on equilibrium line altitude and its relationship
with climate change of Urumgqi Glacier No.l in Tianshan Mountains in recent 52 years. Journal of Natural Resources,
2015, 30(1): 124-132. ]

[30] EIfF4, dkFh, Wrivede, 4. FeT GIS M Ll X SR AR K BN 25 284040 [7]. R R PP BE, 2009, 29(6): 1196-1202.
[WANG H J, ZHANG B, JIN X H, et al. Spatio-temporal variation analysis of air temperature and precipitation in Qil-
ian mountainous region based on GIS. Journal of Desert Research, 2009, 29(6): 1196-1202. ]

[31] SRS, skah, XIHaHE, S5, oAt 20 DR AR % Ll X5 R /K A2 Ak 1 B 23 RRAE 20 A7 (0], 1 5 X R 5 3R 4%
2009, 23(4): 125-130. [ZHANG Y Z, ZHANG B, LIU Y'Y, et al. Variation characteristics of air temperature and precipi-
tation in Mt Qilian region in recent half century. Journal of Arid Land Resources and Environment, 2009, 23(4): 125-
130.]

[32] OERLEMANS J. Extracting a climate signal from 169 glacier records [J]. Science, 2005, 308(5722): 675-677.



100 A % % | ¥ il 32%:

Estimation of Mass Balance of Shiyi Glacier in the Heihe River
Basin, Qilian Mountains during 2000-2012
Based on LiDAR and SRTM

XU Chun-hai'?, LI Zhong-qin"’, WANG Fei-teng', WANG Lin'
(1. State Key Laboratory of Cryospheric Sciences/Tianshan Glaciological Station, Northwest Institute of Eco-Environment
and Resources, CAS, Lanzhou 730000, China; 2. University of Chinese Academy of Sciences, Beijing 100049, China;
3. College of Geography and Environmental Sciences, Northwest Normal University, Lanzhou 730070, China)

Abstract: Glacier mass balance is the most direct reflection of climate, and its dynamic
fluctuation can cause the changes of glacier morphological characteristics and melt water
runoff. Usually, glacier mass balance is measured with glaciological and geodetic methods. In
this study, geodetic method is used to measure the mass balance of Shiyi Glacier in the Heihe
River Basin. Based on Airborne Laser Scanning (Light Detection and Ranging, LiDAR) point
cloud data and SRTM (Shuttle Radar Topography Mission) DEM, we establish the process for
glacier mass balance calculation. Firstly, LIDAR point cloud data are preprocessed, including
filtering (classification) and interpolation. Triangulated irregular network (TIN) filtering
algorithm can easily realize the point cloud data filtering to obtain precise ground point cloud
data. Based on TIN filtering algorithm, we obtain the ground point cloud. And the DEM is
generated from LiDAR data based on natural neighborhood interpolation method, and is
resampled to the resolution of 1 m. Then, taking LiIDAR DEM as the reference data, multi-
source DEM data are matched with cosine curve fitting. The maximum terrain curvature of
LiDAR DEM is extracted, and the spatial resolution error is corrected. After those processes,
based on error analysis and accuracy assessment, we acquire ice surface change of Shiyi
Glacier. Result shows the ice elevation of Shiyi Glacier changed —7.47+0.92 m from 2000 to
2012, with a glacier thinning rate of 0.62+0.08 m- a '. According to other related studies, the
volume-mass conversion parameter is assumed to be 850+60 kg- m>. It is estimated that the
average mass balance of Shiyi Glacier is —0.53+0.07 m w.e. * a ', and the cumulative mass
change of the glacier is —6.35+0.78 m w.e., which is about (330.4 +40.8) x 10* m’ water
equivalents. Compared to other typical monitors on glacier mass balance, the results is reliable.
The summer temperature rise in the study area caused serious mass loss of Shiyi Glacier in
recent years. LIDAR point cloud data have high precision and spatial resolution, however it is
less used in glacier volume research at present. In this paper, it is applied in measuring glacier
mass balance changes, showing the promising prospects and practicability of both the data and
the method.
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