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1. INTRODUCTION
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2. LITERATURE REVIEW

2.1.OVERDEEPENINGS: FORMATION, AND RELE\DBGIRAMATING LANDSCAPE
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YEYAO NBIADYKADK (hES dzAfdH OHXISNAASINEK S gy dAOa T
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(@) Preglacial landscape (C) Mid deglaciation

(b) Full glaciation

[:] sediment —— drainage routes
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2.2. PREVIOUS WORK TO IDENTIFY SUBGLACIAL OVERDEEPENINGS
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Number of Papers by Region

Darker regions have more papers
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2.3. ICE THICKNESS MODELS

Ice Thickness Models that were used

® VOLTA = GlabTop2 = GlabTop HIGTHIM ® Farinotti's Ensemble ® Huss and Farinotti

Farinotti's
Ensemble, 3

Huss and Farinotti, 1

GlabTop, 8 GlabTop2, 6
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2.3.6.0pen Global Glacier Model (OK@Viaussion et al. 2019)
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3. AIMS AND OBJECTIVES
. FaAaSR 2y GKS ftAGSNY GdZNBE NB@GASé> AlG OFy 68 &asSs
2NJ 2yS AOS (GKAO|YSaaz2 orNFRSS LISy ARSAE®ESDO (¢ KR drdS3 fal Qs
GKFY | aAy3ftsS FLIWNRIOK NS asff fAYAGSR o6& @K
NEIA2Yyd ¢2 RFEGST GKSNB Kra y2id 0SSy Iy AyidSND:
GKSGUKSNBGAA NBIA2YIE GFENRFOATAGE FY2y3a GKS Y2
/| 2y aARSNAY3 GKS UyRAy3Ia FNBY GKS LINBGA2dza & dz
M SGSNYAYS (KS O2yaraiSydOe 2F RAGSNBYy(d 59a
LINSRAOay3d GKS RSLIIKX @2ftdzYS FyR FNBI 2F 4&dz
HE SGSNXYAYS GKS SEGSyld (G2 6KAOK (GKS 2dziLidzi &
RAGSNByYyUG NB13
odt NRLJ2&aS | Y
Y2R&f &

A2y Lt aSky3ao
SGK2R GKIG OFy 002dzyi FT2NJ GKS

¢KSaS | AWl oo I REERB A 20N FYY 202S000Sa
M dGenerate quantitative estimations of overdeepening location, depth, area and volume using
different combinations of DEM and ice thickness products for a single test area (Central
Himalayas).
H dinvestigate how variations in overdeepening predictions manifest across different mountain
regions (in different climatic and topographic settings) to explore regional trends and

inconsistencies.
o0 dexplore the effectiveness of combining outputs from multiple ice thickness models to

improve the robustness of overdeepening assessments and reduce uncertainties.
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4. METHODS

4.1.STUDY ARBA
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4.1.1.Himalayas

¢KS ITAYFEF@ra Nry3IS FTNRBY bl YOKS . INBlF Ay GKS
1Af2YSGiNBa | ONB/ERIA | BB S KO/dzys(i NakSAzE v ysd t ¢k Q S\& G NS | Iy
a2dz2NOS F2NJ ! &ALy LISNBYYyAlFf NAOGSNE tA1S LyRdza:x
GKS TAYFEF@FY YIENIT2NIY 3t DDASNEOBREB AR HIKW A g
lAYIFElL@lay GKS&asS 3t OAB NI O IISAND K yK - 30hEHmM Y dien!
6.2t 0K i M dKedaBKO 6KS NI GS 2F 3t OAlLt NBGNBI
d0dzRRASE KIKOE AKBRINFEAYLF ISt {waT AKSI IVEOARIBRSRKRM
f2a0 RdzS G2 YEE I OANGNW NB/RRBH &NEG K $ NG STt HOMmSINE  NB |
FNBlFa 2F GKS fFyRaoOFILS fSFRAYy3I G2 GKS F2NXNI a2
NA&]l 2F ylddaNIt RAAlI&A3G§SNE &4dzOK & D[hC&ad ¢KAS
L1123 SR/ oAy ONB I aAy3fte dzy OSNIIAY 41 (SN HdzZdedfze | lyaR
| 201 SBHKBINGSY LISNI G dzNE ' yR LINBOALIAGEFa2y LI §SNya

OWS3IYA YR .221KIF3ASYS HAHHOO

e 6S

- r&*-“(‘.,g-\

CAduzN@¥YdzRe NBIA2ya Ay GKS g2NIR YILPIbRYR GKS
G2 LIySta Ay CAIdz2NE n dH



88°25'E 88°30°E

56°N 56°5'N

NS

A\
S
! ¢

i \/ s

&<
N

5°25'N

55955'N56°N  128°25'W 56°15'N

T 55945

55°35'N

n

130°95W 130°30W 130°15W 130°W  120°45'W 129°30W 120°15W 129°W  128°45'W 128°30'W

168°15'E

44°40'S 44°35'S  44°30'S 44°25'S 44°20'S 44°15'S 44°10'S

168°25'E 168°35°E

% e

13°55'S  13°50'S 13°45'S 13°40'S 13°35'S 13°30'S 13°25'S
—~ =

11°15'E  46°50'N

46°30N

46°20N

71°20W 71°15'W 71°10'W  71°5W  71°W  70°

AT

14°s

14°105  14°5'S

Vs

T -
AT

62

%4

T . \é

N £l
ANTAL A b
i Y ! D NN ; L
°40'E 11°50'E 12°E 12°10'E 12°20'E 12°30'E 12°40'E 12°50'E 13°E 13°10'E 13°20"

11°20'E 11°30°F 11

B Glaciers

44°40'S  44°35'S  44°30'S 44°25;$ 449205 44°15'5

S«\! Hasa 54 1555

CA3dzNB noHY
%S| f{I2ydRi K S N

168°25'E 168°35'E

{St SOGSR

169°5E  169°15E

Jf L OASNE Ay (rOSNRLIBKYH B4

35



4.1.2.Andes
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4.1.3.Alaska
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4.1.4.European Alps
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4.1.5.New Zealan&outhern Alps
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4.2.DATA SOURCES

4.2.1.Glacier Outlines:
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F2NJ SdaYlayd 20SNRSSLISyAy3da FyR A0S (KAOlySaa:
wDL codn F2N) SadasYloeyd G(GKS 20SNRSSLISyAy3aa (G2 S
AYyoSyiGa2NE 2F 3t OASNE 62 N Rg/AR NDeE O tAdISEA yaK SiSKi
GKS Df2o6lf [lFYR LOS aSl adzNB WBSHH) Tt A3 [0S 0D
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4.2.2.1ce Thickness Models:
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4.2.3.Digital Elevation Models (DEMS):
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Select glaciers from the RGI region

!

Use glacier outlines for extraction

Repeat for other ice thickness models

Merge the Merge the
extracted extracted
datasets to form datasets to form
one raster one raster
Adjust the Adjust the
resolution to the resolution to the
coarsest coarsest

Ice Thickness DEM
Bed Topography
(DEM — Ice Thickness)
Filled Bed Topography
Overdeepenings
(Bed Topography — Filled Bed
Topography )
Thresholding
(To reduce the noise from smaller
overdeepenings)
— Final Overdeepenings
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4.3. DATAPREPROCESSING
CAJdzNBE ndo NBLINBaSyida GKS RIFEGF LINROSaaAy3

4.3.1. Selecting glaciers in one RGI region

¢CKSNBE INBE mMdp wDL NBIA2ya F2NI FEf 3t OASNER 62N
3t OASNAR 6SNBE OKz2aSy F2N) lFylfteara Ay (0KS OdzN
GKSNBEF2NBE (y26f SRIAS 2F 2JOMRS SOLISHIAU/MIT (f22 Od QN
NBELINBaSyoay3d I Nry3IS 2F OftAYlFaO O2yRAsa2ya 06Y
02112 3INI LIKASa®

A > 4 A

¢KS /SyidNIt ITAYFHELFela 6SNB aStSOGSR +a GKS Ay,
GKS | LILINZ | OKZ (3RA @1 SaNd 2 \WNBR &g | (0 S NI 12 it KySa INEB AR {2 K/
0§KS »%SYds tixtnpGIAPRWNEmdpHIiH &p OKR aSy >~ Fa Ald NBOSyGf
G2 F YIFI8ENIDREPBODOINNBROANY NG Q@ ENIa® swsSypio ¢ a
AyaSyaS NIAYyFLEt Ay {A]11AYX 6KSNB GKS NBIAZ2Y
NI AyFrFEff OFdzaSR GKS Y2NIAyS RIY 2F {2dziK [K2Yy
CKS Db22R Kl RSRSAINSTIYaySTHI SROGas> Of FAYAy3 G St
AYFNF aGNUzOGdzNB:X Ay Of dzZRAY3I (KS / Kdzy3dKFy3a Ke&RN
6d RSEAONAROSR 0208S0 6SNB 1 f+Fails bSg %SILtly
9dzNR LISy !IffLfa dd KS NBIMMEH SREAS IONEF2 B 6888 RS
KAald280Nd YMPSRNOOAN] G M B RY Edz@d G 61 a OKz2aSy N
Ay Of HzRRY 3 NR dzy R (i KISy ¥SIVAK D KTEMOENS2 ya> | NBI 0
SaGFrof AAKSRXY YR Hnn NBLNBaSyialagS 3t OASNE o
wDL NESKEI2R2Y ® NBEI oNBIl 1a 6SNBE RSGOSNNAY SEBNFIE ailKiS
OK/a & &S aAa G 2NBENSSGHfa@SS Nl A y i Ay (AKYS (KSSNIYSENE
LI NJ Y S SINSR SO MNP ASHEERO0 K2 dzi AYINRPRIZOAYIsgKADSE I lat &
Syadz2NAy3a (GKS Al FLINS28§Y BB @B ORANS TSN a @F | N
¢tKS RAAGNRAROdza2y 2F 3IfFOASNR Ay (KS nShie NB/ RwIOCIA =
ndp® ¢KS RAAGNAOdza2Yy 2F GUKS 3Ff I OASNE Ay GKS a&c
6¢FofS nodm YR TAGUIASR DY i CEERBBLKERYBRE | yo BB |
GKS SyaNB wDL NB3IAZ2Y ¢l a4 GKSY O2YLI NBR G2 GKI

41



@t dzS F2NJ 6KS SysaNB NB3IAZ2Y

Iy R

i K

S

adz0aSid Aa

LILJX A0l of S

02y RdzO0 SR
PDEEOl AT

¢l onfd®NSI oNBIF1a FYR RA&AGNAROdzaz2zy 27F 3Af |
FNR2Y (GKS lFylfeara O2dzZ R 6S OoONRIFRft& |
Number of glaciers
Region Area Breakgkm?) RGI region Subset
0¢0.1 5070 38
0.1c1 16357 120
Alaska 1¢10 4924 36
>10 757 6
0¢0.1 2181 112
0.1¢1 1339 68
European Alps 1c3 571 14
>3 136 6
0-0.5 1921 116
0.5¢0.9 292 20
Andes 0.9c 1.4 218 13
>1.4 460 51
0¢0.1 2120 120
New Zealang 0.1¢0.5 1053 60
Southern Alps 0.5¢0.9 185 10
>0.9 179 10
{dzoaSljdsSyates 2 At O2E2y GSaid o1 &
RA&GUNROdzea2yad | AINDYBIEWROSTESasaGR
RAGSNBY U@

¢ KSPILD dzS F2NJ |
AAYAL IRNBGNR S dzo 2 Y
L YyRSEY 3t OA SENGE dkREA VAP nlHic
b ZRIN daa >t

@t dzS

{dzZ33Sa&K¥BIRAAGNNOG

AG OFy o
OSy (i NI ¢
aA3IyAU0O0L

0t e

tt

NBE3IA2Yya
Y2y 3

R2Sa yz2i
dze 2y Aa NB
' 3adzySR GKIG GKS

SYyRSyOéo

¢t KSNBF2NBZX
AYLIP O

G§KS 23SNJ f

GdKS

A INBRE OGNS f KB K & &
0KS @aa® s SdmakyS | Ll @S0 B3|
foldNiIHS 4 G A I0OQE § BIS & NFE
FaSOU TNRY YiSPRA lyEd i@
NBIV BB HE Yy O3 DE i BHFDVS
Ay Ot daAzy

2NJ SEOf

3t OASNI g1 &
f Fylfeaaa

42



¢l ot S
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Median Values Wilcoxon Test
Region RGI glaciers | Subset glaciers | p-value
Alaska 0.313 0.311 0.5975
European Alps | 0.077 0.078 0.9782
Andes 0.218 0.276 0.0266
New  Zzealand ; 477 0.066 0.7207

Southern Alps
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Study Area| Histograms for Subsets Histograms for théntire Region
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Study Area Histograms for Subsets Histograms for théentire Region
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4.3.2.Selecting the ice thickness models
CA@PS A0S (KAOlySaa Y2RSta 68NB OK2aSy T2N) GKS
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2PSNRSSLISyAy3a Ay At OAIWSRIWBIKRHADSEH
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3t OAFGSR NB3IA2Z2YyaSD

4.3.3.1ce thickness grids were available on an individual glacier basis, except for the Millan dataset
where the grid comprised the entire RGI region. In this particular case the thickness estimates for
selected glaciers weippedand merged before inserting into the workflofreas of nedata exist

in several of the models, in particular around the glacier margins. Where nectressa\pixels were
removed by masking the rasters with the glacier outlines. The cleaned rasters were then merged to

create an icehickness dataset for the subset of the regielecting the DEM
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4.3.4.Standardizing the resolution of all the datasets
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4.4.1.Estimating the Bed Topography
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4.4.2.Predicting the Overdeepenings
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4.5. THRESHOLDING

¢tKS 20SNRSSLISyAy3da 200FAYSR INB I NBS 0Ky | WikY o
GKIyYy Mty ORNBLEGES y2A4S dx/AR yIWm B0 GlAff & SINILI2 A D @b
FYR AYLINRGAY3 GKS O2yURSYyOS Ay (KS t20la2ya

AYLERZ2NIEFYyGd |1 SNBX || (GKNBakKz2ft RAy3 I LILINRFOK ¢l &
2PSNRSSMSUNPHEt SAAROK | v

tg2 OGKNBAK2fRa 0O2YY2yfeé dzaSR Ay LINBOA2dza & dzF
NEaddz sy3d OKIFy3aSa Ay GKSANI G2dlFf FNBIF FyR GKS
GdzRASE KI @S (& LmnGHimod 2dz2 TR G ISNBa R 2f RamvaT [ Ay
SG Lt wnunT { NYRAFoa| LAk (Sl 1 SGd FHE b Wit T K S A O
atdzRés GKNBakKz2fRa 2F n LAESta |yR HmdiMIESR & 4
nonypys (INB&LISKOS oS dre 2§ KD SHE2HKS LINBEE 2F (GKS 208

ax

=>gil] " omg® 8 0Oz 8 Oe 8 O

A dGdzRe KIFIa U@S NB3IA2ya YR UGS A0S |
f RAOGOSNBY(d NBIA2ya | yR Y NESfdad CATI dzNBLAE &mh
a (2 SIOK 27 (KBK&GHKEBMASRSWBEAS2y d®S |
2OSNRSSLISY A vEER & WBYyRHKIS a2 HIKS G2GFHt FNBF 2F GKS
LG Oty 68 &aSSy GKIG FfiK2dzZ3K (GKS ydzyo SBWEST 2
GKNBaK2fR Aad S LAY AERS dXKSF OKKFNEI 2F GKS 2 3SNR
GKS OKIFy3aS Ay (KS ydzyo SN 2270 SINGRSNR $$5/18S
CFrNA@E2kKKyasSYoftS FyR IC Ay GKS 9dzNRPLISIYy LA ¢
51



Ad KAIKfe afRESIOIT KNBakRs REn £ S| ORFA KA MKIMERE &
Oy 0SS y20SRIFNRIK ! AXBGHR BN (KS GKNBaKz2tR ¥
LIA ESSK SUYRAE AIMIBWOSY (i 3Sy RSOSBY 85 2 @ SFINRISGSEBHH v 3 &
BSEfFYR {2dzi@ISNIY 2k Qa3 9 yyaRSHTr0 3 N KI§a RBGOMNBIB B S 2 X y
2 JSNRSSLISY A YK yA GKKNBp2: R OKF y3Sa FTNRYEIKE (K
LISNDSy G 38y REONB 2B 2FHENBESINSY Ay XS LISND S NS 3 ¢
Ad M dnyi:

ln oAl ANBAK2f R KFa 60SSy 02YY2§f 2f 28z B8R ¢ 1af dzRA
SG Ftx Iumwbyfol B8 SG Ffd HamcT { NAYEGH IR i dANR L
Lt aAFIYyAYy SiG i wnfSVahd BICHRE dINGS® tnBdr e th HHE T n ¢
dK2ga MIKEStF GKNBSBaK2tR 62N a ¢Sttt G2 NBOGFIAYy | 2
322R NBLINBaSyidls2y | ONRPAda WMIKINBAKBHRZ2 Yadd OKENE
FyFfearao

52



ol ¢ Farinotti_Alaska 000 Mmillan_Alaska
600 5250 150 1 a5.72 50.00
1 52.05 g 1640 45
524 52.00 1600 4144 [ 4500
500 4 51.50 1400 1 35.43 [ oo
200 | 50.75 51.00 1200 [ >
50.50 b 30.00
1000
300 4 50.00 I 25.00|
800
200 49.13 49.50 [ 20.00
135 49.00 600 3 15.00)
100 48.50 400 10.00
49
48.00 200 - 5.00
o0 [ 47.50 -
. . 0- - 0.00
No Threshold 4_Pinels (~10000 ) 20_Pixels (750000m’) No Threshold 4_pixels (10000 m?) 20_pixels (-50000m7)
o0 HF_Alaska 6RO GlabTop2_Alaska
800 - 750 40.34 r 41.00 600 3 r 53.00
700 - + 40.00 496 52.00
500 4 L 52.00
600 4 38.47 + 39.00
| 38.00 ] 50.88 |
500 4 400 51.00
- 37.00
400 4 ] |
35.44 L 36.00 300 50.00
300 - 29.21
220 I 35.00 200 A - 49.00
] 148
200 L 34.00
100 1 66 L 33.00 100 4 68 L 48.00
0- o N o . 3200 0 . L a7.00
No Threshold 4_Pixels (~10000 m?) 20_Pixels (~50000m?) No Threshold 4_Pixels (~10000 m?) 20_Pixels (~50000m?)
0S80y OGGM_Alaska
600 - 24.00)
512
22.93
500 23.00)
400 21.66 22.00|
300 A 21.00)
19.96
200 20.00)
117
100 A 19.00 - Number of overdeepenings
32
Total Area of overdeepenings
0 - L 18.00) |:|
No Threshold 4_Pixels (~10000 m?) 20_Pixels (~50000m?) 1Y
CAIdzNBE ndT1Y {Syahro@Ai (RS0 ShayARl FRANE

53



9dzNR LISFy ! f LA
Al Farinotti's_Ensemble_European_Alps o=
ol - —-uropean_Alp oou GlabTop2_European_Alps
40 - 38 - 0.70
0.63 60 1 o4 - 140
35 1 - 0.60 1.19
0.55 1.20
4 50 - 1.06 M-
30 L 0.50 100
2 0.0[" T R
20 1 0.30 0.67 - 0.80
14 L 0.30[30 1
15 - I 0.60
L 4 17
10 - 0.20) |20 L 0.40
5 | 4 - 0.10| |10 - 6 L 0.20
No Threshold 4_Pixels (~10000 m?) 20_Pixels (~50000m?) . . .
No Threshold 4_Pixels (~10000 m*)  20_Pixels (~50000m?)
600 HF_European_Alps o) R 0 Millan_European_Alps
90 - - 1.00| %0 ] 2.30 [ 220
79 0.88
80 I 0.90 204
70 | L 0.80 200 4 - L 2.00]
0.67 |
60 4 0.70
I 0.60 150 - + 1.50]
50
I 0.50
40 0.98
0.34 I 0.40 100 L 1.00]
30 4
22 I 0.30
| 52
20 - 0.20 50 - L 0.50)
10 1 4 I 0.10 l 8
0 - L 0.00 0 = L 0.00
No Threshold 4_Pixels (~10000 m?)  20_Pixels (~50000m?) No Threshold 4_Pixels (~10000 m?) 20_pixels (~50000m?)
, A OGGM_European_Alps
0Su
60 7 55 148 - 1.60
135 - 1.40
50 4
I 1.20
1.04
40 4
 1.00
30 A I 0.80
21 L 0.60 .bszOSNJ 2F 2@S8NH
20 A
I 0.40
10 9 ¢c20 f2 7 NIBAS NROSISY
. I 0.20
0 - - 0.00
No Threshold 4_Pixels (~10000 m?) 20_Pixels (~50000m?)

CAJIndzNgEYy a Ao QA&

FyLfeanas

-

2|

)

7

3RV B 6 K O K SHBeE

54



bSo wIAdYKSNY ! { L&
61 0 Farinotti_Southern_Alps 6018 9 ( GlabTop2_Southern_Alps - 2.50)
70 - - 2,00 51 5.3
60 50 | L 2.40
501 1.79
. 2.25 F 2.30
50 4 - 1.80 40
F 2.20
20 4 1.63 30 |
r 1.60 L 2.10]
10 1.52 » 2.02
20 15 L 2,00
13 - 1.40
10 4 . 6 10 1 5 + 1.90
0 - - - 1.20 0 - - - 1.80
No Threshold 4_Pixels (~10000 m*)  20_Pixels (~50000m?) No Threshold 4_Pixels (~10000 m?) 20_Pixels (~50000m?)
L= HF_Southern_Alps ORU Millan_Southern_Alps
0 O v 140 2.50
] 2.24 [~
100 92 183 [ 200 117
90 - 1.80| [120 A 1.94
1-55 B 2-00
80 - 1.60|  [100
70 133 L 140 1.52
60 + 1.20 80 -  1.50
50 - 1.00
60 4 |
40 L 0.80 1.00
30 24 L 0.60 40 1 30
L - 0.50
20 I 1 0.40 20 4 l 10
10 - 0.20
0 - L 0.00 0 - - - 0.00
No Threshold 4_Pixels (~10000 m?) 20_Pixels (~50000m?) No Threshold 4_Pixels (~10000 m?) 20_Pixels (~50000m?)
, S OGGM_Southern_Alps
60 - 055 { - 4.30
4.20
50 4 F 4.20
4.06 F 4.10
40 -
- 4.00
30 A
3.85 - 3.90
20 4 18 - Number of overdeepenings
- 3.80
Total Area of overdeepenings
8 |
10 1 . L 3.70
0 - - 3.60
No Threshold 4_Pixels (~10000 m?) 20_Pixels (~50000m?)
CAIdINB nodY {Sy&ahrsdhrimst&d i SR AStSIFRANSNEKIB/KESKK

55




<,
¢
(0p})
Qx

OF 0 Farinotti_Andes 60060 GlabTop2_Andes
400 1 r 4.50 250 - r 3.50
354
250 | 3.92 L a0 216 5 g4 o0
200 A
] I 3.50
300 2.99 2.38 L 250
50 I 3.00
1 150 A
| 280 - 2.00
200 1.47
1.91 L 2.00 100 L 1.50
150 4
[ 1.s0 61 L 1.00
100 1 79 b 1.00 50
 0.50
50 A . 20 F 0.50 13
0 J ] L 0.00 0 - - - 0.00
No Threshold 4_Pixels (~10000 m?) 20_Pixels (~50000m?) No Threshold 4_Pixels (~10000 m?)  20_Pixels (~50000m?)
T = 5B T Millan_Andes
000 HF_Andes ORUV
400 - 375 r 4.50 450 - 419 5.62 r 6.00
| 3.84 L 4.00| 400 <
350 047 L 5.00
L 3.50 350 A -
300 4
2.86 L 3.00 300 - L 4.00
0 250
o L 2.50) 2.84 L 3.00
200 A
L 2.00)
150 A ] |
132 L 150l 150 106 2.00
] 88 ]
10 r 100 10 - 1.00
50 1 2 L 0.50) 50 1 22
0 - L 0.00
0 - oo No Threshold 4_Pixels (~10000 m?)  20_Pixels (~50000m?)
No Threshold 4_Pixels (~10000 m?) 20_Pixels {~50000m?) BI 0 fhresho _f1xe’s m _Tixe’s m
LA OGGM_Andes
0St
400 -+ 360 9-18 - 10.00
350 8.30  9.00
I 8.00
300 A 6.93
 7.00
250 1 L 6.00
200 A  5.00
150 - I 4.00
98  3.00
100 +
r 2:00 - Number of overdeepenings
50 A 28
I 1.00
0 - L - 0.00 l:l Total Area of overdeepenings
No Threshold 4_Pixels (~10000 m?) 20_Pixels (~50000m?) 1Y

CA3IdzZNBE nodmnyY {Syarogdradst SYPLCRYHEY B3

56



Il AYFf Il él a
5 | Farinotti_Himalayas Lo, GlabTop2_Himalayas
(o] V]
50 - 329 900 450 - 0 2“? 17.50
8.10 16.94 17.00
200 - 7.33 - 8.00 400 1 ’
| .00 350 J 16.50
250 4 . 15.89
5.86 600l [300 - 16.00
boo | | 500 250 | 15.50)
15.00
150 1 B 1450
104 L 3.00] ] 144 14.13 "
100 - 150 14.00
L 2.00)
100 -
50 1 30 [ 100 55 13.50
- 50 4 13.00|
0 - 0.00 0 12.50,
N . _ , .
No Threshold 4_Pixels (~10000 m?) 20_Pixels (~50000m?) No Threshold 4_pixels (-1 m) 20_Pixels (~5 m)
LA HF_Himalayas . Millan_Himalayas
60 0v o0R1 -
700 A 636 r 16.00| |1200 - 16.33 - 18.00
600 4 13.46 L 14.00 996 L 16.00
11.96 1000 A 13.83 14.00
500 - L 12.00 .
100 8.93 L 10.00| | 800 1 F 12.00
] L 2.00 9.38 L 10.00
ol 600 -
300 - L 8.00
200 - 6.00
200 A L 200 400 A 277 - 6.00
L 4.00
100 - 57 - 2.00 | | 200 -
[ | 62 L 2.00
0 - - 0.00 0 A . L 0.00
- ~ 2 ;. ~ 2 "
No Threshold 4_Pixels (10000 m)  20_Pixels (~50000m) No Threshold 4_Pixels (~10000 m?)  20_Pixels (~50000m?)
L oA OGGM_Himalayas
0St
350 1 330 18.67 19.00
200 | 18.08 18.50
18.00
250 A 17.50
500 4 17.00
167 16.50
150 - 15.86 16.00
- Number of overdeepenings
i 15.50
100 73
15.00 |:| Total Area of overdeepenings
50 - 1Y
14.50
0 14.00
No Threshold 4_Pixels (~10000 m?) 20_Pixels (~50000m?)

CAIUMNBSY aAoBAlE |yl

-

f @alba SO BRI R GKYD K NBEE

57




4.6. ANALYSIS

4.6.1. Zonal Statistics

tKS 20SNRSSLISYyAy3da oSNB AyAelffe Ay NFYadSN T2
C2NJ GKS Fylteara 2F SIOK 2F3SNRSSLISy m13IGK GLKASE S
0SSOI YS |y AYyRARIRAS (i LIFX tedPa/yda oOdzyoeaft GKSNB 41
YSNHSR dzaAy3d RAaaztgsS (22t Ay ¢ RBEHGINRSHIYSSM
Ll2fed2ya 6SNB dzAaSR | a 1 20156t SA yi 202K S A2 yIFND DA |
Ol t Odzf o2y 2F @FNA2dzda aileadada AyOfdzRAYy3 (KS
RSLINK @l ftdzSad ¢KS&AS aildNiOAS sBME NS dsaRS R
2PSNRSSLISYyAy3as a ¢Sttt a GKS G2KkS (F2INB2 g AWR
a0 0S K2g | NBF FyYyR @2fdzvS 2F 20SNRSSLISyAy3a |

g +I='“OI>-I-I—- ]
re 0 wlge <t tall cum cmr T an—a=rulll e o mn

om0 ogrMy n-u ‘B
{eovoc klim=<kiw *n"vlgcn* " an—a->ull - wr °u"

¢tKA& ¢l a R2YyS F2NJ Lttt (GKS Y2RSta FyR Fff (K¢
2P0SNRSSLISYyAy3da IyR GKSANI RAAUNAOGdzm 2y ®
4.6.2. Combination®f ice thickness datasets

A

{AYyO0OS A0S (KAOlySaa VY2RSfa OFINEB Ay (GKSANI 0SK
RSLIIK&AY t20la2yas YR INBlFLad ¢2 S@Fftda dS GKS |
SIOK 2G4KSNE (KS 23SNRSSLIS y2AYWo3h yNS Ravii SNRRG KF NLBAYE S| &

oFaSR 2y GUKSAN) LINBaASyOS I ONR&aa VY2RSfao ¢KAaA
O2YLI NAazyas | 002dzysay3ad FT2NJ RAGSNByOSa Ay GKS
I ONRPaa Y2RStao

hdSNRSSLISYyAy3d LIAESt & 6SNB | aaA3y SR % @S 502S5dxa A

fSaa GKFY nX AYRAOFIay3d RSLINRSBABEKY &S a ¢ BENBn a S NI

asSit G2 nod ¢KAA LINPOSRIZNBE ¢4l a FLILXASR | ONRaa |

¢tKS 20SNRSSLISYyAy3aa FNRBY RAUOUSNBYyd AOS GKAOlYyS

OF t Odzt 12N t AESt&a 6SNB (KSy IylLteaSR F2N (K
58



O2Yo0Aylo2yad tAEStA 6SNB a4A3IySR I NIylAy3a y
F2NJ SEI YLIWWRRSHE2 ND2IYolhg/d a2y | LIAESE GKIG TSttt A
NIyl 2F HZ 6KSNBIFAa | LAESERSIKE (s 280 OHMNBSIRESY NI
GKAOYZFREMND 0OAWIR K S OK 20KSNJI AKSYKNDE Ss REMYSHE &
iKS UNBARAGQGISNE Yy (i Y2RS® amENE yOZRXEAREBD Sy RRRSKNAY
I NBE O2&6MA yMSRRR Ay GilKESS diaNg ARV BB NBa/ (i NB/ IOy BRRY § R
Fff GKS Ll2aarof IKBNBSWI @2 Yo Aiypliddy @25F up HR2RST
IANHABD2 Y

59



Total Area (sq km)

Total Volume (cubic km)
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5.2.INTERREGIONAL COMPARISON USING FIVE ICE THICKNESS MODELS
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LA BE6SIfYa | CZ CY CINAy2kQa 9yaSvyatSs ayY aaffl

Region 2 combinations 3 combinations 4 combinations
Highest | Percentage| Highest | Percentage| Highest | Percentage
Pixel of common| Pixel of common| Pixel of common
Total pixels Total pixels Total pixels
Alaska HG FG (52.9%) HGM FGH HFMG | HFMG
(20.6%) (9.6%)
Alps MO FG (43.8%) GMO FGO HMOG | HOFG
(24.6%) (11.26%)
Himalayas | MO FG (40.8%) HMO FGO HMOF | HOFG
(23.5%) (13.5%)
Peruvian MO FH (40.3%) HMO FGH HMOG | HMOF
Andes (16.7%) (8.6%)
New Zealang MO FG (53.6%) HMO FGO HMOG | HOFG
Southern (31.4%) (16.4%)
Alps
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pixels pixels pixels
Alaska OH MO (16.6%)| HMO HMO (6.2%) HMOF HMOG
(3.4%)
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(11.75%) (6.91%) (4.3%)
Himalayas | FH FM (21.2%) | FGM HMO(9.6%)| HMGF HMGF
(9.1%)
Peruvian FG GO (9.9%) | FGH HMO (4.7%) HMGF HMOG
Andes (3.07%)
New FH FM (25.7%) | FGH HMO HMGF HMOG
Zealand (11.96%) (9.05%)
Southern
Alps
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6. DISCUSSION
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6.1.DEM AND ICE THICKNESS CHOICE

6.1.1. DEMs
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6.1.2. Ice Thickness Models
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6.2. APOSSIBLE WAY FORWARD

6.2.1.Combining the models
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6.2.2. Implications of the findings
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6.3. Limitations
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APPENDIX A

Overdeepening Volume as Percentage of Glacier Volume
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APPENDIX B

Violin Plot with pixel wise distribution of depth
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APPENDIX C

Violin Plot with pixel wise distribution of depth
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Region
<fct>
Alaska
Alaska
Alaska
Alaska
Alaska
Alps

Alps

Alps

Alps

Alps
Himalayas
Himalayas
Himalayas
Himalayas
Himalayas
Peruvian
Peruvian
Peruvian
Peruvian
Peruvian
Southern
Southern
Southern
Southern
Southern

Andes
Andes
Andes
Andes
Andes
Alps
Alps
Alps
Alps
Alps

APPENDIX D
+| f dzS T2 NINGRIE L2t 2 (&K ST 28NS b P

Model

<fct>
Farinottis'
GlabTop2
HF

Millan
OGGM
Farinottis'
GlabTop2
HF

Millan
OGGM
Farinottis'
GlabTop2
HF

Millan
OGGM
Farinottis'
GlabTop2
HF

Millan
OGGM
Farinottis'
GlabTop2
HF

Millan
OGGM

Ensemble

Ensemble

Ensemble

Ensemble

Ensemble

Median

<dbl>
24985.
41226.
23736.
17490.
22487.
29999.
39999.
21249.
14999.
34999.
22500.
28750.
25000.
22500.
40000.
19994 .

17494
21243,
19994.
24992.
36143.
17448.
34896.
23680.
33650.

Mean
<dbl>
5944 .

w

w

[

100590.
185104.
39281.
62201.
30335,
34122.
64385,
70480.
110363.
59824,
49936.
108292.
37804.
39045,
32518.
42156.
84667 .
116262.
118595.
64703.
64724.
225579.

43766.
74885.
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APPENDIX E
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