<]
TUDelft

Delft University of Technology

Observing surface properties of glaciers
A case study in the Nyaingéntanglha Range, Tibetan Plateau

Shi, Junchao

DOI
10.4233/uuid:ee8a035d-95ad-472¢-9111-7044e058f9%ee

Publication date
2017

Document Version
Final published version

Citation (APA)

Shi, J. (2017). Observing surface properties of glaciers: A case study in the Nyaingéntanglha Range,
Tibetan Plateau. [Dissertation (TU Delft), Delft University of Technology].
https://doi.org/10.4233/uuid:ee8a035d-95ad-472c-9111-7044e058f9%ee

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.4233/uuid:ee8a035d-95ad-472c-9111-7044e058f9ee
https://doi.org/10.4233/uuid:ee8a035d-95ad-472c-9111-7044e058f9ee

Observing surface properties of glaciers

A case study in the Nyaingéntanglha Range, Tibetan
Plateau






Observing surface properties of glaciers

A case study in the Nyaingéntanglha Range, Tibetan
Plateau

Proefschrift

ter verkrijging van de graad van doctor
aan de Technische Universiteit Delft,
op gezag van de Rector Magnificus prof. ir. K. C. A. M. Luyben,
voorzitter van het College voor Promoties,
in het openbaar te verdedigen op dinsdag 16 mei 2017 om 10:00 uur

door

Junchao Shi

Bachelor of Science in Hydrology and Water Resource Engineering
geboren te Zhengzhou, China.



Dit proefschrift is goedgekeurd door de promotor:
Prof. dr. M. Menenti

Copromotor: Dr. R. C. Lindenbergh

Samenstelling promotiecommissie:

Rector Magnificus, voorzitter
Prof. dr. M. Menenti, Technische Universiteit Delft, promotor
Dr.R. C. Lindenbergh, Technische Universiteit Delft, copromotor

Onafhankelijke leden:

Prof. dr. ir. R. E Hanssen, Technische Universiteit Delft

Dr. S. Lhermitte, Technische Universiteit Delft

Prof. dr. B. Su, Twente Universiteit

Prof. dr. L. Ren, Hohai Univeristy

Prof. dr. A. P, Siebesma, Technische Universiteit Delft, reservelid

Copyright © 2017 by Junchao Shi

All rights reserved. No part of the material protected by this copyright notice
may be reproduced or utilized in any form or any means, electronic, mechanical,
including photocopying, recording or by any information storage and retrieval
system, without the prior permission of the author.

Typeset by the author with Latex documentation system
ISBN 000-00-0000-000-0

An electronic version of this dissertation is available at
http://repository.tudelft.nl/.


http://repository.tudelft.nl/

Science is a wonderful thing
if one does not have to earn one’s living at it.

Albert Einstein






Contents

Summary xi
Samenvatting XV
Acknowledgments xix
1 Introduction 1
1.1 TibetanPlateau (TP). . . . . . . . . . . ... ... 1
1.2 RegionalClimate. . . . .. ... ... ... ..., 2
1.2.1 Warminginfluence. . . . . ... ... ... ... ... . ... 3

1.2.2 Precipitation . . .. .. ... ... o e 4

1.3 Response of glaciers to climatechange. . . . . . ... ... ..... 4
1.4 Roadmap of this dissertation . . . . ... ... ... ......... 5
1.4.1 Researchquestions. . . ... ... ............... 5

1.4.2 Organization of the dissertation. . . . . . . ... ....... 5

2 Background 7
2.1 Glaciersonthe TibetanPlateau. . . . . . . ... ... ... ..... 7
22 Massbalance . . . . . . . ... e 8
2.3 Surface process. . . . . . . .o e e e e e e e 9
2.3.1 Surfacemassbalance. . . . ... ... ... ... ... ... 9

2.3.2 Surfaceenergybalance. . . . ... ... ... ... . .... 9

24 Surfaceroughness . . . ... ... ... ... . .. . L. 10
2.4.1 Influence on surface energybalance . . . .. ... .. .. .. 10

2.4.2 Development of surface roughness parameterization. . . . . 12

25 Glaciermotion . . . . . . . ... e e 12
2.6 NyaingéntanglhaRange. . .. ... ... ... ... .. ....... 14
2.6.1 Geo-environment . . .. .. ... ... ... 14

2.6.2 Established in situ measurement . . . . . . ... ....... 15

3 Parameterize surface roughness based on ICESat/GLAS full waveforms

21

3.1
3.2

Introduction . . . . ... ... ... o e 22
StudyareaandData . . . . ... ... .. ... . ... ..., 23
321 Studyarea. . .. ... ... ... e 23



viii

Contents

3.22 22ICESat/GLASdata . .....................
323 ASTERGDEMdata. . ... ... ... .. ...........
33 Methods. . . . . . . ... e
3.3.1 Slope and roughness derived from ASTERGDEM . . . . . ..
3.3.2 ICESat full waveform fitting process . . . ... ... .. ...
34 Results. . . .. ... e
3.4.1 ICESat full waveform examples over the studyarea . . . . . .
3.4.2 Comparison of parameters derived from ASTER GDEM and
ICESatdata . . . . ... ... ... ... ... . . . .. ...,
3.4.3 Analysis of ICESat full waveform parameters as a function
ofmorphology . . .. ... ... ... . . . L.
35 Conclusions. . . . ... ...

Estimating glacier surface displacements
4.1 Introduction . . . .. ... .. ... e
4.1.1 Significance of surface displacement in glacier dynamics. . .
4.1.2 Significance of glaciers in the Nyaingéntanglha Range . . . .
4.2 DataDescription. . . . .. ... ... . e
43 Methodology . . . . . . . . . e e
4.3.1 Displacementderivation. . . . .. ... ... .........
4.3.2 Post-processing and precision assessment. . . . .. ... ..
4.3.3 Displacement variability estimation . . .. ... ... ....
4.4 Results. . . . . . e e e e e
4.5 Discussion . . . ... e
4.6 Conclusions. . . . . . . . . .o

Response of glaciers to regional climate forcing
51 Introduction . . .. .... ... ... ..

5.2.1 Land surface temperature (MODIS day, night). . . . . .. ..
5.2.2 Precipitation (TRMM) . . . ... .. ... ... ... .....
5.2.3 Ancillarydatasets. . . . .. ... ... oo
5.2.4 Preprocessingof MODISand TRMM . . . . ... ... ....
5.3 Analysis of monsoon temporal pattern. . . . . ... ... ... ...
5.4 Response of glaciers with regional climate . . . . . . ... ... ...
5.4.1 Proposed mechanism ofresponse. . . ... ... .......
5.4.2 Estimating temporalresponse. . . . .. ... ... ......
5,5 Results. . . . . . . . . e
5.5.1 Characterization of regional climate . . . . . ... ... ...
5.5.2 Temporal patterns in precipitation and temperature . . . . .
5.5.3 The interaction of ice flow with regional climate. . . . . . . .



Contents ix
5.5.4 Estimating the trend and amplitude of ice surface flow . . . . 92

56 Conclusions. . . . . . . . . 0 i i e e e e e 95

6 Conclusions and future work 99
6.1 Conclusions. . . . . . . . . . . . e e 99
6.2 Futurework. . . . . . . . . . e e 102
Curriculum Vitae 103
List of Publications 105

References

107






Summary

The state of glaciers on the Earth is recognized as a good indicator of the chang-
ing climate. A large amount of global freshwater is blocked within the glaciers on
the continental surface. As the most elevated plateau in the world, the Tibetan
Plateau is located in the southwestern part of China, central Asia. It stretches
over ~ 2.5 x 108 km? between the Taklamakan Desert and the Himalaya Moun-
tains, over ~ 20° longitude (78°25°E ~ 99°06°E) and ~ 10° latitude (26°44'N ~
36°32°N). Glaciers on the Tibetan Plateau are the main reservoirs of water that
benefit the people living around several major Asian rivers downstream. The
high elevation and morphology of the Tibetan Plateau (TP over 4000 m), in-
fluence the regional atmosphere circulations, i.e. the westerlies from inland of
Eurasia and monsoons from Indian and East Asia. The land surface energy bal-
ance determines heating of the atmosphere at high elevation across a range of
spatial and temporal scales resulting in a highly variable radiative and convective
forcing. The latter does also apply to glaciers, with impacts on the mass balance
of glaciers in the Tibetan Plateau. However, the understanding of the interactions
between atmosphere and Tibetan glaciers still needs to be improved further.

The surface properties of glaciers characterize the interaction between the
atmospheric boundary layer and glaciers. Traditionally, the surface properties of
glaciers are either observed in situ or estimated by some retrieval approaches.

This dissertation describes remote sensing observations of two glacier prop-
erties:

a) The surface roughness;

b) The ice velocity of glacier surface flow.

This study focused on the Nyaingéntanglha Range on the Tibetan Plateau.

The specific results of the main work of this dissertation are summarized be-
low.

Chapter 3 presents the potential parameterization of surface roughness us-
ing the spaceborne laser altimetry data. Glaciers in the Tibetan mountains are
expected to be sensitive to turbulent sensible and latent heat fluxes. One of the
most significant factors of the energy exchange between the atmospheric bound-
ary layer and glacier is the roughness of the glacier surface. The aerodynamic
roughness of a complex surface like a glacier is related to its geometric charac-
teristics at multiple spatial scales. Methods to parameterize this roughness for

xi
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glaciers surface were applied in the remote regions of TP. In this study a two-
stage approach was applied. First, the capability of return waveforms to char-
acterize TP landscapes was evaluated. Extraction of parameters of waveforms
measured by the ICESat/GLAS laser system from February, 2003 to November,
2004 was evaluated by analyzing data along several tracks across glaciers in the
Nyaingéntanglha range. Surface features, namely roughness, slope and eleva-
tion were retrieved independently from ASTER GDEM. The response of GLAS
waveforms to these glacier surface features has been documented by statistics
on full waveform parameters, namely number of modes, width of the full wave-
form and elevation. These statistics show that the GLAS waveforms are related
to the surface geometric features and useful to parameterize the surface aero-
dynamic roughness. Consequently, the retrieved waveform can be explained by
the terrain characteristics. In our study area, roughness and slope of the surface
can contribute several meters to even several tens of meters to the pulse shape.
Next, the relationship between surface slope and roughness was derived first the-
oretically, then using the ASTER GDEM surface features and the observed GLAS
waveform parameters. The later delivered the relationship between terrain char-
acteristics and waveform parameters required to parameterize the surface aero-
dynamic roughness.

Chapter 4 shows the derivation of glacial surface displacements by apply-
ing feature-tracking methods to optical imageries. The glacier surface flow re-
sponds to changes in accumulation and ablation and through that, to regional
climate, but must be mapped and monitored over long periods of time. We mon-
itored the ice surface displacement of the glaciers in the entire Nyainqgéntanglha
Range over nearly two decades from 1993 to 2015 by applying a feature-tracking
method to multi-temporal Landsat image data. Suitable images could only be re-
trieved in the non-monsoon season and were spaced by about one year, so that
our estimates were approximately yearly values. Post-processing was applied to
detect outliers, taking into account estimated spatial variability, towards higher
quality of retrieved surface displacements. It reduces the bias existing in the fi-
nal displacement measurements on the mountainous glaciers. The precision of
ice displacement was evaluated by using measurements on the relative stable
ground outside glaciers. Through the time series analysis of ice surface displace-
ments, we found that the observations could be represented by a combination
of a linear component and multi-annual component. This applied especially
to the ablation zone of observed glaciers. The multi-annual component could
be represented by a single periodic component with a period of multiple years.
In practice, we estimated and mapped the linear trend v and the amplitude of
multi-annual component a. By capturing their spatial distributions we could
evaluate their dependence on both elevation and slope. The observed glaciers
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are active, as documented by the linear trend and amplitude of multi-annual
component across the entire range of elevation and slope. The analysis indicates
that the spatial variability of glacier multi-annual amplitude seems to be more
dependent on elevations and slope than the linear trend in the Nyaingéntanglha
Range. The study demonstrated that observations of ice surface displacement
retrieved by optical image data provide useful insight on the glacier dynamics in
the Nyaingéntanglha Range.

Chapter 5 further estimates the possible temporal patterns of the glacial sur-
face displacements response within the Nyaingéntanglha Range under the re-
gional climate. In this study, the regional climate has been characterized using
TRMM precipitation and the MODIS land surface temperature data products,
while the local glacier response to regional climate has been characterized us-
ing the period, linear trend and amplitude of the periodic component of glacier
surface flow. The analysis of monthly precipitation and land surface tempera-
ture led to define seasons as they occur on the Tibetan Plateau. Most impor-
tant for glaciers mass balance is the summer monsoon season when both high
precipitation and high surface temperature occur. The statistical dependency
of ice flow on precipitation and temperature was estimated by multi-regression
analysis. According to the interaction between regional climate (precipitation
and temperature) and glaciers, the linear trend and amplitude of periodic com-
ponent of glacier surface displacement times series was evaluated by using FFT
analysis combined with the least squares approach. Applying FFT analysis and
least squares approach to regional climate forcing (precipitation and tempera-
ture) and ice flow in terms of surface displacement times series, the temporal
patterns of ice flow are estimated. It indicates that the behavior of ice flow re-
lates the patterns of glacier self-adjustment induced by regional climate forcing
(temperature and precipitation). These findings imply that satellite based fea-
ture tracking method is capable to establish long term time series of ice flows
and estimate interactions with regional climate variables in this region.






Samenvatting

De staat van gletsjers op aarde wordt gezien als een goede indicator voor het
veranderende klimaat. Een grote hoeveelheid van het wereldwijde zoetwater
is opgeslagen in gletsjers op het continentale landoppervlak. Het hoogste pla-
teau ter wereld is het Tibetaanse Plateau, geleden in het zuidwestelijke deel van
China, Centraal-Azié. Het strekt zich uit over meer dan 2,5 x 108 km? tussen
de Taklamakan-woestijn en de bergen van de Himalaya over 20° lengte (78°25’E
99°06’E) en 10° breedte (26 °44’N 36°32’N). Gletsjers op het Tibetaanse plateau
zijn de belangrijkste waterreservoirs waaruit de mensen die stroomafwaarts rond
de meerdere grote Aziatische rivieren leven, water kunnen putten. De hoogte en
morfologie van het Tibetaanse Plateau (TP boven 4000 m) beinvloedt de regio-
nale atmosferische stromingen, met name de westelijke binnenlanden van Eura-
sié en moessons uit India en Oost-Azié. De energiebalans op het landoppervlak
bepaalt de verwarming van de atmosfeer op grote hoogte over een reeks ruim-
telijke en temporele schalen, wat resulteert in een zeer variabele stralings- en
convectiekracht. Het laatste geldt ook voor gletsjers, met gevolgen voor de mas-
sabalans van gletsjers op het Tibetaanse Plateau. Echter, het begrijpen van de
interacties tussen de atmosfeer en Tibetaanse gletsjers moet nog verder worden
verbeterd. De oppervlakte-eigenschappen van gletsjers karakteriseren de wissel-
werking tussen de atmosferische grenslaag en gletsjers. Traditioneel gezien wor-
den de oppervlakkenmerken van gletsjers ofwel in situ waargenomen of geschat
met behulp van benaderingswijzen voor gegevensontsluiting. Dit proefschrift
beschrijft de remote sensing-waarnemingen van twee gletsjereigenschappen:

a) de oppervlakteruwheid;

b) De ijssnelheid van de gletsjeroppervlaktestroom.

Deze studie richtte zich op het Nyaingéntanglha gebied op het Tibetaanse
Plateau.

De specifieke resultaten van het voornaamste werk van dit proefschrift wor-
den samengevat hieronder.

Hoofdstuk 3 beschrijft de potentiéle parametrisering van de oppervlakteruw-
heid door gebruik te maken van laserhoogtemetingen afkomstig van satellie-
ten. Gletsjers in de Tibetaanse bergen zullen naar verwachting gevoelig zijn voor
turbulent-gevoelige en latente warmtestromen. Een van de belangrijkste fac-
toren van de energie-uitwisseling tussen de atmosferische grenslaag en gletsjer
is de ruwheid van het gletsjeroppervlak. De aerodynamische ruwheid van een

XV
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complex oppervlak als een gletsjer is gerelateerd aan zijn geometrische kenmer-
ken op meerdere ruimtelijke schalen. Methoden om deze ruwheid te parame-
triseren voor gletsjersoppervlakten werden toegepast op de afgelegen gebieden
van TP. In deze studie is een tweetrapsbenadering toegepast. Als eerste werd
bekeken of de ontvangen golfvormen in staat zijn om TP-landschappen te ka-
rakteriseren. De parameters van de golfvormen, welke zijn gemeten door het
ICESat/GLAS lasersysteem van februari 2003 tot november 2004, zijn verkregen
door gegevens te analyseren langs verschillende sporen over gletsjers in het Ny-
aingéntanglha gebied. Oppervlaktekenmerken, in de vorm van ruwheid, hel-
ling en hoogte, zijn op onafhankelijke wijze verkregen van ASTER GDEM. De
response van GLAS-golfvormen van deze gletsjeroppervlaktekenmerken is vast-
gelegd in statistieken welke de volledige golfvormparameters beschrijven, na-
melijk aantal modes, breedte van het volledige golfvorm en de hoogte. Uit deze
statistieken blijkt dat de GLAS-golfvormen zijn gerelateerd aan de oppervlakte-
gerelateerde geometrische eigenschappen en geschikt zijn om de oppervlakte-
gerelateerde aerodynamische ruwheid te parametriseren. Als gevolg hiervan kan
de verkregen golfvorm worden verklaard door de terreinkenmerken. In ons stu-
diegebied kunnen de ruwheid en de helling van het oppervlak meerdere meters
tot zelfs enkele tientallen meter bijdragen aan de golfvorm. Vervolgens werd de
relatie tussen oppervlaktehelling en ruwheid eerst theoretisch afgeleid en vervol-
gens gebruikmakend van de ASTER GDEM-oppervlaktekenmerken en de waar-
genomen GLAS-golfvormparameters. Het laatstgenoemde resulteerde in de re-
latie tussen terreinkarakteristieken en golfvormparameters die nodig zijn om de
oppervlakte-gerelateerde aerodynamische ruwheid te parametriseren.

Hoofdstuk 4 beschrijft de derivatie van glaciale oppervlakverplaatsingen door
toepassing van feature-tracking methodes op optische beelden. De gletsjerop-
pervlaktestroom komt overeen met veranderingen in accumulatie en ablatie en
daardoor ook met het lokale klimaat, maar moet over lange perioden in kaart
worden gebracht en gemonitord. We hebben de ijsoppervlakteverplaatsing van
de gletsjers in het gehele Nyaingéntanglha gebied over bijna twee decennia van
1993 tot 2015 gemonitord door een feature-tracking methode toe te passen op
multi-temporele Landsat beeldgegevens. Geschikte afbeeldingen kunnen alleen
in het niet-moessonseizoen worden verkregen en lagen ongeveer een jaar uit el-
kaar met als gevolg dat we ruwweg jaarlijkse schattingen hebben verkregen. Na-
bewerking werd toegepast om uitschieters te detecteren, rekening houdend met
de geschatte ruimtelijke variabiliteit, om zodoende een hogere kwaliteit van de
geschatte oppervlakverplaatsingen te verkrijgen. Het vermindert de afwijking in
de uiteindelijke metingen van verplaatsing op de bergachtige gletsjers. De pre-
cisie van ijsverplaatsing is verkregen door middel van metingen op de relatief
stabiele grond buiten de gletsjers. Met behulp van tijdreeksanalyse van ijsopper-
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vlakteverplaatsingen kwam naar voren dat de observaties kunnen worden weer-
gegeven door een combinatie van een lineair onderdeel en meerjarencompo-
nent. Dit geldt vooral voor de ablatiezone van waargenomen gletsjers. Het meer-
jarencomponent kan worden uitgedrukt door een enkel periodiek component
met een periode van meerdere jaren. In de praktijk hebben we de lineaire trend v
en de amplitude van meerjarencomponent a geschat en in kaart gebracht. Door
hun ruimtelijke verdeling vast te leggen, konden we hun afhankelijkheid analy-
seren met betrekking tot hoogte en helling. De waargenomen gletsjers zijn actief,
zoals vernomen door de lineaire trend en amplitude van het meerjarencompo-
nent over de gehele spanne van hoogte en helling. Uit de analyse blijkt dat de
ruimtelijke variabiliteit van de gletsjers’ meerjarige amplitude meer afhankelijk
is van hoogten en hellingen dan de lineaire trend in het Nyaingéntanglha ge-
bied. Uit de studie bleek dat waarnemingen van ijsoppervlakteverplaatsing die
zijn verkregen door optische beeldgegevens, een waardevol inzicht geeft in de
gletsjerdynamiek in het Nyaingéntanglha gebied.

Hoofdstuk 5, vervolgens, schat de mogelijke temporele patronen van het gla-
ciale oppervlakkenverplaatsingsrespons binnen het Nyainqéntanglha gebied met
het lokale klimaat. In dit onderzoek is het lokale klimaat gekarakteriseerd door
gebruik van TRMM-neerslag en de MODIS dataproducten met landoppervlakte-
temperatuur, terwijl de lokale gletsjerrespons op het regionale klimaat is geka-
rakteriseerd door de periodieke, lineaire trend en amplitude van het periodieke
onderdeel van gletsjeroppervlaktestroom. De analyse van de maandelijkse neer-
slag en landoppervlaktetemperatuur resulteerde in het bepalen van seizoenen
zoals ze voorkomen op het Tibetaanse plateau. Belangrijkste voor de gletsjersba-
lans is het zomermoessonseizoen, wanneer zowel hoge neerslag als hoge opper-
vlaktetemperaturen voorkomen. De statistische afhankelijkheid van ijsstroom
op neerslag en temperatuur werd geschat door middel van multi-regressie ana-
lyse. In overeenstemming met de interactie tussen het regionale klimaat (neer-
slag en temperatuur) en gletsjers werden de lineaire trend en amplitude van het
periodieke component van de tijdsreeksen met gletsjeroppervlakteverplaatsin-
gen berekend met behulp van FFT-analyse gecombineerd met de kleinste-kwadraten
oplossing. Met behulp van de toepassing van FFT-analyse en kleinste-kwadraten
oplossing op regionale klimaatverandering (neerslag en temperatuur) en ijsstroom
in termen van de tijdsseries van oppervlakteverplaatsing, worden de temporele
patronen van ijsstroom geschat. Het geeft aan dat het mate van ijsstroom ge-
relateerd is aan de patronen van de zelfaanpassing van de gletsjer geinduceerd
door regionale klimaatverandering (temperatuur en neerslag). Deze bevindin-
gen impliceren dat de feature-tracking methode met observaties van satellieten
in staat is om tijdsreeksen van ijsstromen over grote tijdsspanne te verkrijgen en
de interacties met regionale klimaatvariabelen in deze regio te schatten.
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Introduction

The state of glaciers on the Earth is recognized as a good indicator of the changing
climate. Approximately, ~70% global freshwater is blocked within the glaciers on
the continental surface. Glaciers remained on the Tibetan Plateau are one of the
main reservoirs of water that benefit the people living around several major Asian
rivers downstream. The high elevation and morphology of the Tibetan Plateau
(TP over 4000 m), influence the regional atmosphere circulations i.e. the wester-
lies from inland of Eurasia and monsoons from Indian and East Asia. The land
surface energy balance determines heating of the atmosphere at high elevation
across a range of spatial and temporal scales resulting in a highly variable radia-
tive and convective forcing. The latter does also apply to glaciers, with impacts
on the mass balance of glaciers in the Tibetan Plateau. However, the understand-
ing of the interactions between atmosphere and Tibetan glaciers still needs to be
improved further.

1.1. Tibetan Plateau (TP)
The most elevated plateau in the world, the Tibetan Plateau is located in the
southwestern part of China, central Asia. It stretches over ~ 2.5 x 10% km? be-
tween the Taklamakan Desert and the Himalaya Mountains, over ~ 20° longi-
tude (78°25°E ~ 99°06 'E) and ~ 10° latitude (26°44°'N ~ 36°32°N). This high el-
evation results in two distinct phenomenon, i.e. a reduced air mass overlaying
on the Tibetan Plateau than its surroundings and surface of the plateau can be
warmed up more efficiently in this region. It has been found that the larger scale
atmosphere-ocean interactions effect is linking with the thermodynamic process
over the TP [148].

As alarge glaciated area besides Antarctica and Arctic/Greenland, the moun-
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tain glaciers occupy about 1.0x10° km? on the Tibetan Plateau. However, their
mass changes remain poorly known, including their contributions to global sea
level variations [71, 155]. Recent studies indicate that new evidence has been
gathered on local climate changes, particularly on the effect of the atmosphere
circulations and hydrological cycles modifications on Tibetan glaciers.

The TP’s warming starts from the early of 1950s, which is earlier than the
Northern Hemisphere’s (mid-1970s). There is an increasing trend in surface air
temperature and humidity, and decreasing trend in irradiance and wind speed
since the 1980s [41, 61, 112]. The TP warming has also temporal variability as-
sociated with surrounding thermal and mechanical processes, and the timing of
regional atmospheric circulations. For instance, the warming rate behaves dif-
ferently at the year scale [111],

1. The maximum of warming rate occurs in the autumn;
2. The yearly warming rate is only half of the winter’s warming rate;
3. The warming rate in spring and summer increase significantly.

Surface properties (i.e. elevation) modulate the process of TP’s warming and
its spatial patterns [107]. Using the historical meteorological and satellite data,
some studies show that the TP warming relies on elevation differences [107, 149].

1.2. Regional Climate

Due to the high elevation and other geoenvironmental conditions, the Tibetan
Plateau influences the atmosphere circulation of the Northern Hemisphere [161].
Atmospheric scientists have been exploring the regional climate of the plateau
and its tempo-spatial variability for a long time [20, 30].

One of the concerns is that the proposed asymmetry of atmospheric circula-
tion is related to the midlatitude westerlies from inland. Air flow is partly over the
Tibetan Plateau and partly around it. The interplay of westerlies and monsoon
climate is regarded as one of the primary determinants of the regime of Plateau
climate (22, 90].

The other concern is the interaction between the Plateau thermal effects on
the atmosphere and Asia climate [41, 42, 138]. Previous studies suggest that the
middle troposphere is heated by the surface heat fluxes during the summer sea-
son, while surface cooling occurs in the winter [156, 157]. Furthermore, the land-
ocean thermal contrast and the convection in the troposphere are controlled by
the seasonal surface heating source and its spatial variability over the Tibetan
Plateau. This process affects the Asian monsoon and onset of the Asian and In-
dian monsoons can be delayed or advanced [41, 144, 161].
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1.2.1. Warming influence

More frequent seasonal warming has been observed on some high elevation re-
gions, such as the TP (Tibetan Plateau) and the Tropical Andes [111]. The TP
is the most sensitive to climate adjustments and experiencing temperature in-
creasing from last century [15, 149]. In particular, observations suggest that the
increment of the temperature is about 1.8 °C over the past 50 years on the TP. Al-
ternatively, the warming and moistening trend with a warming rate of 0.36 °C per
decade (1961-2007) was observed on the plateau compared with a global average
of this warming rate, only 0.13 °C per decade over the last 50 years [88, 138].

The land and atmosphere energy budgets (sensible flux and latent flux and so
on) are the main drivers of the warming over the Tibetan Plateau. The influence
of this warming trend can be categorized at different spatial scales.

1. Local scale: influence on glacier changes

At local scale, the warming of TP has a direct influence on mountain glacier
shrinking and melting [138, 149]. It has been found that 82% of the mountain
glaciers have retreated or declined with the increasing temperature on the TP
(88].

Mechanically, surface energy budgets play a significant role in the heating of
TP and influence the snow/ice albedo feedback [161]. The more sensible flux is
transferred upwards to the Atmosphere Boundary Layer (ABL), the higher precip-
itation due to the destabilized the atmosphere and developed convection [138].

Surface properties have a larger influence on the surface energy. In the sum-
mer season, the lower snow cover gives a much lower albedo and much higher
net radiation, with higher surface temperatures [157, 161]. Moreover, a smaller
fraction of net radiation in summer is consumed by melting of snow and ice than
in the winter season [123, 124]. In numerical experiment, [138] and [161] also
evaluated that the warming/cooling effect of the plateau in relation with increas-
ing surface albedo.

2. Larger scale: relation with monsoons

At larger scales, the warming gradient from West to East of TP is only a local
phenomena, but also associated with atmosphere circulations, i.e. the Indian
and East Asian monsoons [85, 119, 139]. The surface warming and strength-
ened land-ocean thermal contrast have impacted the development of monsoon
precipitation. The changing differences of thermal status and contrast between
ocean and southern and eastern of the TP have been linked with the inter-annual
fluctuations in the Asian Summer Monsoon [88]. Based on historical meteoro-
logical data, the northern plateau became warmer, and in the southern more hu-
mid from 1984 to 2006 [149]. It could indicate that the decreasing surface heating
and atmosphere heating over the TP have changed the monsoon precipitation.
Moreover, it is found that sensible heatand the total heat source decreased since
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the 1980s. Total heating source peaks in July, while heating is stronger in the east-
ern TP than in the western TP. The Asian summer monsoon is strengthened by
the atmosphere heating of the TP [148]. The seasonal development and onset
of Asian monsoon over the Tibetan Plateau is inversely related to the intensity
of the interaction between westerlies and the jet stream over the Asian-Pacific
region [161].

1.2.2. Precipitation

The Asian summer monsoon, characterized by the South-Westerlies and Souther-
lies, supplies considerable moisture and determines the regional precipitation
[38]. As described in the previous section, the thermal contrast between land
and ocean dominates the occurrence of the Asian monsoon. In combination
with Westerlies from inner Eurasia, the spatial variability of precipitation can be
strengthened by warmer temperatures [131, 148]. Based on the reanalysis and
in situ measurements, it is found that the precipitation is increased almost over
the entire Tibetan Plateau from 1961 to 2001, even though some diverse subre-
gional patterns have been noted, such as in the eastern part (dramatically in-
creasing) and in the western part (decreasing). Moreover, the seasonal precipita-
tion belt associated with this summer monsoon is supposed to vary at intrasea-
sonal, interannual, and interdecadal time scales. Then, the timing of precipi-
tation may correlate to the atmosphere circulation over the Pacific and Indian
Ocean in terms of sea surface temperature and the changing snow cover over
Eurasia [59, 145]. The combined analysis of multiple datasets, i.e. 97 meteorol-
ogy stations and two integrated satellite datasets (CMAP and CPCP) suggested
that the Tibetan Plateau is a moisture sink with limited net moisture convergence
in summer [149, 161].

1.3. Response of glaciers to climate change

Climate variability result in the variations of radiation, temperature and pre-
cipitation so that the corresponding adjustment of geometry take place on the
glacier. As described in the previous sections, the Tibetan Plateau is the main
heating source and moisture sink within the regional climate system seasonally.
Specifically, energy reaches the glacier surface not only as short and long wave
radiation fluxes, but also by convection of latent and sensible heat fluxes. The-
oretically, the larger the energy received by the glaciers, the larger the glaciers
melt. Nevertheless, the refreezing processes, albedo variability due to the debris,
topography of the surface will have an impact on the melting of the glaciers at
the micro-scales. The glacier mass balance is driven primarily by melting, subli-
mation (ablation process) and snowfall (accumulation process). Due to the de-
velopment of remote sensing observation and numerical atmospheric studies,
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strong interannual variations in snow accumulation on the Tibetan Plateau have
been documented [161]. The timing of snowfall and the evolution of temper-
ature determine glacier regime, particular in areas dominated by the summer
monsoon, i.e. where accumulation and ablation peak at the same time. Locally,
the interplay of relief -driven winds and the surface energy balance may have an
important role in determining spatial variability of accumulation and ablation.

1.4. Roadmap of this dissertation

1.4.1. Research questions
This study addresses the following research questions:

1. Isit feasible to retrieve surface properties from satellite laser altimetry data
over the Tibetan Plateau?

2. How should glacier surface displacement and ice velocity of Tibetan glaciers
be estimated?

3. Does glacier surface displacement of Tibetan glaciers respond to climate
variability?

1.4.2. Organization of the dissertation

The comprehension on the physical relationship between glaciers and regional
climate is essential to project the response of Tibetan glaciers on the potential
global climate change. The surface process of these glaciers are considered as
a significant interface between atmospheric boundary layer and the glacier sur-
face. According to previous sections, both energy and moisture (mass) exchanges
occur on this interface, affecting the glaciers own dynamics. Normally, the ac-
cumulation and ablation process develop in different seasons on the glaciers,
such as, continental and temperate glaciers. The unique geolocation, regime
of heat and moisture transported by the dominant winds over parts of the Ti-
betan Plateau makes the study of glacier surface process more challenging. In
recent decades, several modeling and experimental researches have been ini-
tiated on the various Tibetan glaciers [5, 16, 47, 49, 96]. The glaciers over the
Nyaingéntanglha Range are assessed to accumulate and ablate simultaneously,
due to the interaction between westernlies and summer monsoons. Neverthe-
less, the specific characteristics of the mass and energy balance on these glaciers
are still not well understood. In this thesis, as a part of the CEOP-AEGIS (Coordi-
nated Asia-European long-term Observation system of Tibetan Plateau hydro-
meteorological processes and the Asian-monsoon systEm with Ground satel-
lite Image data and numerical Simulations) project, the glaciated zone over the
Nyaingéntanglha Range located close to the Nam Co Lake was chosen as the
study area. Here, the glacier surface roughness, and displacements are chosen




1. Introduction

as key surface features to be studied [48, 113].

Chapter 2 the main background is described, including the status of Ti-
betan glaciers, a summary on the Nyainqéntanglha Range, the general regime
of glacial surface and previous measurements related to glacial surface pro-
cesses on this range.

Chapter 3 presents the potential parameterization of surface roughness
using spaceborne laser altimetry data.

Chapter 4 shows the derivation of glacial surface displacements combining
the feature-tracking methods with optical imageries.

Chapter 5 further estimates the possible temporal patterns of the glacial
surface displacements response to the regional climate within the Nyain-
géntanglha Range.

The conclusion and recommendations are summarized in the Chapter 6.



Background

The high altitude of the Tibetan Plateau enhances the influence of monsoon cli-
mate from East Asia and Indian Ocean, when mitigating the influence of the mid-
latitude westerlies [21, 152]. The glaciers on the Tibetan Plateaunot only supply
a considerable fraction of the water of several Asian large rivers , but also con-
tribute to the global sea level rise (SLR) due to the widespread negative mass bal-
ance on the plateau [18]. Numerous investigations have been dedicated to many
aspects of glaciers state and evolution, such as determining area and length statis-
tics, topography mapping and boundary delineation, volume/mass change esti-
mates, as well as meteorological observations and estimates of the energy balance
at the surface [38, 39]. Recent studies estimate the remaining extent of glaciers at
100,000 km? over the entire plateau including ~ 40,000 km? in India, Pakistan
and ~ 59,000 km? in China [122, 155].

In this chapter, the general state of glaciers on the Tibetan Plateau is described
firstly. Then, the review focuses on a specific study area, the Nyaingéntanglha
Range, the geoenvironmental situation and its role in the regional climate changes.
Processes in the mountain glaciers characteristics this area will be briefly intro-
duced to explain the linkage between the surface process determining the energy
balance and glacier flow.

2.1. Glaciers on the Tibetan Plateau

Numerous glaciers are distributed in the mountain ranges of Central Asia, such
as Tien Shan, Pamirs, Karakoram, Kunlun, Nyainqéntanglha and Himalaya in
Western China. According to the thermal regime of the glacier, climatology and
some previous investigations, these mountain glaciers were categorized into dif-
ferent types: sub-continental, temperate and extreme continental [121, 122] ini-

7
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tially. Many recent remote sensing studies e.g. by Lidar, optical imaging, gravime-
try in combination with numerical modeling of glacier dynamics improved the
understanding for thermal regime of Tibetan glaciers and their response to cli-
mate forcing [38]. These studies suggest that glacier energy and mass balance
are influential by the local topography and atmospheric conditions. This leads
to the definition of inhomogeneous zones in the response of Tibetan glaciers to
climate: Seven zones are identified: Northeast, Northwest, two zones in the Cen-
tral Plateau and three in the Himalayas. Re-arranging these zones along three
transects are: 1) Southwest-Northeast oriented; 2) Southeast-Northwest oriented
and 3) along the Himalayas. These transects are evident with the weakening of
monsoons and strengthening of westerlies from south part of the plateau to the
interiors. Specifically, the Himalayan glaciers seem to be reduced in terms of the
length and area recently. Some investigated glaciers in the southeastern part of
the plateau shrank more extremely than others with the average recessed length
of 48.2 m/yr as well as the recessed area of 0.57%/yr, 1970s-2000s. However, the
decreasing trend has been diminished to the interior of the plateau gradually.
The tiny rate of recession is about 0.9 m/yr (length) and 0.07%/yr (area) detected
in the eastern Pamir [155].

2.2. Mass balance

A glacier can be divided into two parts: accumulation zone (higher elevation)
and ablation zone (lower elevation). The net accumulation is dominant in the
accumulation zone where the mass gain (i.e. snow fall) exceeds the massloss (i.e.
melting process). Conversely, the net ablation is more significant in the ablation
zone coupling the gravitational force of ice body to drive the glacier deformation
and movement. The general pattern of flow in a glacier is determined by the
net mass balance. We define b; as the specific summer mass balance, b,, as the
specific winter balance, and b;, as the specific net balance [60],

b, =bs+ by 2.1

Mountain glaciers can be growing or shrinking in response to the combined
influence of the accumulation and ablation over a period of time. The item,
glacier mass balance, is used to estimate the temporal variation of the glacier.
The mass balance varies in the course of time, while a glacier reaches a new equi-
librium under climatic conditions [4, 165].

Snow accumulation occurs at the glacier surface, with depletion occurring
by melting, sublimation, or redistributed by air flow, i.e. by surface processes
(60, 100]. Glacier flow is determined by gravitational sliding coupling internal de-
formation. Understanding glacier response to climate forcing requires modeling
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glacier flow in combination with observations of key-properties such as surface
roughness and surface velocity [102, 108, 129]. And the retrieval of these prop-
erties by satellite data sets provides a potential way for applications over large
spatial coverage and long term monitoring [33, 105, 117].

2.3. Surface process

2.3.1. Surface mass balance
As described above, glacier mass balance is a changing complex process coupling
certain climatic conditions. In other words, the glacier surface process is dom-
inant where the surface topography evolves by interaction between underlying
ice body and overlying atmosphere boundary layer, in terms of thermodynam-
ics, hydrology and mass/ energy exchange at the glacier surface [142].

Surface mass balance (SMB) refers to increasing or decreasing mass at the
glacier surface. The general form of SMB at any location of glacier surface can
expressed as below [32],

SMB = PR—RU - SUs— SUys— ER 4, 2.2)

where PR is total precipitation (including both solid and liquid forms), RU
refers to meltwater runoff, SU; is surface sublimation and the last two terms rep-
resent sublimation (SU,) of drifting snow and erosion (ERy;) by drifting snow,
respectively. SMB is usually expressed in units of mm w.e.yr~! or kg m? yr~!, the
same units that are used to express precipitation in meteorology [81].

2.3.2. Surface energy balance

The glacier-atmosphere interaction refers to the exchanges of momentum, heat
and mass between the glacier surface and overlying atmosphere boundary layer
(ABL). As the main interface of a glacier with atmosphere boundary layer, the
glacier surface, plays a significant role in the energy and moisture exchange of the
glaciers. The surface energy balance on the each location on the glacier surface is
coupled within atmosphere boundary layer dynamics and modulated by surface
albedo and aerodynamic roughness.

Most of mountain glaciers remains in the broad, high elevated area on the
Tibetan Plateau. The influence of arid, and cold air flows, katabatic winds, some-
times dominate the local climate of glaciated mountain region. Thus, both mass
and energy distribution of the glaciers can be regulated by the various air flow in
the forms of snow drifting and heat transportation.

According to equation 2.1, b,, includes precipitation and drifting alone when
ignoring mass increment by condensation and avalanching. Similarly, the b is
considered as a function of surface melt, neglecting the evaporation, bottom pro-
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cess and so on, while the energy involved in these phase change processes is
taken into account. The surface energy fluxes [151] can be formulated directly as
flows

SEB=S;,+Soutr+Lin+Loyt+H+LE+G (2.3)

where S;;, Sou: represent the incoming and reflected shortwave radiance,
respectively; Li,, and L,,; are the incoming and outgoing longwave radiance,
respectively. H and LE are the turbulent fluxes of sensible heat and latent heat
fluxes, respectively; and G is the subsurface heat flux. All fluxes are defined to be
positive when directed toward the surface.

Alternatively, the net radiation flux can be derived from the surface energy
balance equation 2.3,

R,=H+LE+G (2.4)

where R, is the net radiation flux, including S;,, Sous, Lin, and Loy

2.4. Surface roughness

2.4.1. Influence on surface energy balance

As described in the previous section, glaciers and atmospheric boundary layer
interact through the glacier surface to exchange momentum heat and relevant
moisture. Such processes are characterized by large spatial and temporal vari-
ability of atmosphere [98, 101]. The glacier surface energy fluxes, including net
radiation flux R;;, sensible heat flux H, and latent heat flux LE etc., need to be
parameterized using observable glacier surface properties such as surface tem-
perature, albedo, emissivity, surface roughness and so forth.

In high elevated region, glaciers are located in the irregular and rugged to-
pography. The local rugged topography and glacier surface irregularity can mod-
ulate the atmosphere boundary layer flows and in turn the relevant momentum
and heat fluxes through force drag (shear stress and form drag). For mountain
glaciers, turbulent heat fluxes including sensible flux H and latent flux LE are
considered to be important sources of glacier surface melt.

Based on Monin-Obukhov similarity theory, several methods have been de-
veloped to estimate turbulent fluxes by using the logarithmic wind profile and
other glacio - meteorological parameters [34, 36]. Some previous studies indicate
that the determination of turbulent fluxes still constitutes a major uncertainty in
the surface energy balance, while the parameterization of surface roughness pa-
rameters are influential on the turbulent heat fluxes [35, 151].

Following the bulk aerodynamic approach and implementing the stability
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correction [103], the turbulent fluxes are computed as

e Cpk?u(T - Ty) ©,,0,)"! 2.5)
_pa(lnz/lnz()m)(lnz/lnzor) mev .

Lskzu(q —qs)

0,,0,)7! 2.6
(lnz/lnzom)(lnz/lnzoq)( mOu) (2.6)

LE=p,

where p, and C,, refers to the density and specific heat capacity of air, re-
spectively. L; is latent heat of sublimation of snow or ice, and « is the von Kar-
man constant. 7 is surface stress and u* is the friction velocity. zyom is the sur-
face roughness parameter for momentum; zo7 and zy, are the surface roughness
parameters for temperature and humidity, respectively. To compute turbulent
fluxes (equations 2.5 and 2.6), it is assumed that the air temperature is equal to
the surface temperature of the snow/ice at zyr and that the air is saturated with
respect to the surface temperature of the snow/ice at zy4. This last assumption
helps calculate surface specific humidity ¢g;.

The nondimensional stability functions for momentum (0,,), heat (0;) and
moisture (0,) can be expressed in terms of Riy, [127]:

_ 8(T'=Ty)(z—zom)
B Tu?

where T and u are mean values of air temperature and horizontal wind speed
at the level of measurement z, respectively. The parameter g is acceleration of
gravity. Assuming that local gradients of mean horizontal wind speed u, mean
temperature T and mean specific humidity q are equal to the finite differences
between the level of measurement and the surface.

Ri,

(2.7

©m0,) ! = (©,0,) 7! = (1-5Rip)?, (2.8)

when Riy, is positive (stable)

©,0,)7 1 =(0,,0,)7' =1 -16Rip)>" (2.9)

when Rij, is negative (unstable)

Moreover, it is found that zo7 and zo4 can be derived by using the ratio be-
tween zo7/zom and zog/ Zom, which are expressed in terms of the polynomials of
Reynolds number Re. on the glaciated area:

In(zor/!zom) = bo+ b1ln(Re,) + bZ(ln(Re*))2 (2.10)

where by 1 » refer to the polynomial coefficients determined by the aerodynamic
flow regime.
In(zoq/ zom) = by + by In(Re.) + b,(In(Re.))* (2.11)
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where b;) | » refer to the polynomial coefficients determined by the aerodynamic
flow regime.

2.4.2. Development of surface roughness parameterization

Surface aerodynamic roughness is defined by the logarithmic vertical profile of
mean horizontal wind speed. i.e. it requires measurements of wind speed at
different heights over sufficiently long period of time. Moreover, when dealing
with large and heterogeneous landscapes, it becomes very challenging to cap-
ture the spatial variability of surface aerodynamic roughness using such mea-
surements. The zpm can not be derived easily when using wind profile measure-
ments, since the logarithmic vertical profile only applies when the surface atmo-
spheric layer is in dynamic equilibrium with the land surface. The rugged topog-
raphy at most glacier locations further adds to the challenge of determining an
effective aerodynamic roughness zgaf accounting for the topography influence.
Even over the flat terrain the effective aerodynamic roughness is determined by
the dimensions, and density distribution of obstacles. Determining the aerody-
namic roughness of glacier is as complex as in any inhomogeneous landscape,
requiring a detailed characterization of the glacier surface to estimate the sur-
face aerodynamic roughness [6, 9]. The challenge, therefore, is to parameterize
the surface aerodynamic roughness as a function of observable geo-spatial vari-
ables. Airborne laser scanning provides the detailed measurements required to
derive surface geometry at the level of detail and accuracy required to determine
the surface aerodynamic roughness [37, 128]. The remote sensing approach (i.e.
laser measurements) can be used to determine the geometric properties of ter-
ritorial landscapes required to estimate the surface aerodynamic roughness, as
done first by [94]. It estimates the effective aerodynamic roughness considering
remote sensing derived land surface geometrical parameters. In particular, the
geometric roughness of surface is the key to treat form drag during the calcula-
tion. Compared to conventional techniques (i.e. bulk similarity technique based
on wind profile dataset), the remote sensing approach derived measurements
are potential to improve the resolution of measurements spatio-temporally.

2.5. Glacier motion

The evolution of the glacier shape is governed by ice flow and mass fluxes at
the glacier boundary. The gravitational force and internal deformation control
the ice flow downwards [66]. The knowledge of glacier flow field is essential for
understanding the response of glaciers to climate forcing, since the ice velocity
pattern is a measure of glacier mass imbalance between accumulation and abla-
tion [69]. Such imbalance leads to the redistribution of mass. Since a significant
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driver of the imbalance is the pattern in the glacier surface energy balance, sur-
face heat fluxes, surface temperature and surface flow velocity are interrelated,
as explained briefly in this section [32].

For the reasons below only generalized formulations are considered here to
discuss the relevant energy balance and ice velocity:

Firstly, boundary conditions including the irregularity of surface and bottom,
and variability of temperature and its gradient;

Secondly, the advection of heat and temperature distribution is affected by
ice flow;

Thirdly, the potential three dimensional problem by i.e. the extension to the
flowline and so forth.

All these sorts of issues result in the difficulty of analytical full solutions to be
derived from the generalized formulations.

When taking into account heat conduction and heat advection by ice flow,
the generalized energy balance of an ice volume can expressed as [60]:

conduction
00 s 0’0 9’0 9°0 1 j0K0O 0K OK o0
—:1<—+—+—]+— ——+——+——]
ot 0x? 0y* 0z?1 pCloxdx 0dydy 0zoz

advection strain heating
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For convenience, this generalized energy balance equation 2.13 can be sim-
plified as

06 2 1 . Q
— =xV0+—VK-VO-u-VO+— .
a7 K + oC u + oC (2.13)
by using the operators,
v-2;,0:,94 (2.14)
“ox "oyl Tz ‘

where
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6—the temperature of ice

p—the density of ice

C—the heat capacity of or specific heat

K—the thermal conductivity of ice

x = K/pC—the thermal diffusivity of ice

Q—the heat production

[—time

i, ], k—are unit vectors in the x, y, z directions, respectively

=i+ uy j + uzk—the vector velocity

2.6. Nyaingéntanglha Range

2.6.1. Geo-environment

This study focuses on the Nyaingéntanglha Range nearby Nam Co Lake (located
at90°16°~ 91°03°E, 30°30"~ 30°55°N). Previous studies have shown that the vari-
ations of the lake water level and volume on the Tibetan Plateau are driven by
temperature, rainfall, humidity and solar radiation [141]. Since 1970s, the Nam
Co Lake has been considered as one of the indicators on the regional climate
change. In 2005, the Institute of Tibetan Plateau Research, Chinese Academy of
Science, set up the Nam Co Lake Multi-Layer Comprehensive Observation and
Research Station (Nam Co Station). This has mitigated considerably the scarcity
of meteorological observations in the lake basin, regular monitoring of necessary
meteorological parameters within this area.

According to the historical and latest in situ observations, the general warm-
ing trend is found and coincident with the local annual mean temperature, at a
rate of 0.404 °C/10 a from 1976 to 2009. The elevation in the basin ranges from
4718 m (lake area) to 5500 m (the average on the Nyaingéntanglha Range). It
results in more solar radiation absorbed within the Nam Co Lake region around
2900-3200 h/a. Melting water from the glaciers in the Nyaingéntanglha Range
flows into the Nam Co Lake (lake area:~1,920 km? in 1979) and other main rivers
(e.g. Yarlung Tsangpo, and Nu River). Until 2009, the water storage has been
increasing to 870.30x10% m3, with the tendency of 2.67x108 m3; the lake area
enlarged to 2015.12 km? in the period of 1976-2009 [162]. An summary on the
evolution of lake area and lake volume in Table 2.1.

As a highly elevated inland lake on the Tibetan Plateau, the water storage of
Nam Co Lake relies on the several sources: precipitation (both liquid and solid
forms), surface flow, subsurface flow. Recent studies indicate that the glacial
meltwater as well as precipitation are two main inputs for increment of the lake
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Table 2.1: Variations of lake water storage and surface area in different periods. Ay, Ae, Vp, Ve
represent the lake area and water storage in the beginning and ending of each period. This table is
based on the investigation of lake water changes by [162].

%) Water storage (10°m?)

Period Lake surface area (km
Ap A, Tendency Vy Ve Tendency
(km?/a) (108m3/a)

1976-1999 1972.48 1968.23 5.35 786.06 824.35 1.59
1999-2006 1968.23 2015.12 6.67 824.35 866.97 6.41
2006-2009 2015.12 2015.35 0.76 866.97 870.30 1.63

water storage [80, 140].The evident increasing of temperature (1% significant
level), precipitations (10% significant level), and reduction of evaporation can
explain the positive trend in lake area and volume [162].

2.6.2. Established in situ measurement

Numerous studies document the increasing of change of Tibetan glaciers during
recent decades, although the overall picture for the entire Tibetan Plateau is far
from comprehensive. Ding et al. [39], Li et al. [86] and Yao et al. [153] suggest on
the basis of in-situ glaciological investigations that glacier length, width, area and
ice mass are decreasing over the Tibetan Plateau. For instance, Pieczonka et al.
[105] found ice mass is decreasing by using Multi-temporal digital terrain mod-
els (DTMs) in 12 glaciers, Central Tien Shan. The thickness of these glaciers has
been decreased 18.7+5.6 m in their ablation zones from 1976 to 2009. The total
mass loss converted from the decrease in surface elevation was about 0.33+0.15
m w.e.a”! between 1976 and 2009. The loss in two largest glaciers, Koxkar and
West Qongterang, is about 0.27+0.15 m w.e.a ! and 0.43+0.15 m w.e.a”! over
this period, respectively. Similarly, a mass loss of glaciers was observed in the
Himalaya region [71]. Contrariwise, an anomalous gain of mass has been es-
timated in the Karakoram glaciers [50, 134]. Scherler et al. [116] also found that
the Himalayan glaciers respond to the regional climate change but with some no-
ticeable spatial variability. the monsoon-influenced glaciers (i.e. Himalaya) has
been shrinking, while the westerlies-influenced glaciers are advancing or stable
in the Karakoram. Therefore, more observations and a better understanding of
the relationship between glaciers and regional climate is necessary when assess-
ing the responses of Tibetan glaciers to global climate [97, 155].

In particular, the glaciers in the Nyaingéntanglha Range, within the transi-
tional area from monsoon to westerlies dominated climate, has received much
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attention since recent years. These glaciers are located in the rough, high ele-
vation of the Nyaingéntanglha Range, whose are higher than ~5000 m in most
parts. Those glaciers are affected by the charge of coupling between continental
climate from Central Asia and summer monsoons from oceans. Glaciers in this
region were delineated using in combination with the 1970s topographic maps,
DTMs and satellite images, providing a good reference to determine the variation
of the Nyaingéntanglhan glaciers [72, 153, 163].

A glacier inventory includes the geometric and glaciological information on
each individual glacier. To clarify the recent state of mountain glaciers in the
Nyaingéntanglha Range, the new glacier inventory is updated by using multiple
temporal and spectral satellite data, such as, Hexagon KH-9 and Landsat MSS
(both 1976), Metric Camera (1984), and Landsat TM/ETM+ (1991, 2001, 2005,
2009) combining with previous inventory dataset. Data records on some related
glacial parameters, e.g. minimum, maximum, median elevation, slope, aspect,
area, were reconstructed through this study [19]. The results show that there
are still ~1000 glaciers covering an area of ~800 km?, including ~15% on the
northern side of the ridge and ~85% on the southern side of the Nyainqéntan-
glha Range. Shrinkage of these glaciers have been detected, in particular, 42 km?
of ice cover recessed in the south-western area from 1976 to 2001. The shrink-
age rate of these glaciers during the period 2001-2009, was larger than the value
in 1976-2001. Interestingly, the smaller and lower elevated glaciers seem to con-
tribute to diminishing of the total glacier area over the range. Statistically, the
state of these glaciers within the higher than 6000 m area is rather stable and
their area almost consistent. Intensive recession of area diminishing occurred
between 5500 m and 5700 m altitudes.

Six meteorological stations are located around the Nyaingéntanglha Range
and Nam Co Lake basin, three of them (Xainza, Baingoin, and Nagqu) in the
Northern part, the others (Xigaze, Lhasa, and Damxung) are in the Southern part
and were installed by the Climatic Data Center, National Meteorological Infor-
mation Center, China Meteorological Administration. The meteorological data,
such air temperature, precipitation, are prepared for essential basic information
on glacier energy and mass balance estimates from 1950s to 2000s.



Table 2.2: The change of glacier area over the Nyaingéntanglha Range and Nam Co Basin from 1976 to 2009. This table is based on the glacial
investigation by [19].

Area (kmz) 1976-2001 2001-2009 1976-2009
1976 2001 2009 Aa Aa Aalyr Aa Aa Aalyr Aa Aa Aalyr
km?) (%) (%) (*km?) (%) (%) (km?) (%) (%) (km?) (%) (%)

South 734.1 6924 n.a. -41.7 -5.7 -0.23 n.a. n.a. n.a. n.a. n.a. n.a.
Western + + + + +
Region 25.7 19.4 224 3.1 0.12
Nam Co 2125 198.1 n.a. -144 -6.8 -0.27 n.a. n.a. n.a. n.a. n.a. n.a.
Drainage + + + + +
Basin 7.4 5.5 6.5 3.1 0.12
Glaciers 504.8 475.3 n.a. -29.5 -58 -0.23 n.a. n.a. n.a. n.a. n.a. n.a.
southeast of + + + + +
the main ridge 17.7 13.3 13.3 26 0.12
Detailed 207.1 1945 186.6 -12.6 -6.1 -0.24 -7.8  -4.0 -0.5 -20.5  -99 -0.3
study + + + + + + + + + + + +
area 7.2 5.5 5.4 6.4 3.1 0.12 5.4 2.8 0.34 6.4 3.1 0.1
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Table 2.3: Mass balance results for the Zhadang and Gurenhekou glaciers on the Nyaingéntanglha
Range, Nam Co Basin from 2005 to 2008. N ;3,, N4¢, Vg, N is corresponding to net annual ablation,
net annual accumulation, annual volume change, annual net specific mass balance, respectively.
This table is based on the glacial investigation by [160].

Mass balance year Mass balance
Nap Nac Va Ng
(10°m?) (10°m?) (10°m3) (m.w.e)

Zhadang 2005/2006 -2.15 0.10 -2.05 -1.1
2006/2007 -1.82 0.32 -1.50 -0.8

2007/2008 -0.23 0.60 0.37 +0.2

Gurenhekou 2004/2005 -0.59 0.05 -0.54 -0.4
2005/2006 -0.73 0.32 -0.41 -0.3

2006/2007 -0.73 0.48 -0.25 -0.2

2007/2008 -0.28 0.63 0.35 +0.3

One of recent experiments on glacier surface parameters monitoring was set
up on Glacier Zhadang and Gurenhekou located on the north and south sides of
the ridge, Nyaingéntanglha Range. In this study, the long term conditions of tem-
perature and precipitation within this region were analyzed based on the mea-
surements at the six meteorological stations Xigaze, Lhasa, Damxung, Xainza,
Baingoin, and Nagqu initially (1970-2008), while the NAMOR station was estab-
lished by Chinese Academy of Sciences in 2006. The results imply that the tem-
perature increased on both sides of the Nyaingéntanglha Range over last four
decades, although the rate of temperature change on the northern side was larger
than on the southern side during this period (1970-2007). Similarly, the aver-
age of annual precipitation on the southern side is much higher than the other
side. The historical 1:100000 topographic map (with the horizontal accuracy 10
m), ASTER imagery (with the horizontal accuracy 15 m, acquired in 2007) were
merged with the DGPS campaign in 2007 and processed to determine the change
in glacier area over these decades. The results show that the reduction of the area
on Zhadang glacier was at the rate of 0.017 km?y~! i.e. faster than on the Guren-
hekou glacier where it was 0.006 km?y~!from 1970 to 2007. The mass balance
of these two glaciers was also evaluated Zhadang (2005-2008) and Gurenhekou
(2004-2008). The conventional drilled stake method was applied. The arrays
of drilled stakes were installed to cover all the areas of accumulation and abla-
tion zones on these glaciers ( Zhadang 16 drilled stakes, Gurenhekou 20 drilled
stakes) [160]. There are more negative mass balance signals detected on the
Glacier Zhadang than Gurenhekou , except 2007/2008. The authors underline,
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however, that the uncertainties on the locations, orientations, and elevations of
these drilled stakes, must be taken into account, in combination with the spatial
variability and seasonality of snowfall. All the measurements can be correspond-
ing to the weakening of the Indian monsoon and strengthened westerlies within
the Nyaingéntanglha Range region [160, 162, 164].

Table 2.4: Seasonal energy fluxes at the glacier surface and proportional contribution of each flux.
Sum* indicates the sum of the energy fluxes in absolute values; the proportional contribution of
each flux was calculated as |ener gy flux|/sum. This table is based on the glacial investigation by

Zhang et al. [163].

Mass balance year Season Sum*  Sper Luer Hs Hp G
Wm? % % % % %

2009/2010 Winter 136 33 42 16 8 0
2010/2011 Winter 134 35 45 13 5 2
2009/2010 Summer 173 62 26 6 4 2
2010/2011 Summer 147 52 34 6 7 2

All observed periods - 148 45 37 10 6 2

Table 2.5: Calculated annual and seasonal mass-balance components at automatic weather
station 2 (AWS2): mass balance=precipitation-runoff-evaporation; runoff=rainfall+meltwater-

refrozen water (mm w.e.). This table is based on the glacial investigation by Zhang et al. [163].

Mass balance 2009/2010 2010/2011 2009/2010 2010/2011
component Winter Summer Winter Summer
Precipitation 112 456 64 423 568 487
Rainfall 0 118 0 63 118 63
Snowfall 112 338 64 360 450 424
Meltwater 0 2427 0 867 2427 867
Refrozen water 0 117 0 104 117 104
Runoff 0 2428 0 826 2428 826
Evaporation 69 40 46 46 109 92
Mass balance 43 -2012 18 -449 -1969 -431

The experiment on Zhadang glacier included detaied monitoring of glacier

surface parameters. All the measurements were acquired by two automatic weather

stations (AWSs) and one automatic energy budget station, which were main-
tained Glacier Zhadang since 2005 and 2009, respectively. These two automatic
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weather stations (AWS 1 5400 m.a.s.] and AWS 3 5800 m.a.s.l) aim to assemble the
basic meteorological observations. The target of the successive automatic energy
budget station (AWS 2 5660 m.a.s.l) is more specifically for the glacier surface en-
ergy budget monitoring. The parameters such as, incoming and reflected radia-
tion, air temperature, net radiation are recorded in a time series. As described in
the previous section Eqg. 2.3, the general energy balance model is used for surface
energy balance estimates on Glacier Zhadang. All the assembled in situ surface
parameters are used as model input. Other variables were estimated, e.g. sur-
face albedo, and longwave radiation, and appeared be mutually coherent. Dur-
ing the experimental period, the turbulent sensible (10%) and latent heat fluxes
(6%) were more dominant in the surface energy fluxes compared with subsur-
face heat flux (~ 2% of the total energy fluxes). The seasonal fluctuation of these
energy fluxes primarily results from the net shortwave and longwave radiation,
which are also influential on the mass balance process. For instance, the melt
process is rare due to the negative net all-wave radiation (mainly induced by the
negative longwave radiation) in winter. At times, an energy sink is developed and
the energy is compensated by the positive turbulent and subsurface heat fluxes
on the glacier. In the case of summertime, the net shortwave radiation is more
dominant with net radiation inducing ice melt. Moreover, the seasonality and
forms of precipitation seem to be influential on the differences of the summer
mass balance between 2010 and 2011 as well [163].



Parameterize surface roughness
based on ICESat/GLAS full
waveforms

Glaciers in the Tibetan mountains are expected to be sensitive to turbulent sen-
sible and latent heat fluxes. One of the most significant factors of the energy ex-
change between the atmospheric boundary layer and glacier is the roughness of
the glacier surface. However, methods to parameterize this roughness for glaciers
surface in the remote regions are not well known. In this paper we use the data
acquired by ICESat/GLAS laser altimetry from February, 2003 to November, 2004,
along several tracks over glaciers of the Nyaingéntanglha range, in central Tibet.
We make a study of the waveforms measured by the ICESat/GLAS laser system over
mountainous and glacial areas. The surface characteristics are evaluated within
laser footprints over the glacier outlines based on the glaciological inventory of
the Tibetan Plateau constructed by CAREERI, CAS. For this purpose, we extract
waveform parameters: the waveform width, the number of modes, the RMS width
of the waveform. These parameters are compared with surface slope and rough-
ness obtained from the ASTER GDEM (Global Digital Elevation Model). Through
this analysis, the impact of morphology on the returned laser waveform is shown
for the Nyaingéntanglha range. Roughness, and slope of the surface can be quite
significant and may contribute from several meters to tens of meters to the pulse
extent. The waveform analysis results indicate that the received waveforms are an
accurate representation of surface relief within the GLAS footprints.
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3.1. Introduction

Recent meteorological and glaciological studies show that a significant propor-
tion of the total energy absorbed by glacier surfaces comes from turbulent fluxes
[23, 34, 98, 101]. When evaluating the energy exchange over glaciers, the atmo-
spheric boundary layer (ABL) is generally supposed to be stratified [8, 9]. This
energy transfer process is commonly parameterized by the 'bulk eddy’ aerody-
namic method, which assumes that airflow in the atmospheric boundary layer
is turbulent and fully adjusted to the underlying terrain. Monin-Obukhov simi-
larity theory is applied to parameterize the relation between the meteorological
elements and surface fluxes. At the same time, these stratification effects in the
atmospheric boundary layer (ABL) are considered as well [7, 35, 58]. The irregu-
larity/undulations of the glacier surface, besides albedo, temperature, and so on,
are significant controllers during the surface-atmosphere exchange of mass and
energy [10]. Normally, this irregularity is defined as roughness, which is parame-
terized as a momentum sink for the atmospheric flow.

These surface irregularity/undulations are generally categorized according
to their size. The large-scale undulations have usually a typical wavelength of
3-4 times the ice thickness [25]. In contrast, small-scale surface irregularities
associated with sastrugi and wind-formed features, form over periods of hours
to days and are inherently transient and unpredictable in a deterministic sense
[132]. The other type, containing crevasses, is developed where the stresses of
the ice form variations in flow exceeding the breaking strength of the ice in ten-
sion. Glaciers with these types of features are widely distributed in mountainous
areas, and their shape and flow are characterized by fluctuating surface relief,
flowing downhill. Many energy balance models use refinements of the bound-
ary layer turbulence theory, as described by [99]. The aerodynamic roughness z
is used to scale the logarithmic increase of wind speed with height in a neutrally
stratified layer from a level of no motion near the surface. Furthermore, the aero-
dynamic roughness zj is experimentally determined from high-precision wind
velocity and air temperature profiles. Such resulting roughness estimates are
found to be in good agreement with the existing relationships linking the geo-
metric and the aerodynamic roughness. This suggests that for natural surfaces,
zo can be estimated on the basis of the geometric characteristics of the roughness
elements.

Under normal turbulent flow conditions over melting snow and ice surfaces,
zo depends solely on the dimensions, and density distribution of surface rough-
ness elements [6, 9, 103, 127]. The value of zy increases with increasing height,
surface area and density of surface roughness, until the ratio between the silhou-
ette area (upwind face of elements) and unit ground area reaches 0.4. After this
value, a transition to 'skimming’ flow occurs and z; starts to reduce again [24, 54].
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The standard method to derive zj is from the vertical profiles of horizontal wind
speed and air temperature, using measurements at two or more heights in the
atmospheric boundary layer (ABL).

Until the past decades, there have been two main acceptable strategies to es-
timate the aerodynamic roughness. On one hand, in situ-measurements depen-
dent on the bulk transfer equations were tested both for polar ice sheets and var-
ious mountainous glacier zones [7]. The temperature, wind speed, and other rel-
evant meteorological elements are recorded and applied for a local aerodynamic
roughness approximation. On the other hand, since the end of last century, work
done by [37, 94, 128] indicate that the capabilities of measurements obtained by
laser and optical remote sensing are promising for the determination of the aero-
dynamic roughness. Compared to conventional techniques, these approaches to
estimate zp by remote sensing measurements are potential to achieve a resolu-
tion that is much higher than meteorological measurements in both the spatial
and temporal domain.

Spaceborne laser altimetry is a relatively new instrumental possibility to as-
sess the morphology of the illuminated objects based on the full waveform in-
formation. The return waveform is influenced by effects like cloud attenuation,
system noise, and morphology et al.. NASA launched in January, 2003, the Ice
Cloud and land Elevation Satellite (ICESat), whose accuracy reaches 15 centime-
ters in the vertical direction within a ~65 m footprint, with a spacing of ~172 m
between two adjacent shots [2]. Compared to radar altimeter missions, the emit-
ted pulse width and laser divergence both decreased. These properties enable
ICESat/GLAS to observe relatively small-scale characteristics of morphology of
glaciers in the alpine zone.

Although, the track coverage in middle latitude areas (such as the Tibetan
Plateau) is not as dense as over the polar zones, it still supplies enough signals
for statistical analysis of the full waveform signal. Therefore, we address the fol-
lowing issues in this research: (i) estimate the theoretical relation between space-
borne laser signals and surface irregularity. (ii) derive the representative param-
eters of this irregularity as roughness from spaceborne laser altimetry.

3.2. Study area and Data

3.2.1. Study area

In this study, we consider the glaciers Guren, Guila, Lisheng, and Bili located
on the south slope of the Nyaingéntanglha (30°19°0”N, 90°7°50 “E) range. Itis a
mountain range lying approximately 300 kilometers north-west of Lhasa in cen-
tral Tibet [27]. The ice volume of about 4900 km? is distributed over 7080 glaciers
in this mountain range. Nevertheless, there are only 28 valley glaciers longer than
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10 km [154, 165]. These glaciers play a significant role in the circulation of the
Yarlung Tsangpo and Nu Rivers. The study area is limited by elevation range
from 4498 m to 7162 m. and the mean slope is 17.51°. A glacier inventory is a
basic tool to explore issues related to glacial studies and morphology studies in
glacial areas. Since 1970s, Chinese scientists have focused on this task through
aerial photographs and in situ measurements. The latest Chinese glacier inven-
tory has been a fusion of new topographic maps, DEMs, optical imagery (ASTER,
Landsat TM/ETM) and historical records. All the four glacier outlines used be-
low correspond to the Chinese glacier inventory by CAREERI, CAS described in
[121, 122].

3.2.2. 2.2 ICESat/GLAS data

The Geoscience Laser Altimeter System (GLAS) is loaded on the ICESat satel-
lite. This instrument consists of two channels, at 1064 nm and 532 nm. The
first channel is designed for the measurement of surface topography. There are
three lasers on ICESat/GLAS. Laser 1 started to collect data in February, 2003, but
it failed shortly after its launch. Laser 2 and 3 have collected data with a number
of 33 day sub-cycle campaigns to increase their longevity. The receiver on GLAS
records the echo waveform in 200 bins over sea and 544(1000) bins over land, de-
pending on which of the two lasers is used, with a beam width of ~110 uyrad and
a pulse rate of 40/s [77].

The ICESat /GLAS data used in this study were acquired within campaign
L2A(September—November, 2003 ), L2B( February—March, 2004), L2C(May—June,
2004), and L3A( October—November, 2004). Among 15 GLAS data products, we
investigate the products of Level 1A raw data and Level 2 global land surface
elevation data, release 428 and 429, available from the National Snow and Ice
Data Center (NSIDC). The GLAS products used in the assessment are GLAO1
(L1A Global Altimetry) and GLA14 (Land Surface Altimetry). The former stores
the transmitted and received waveforms from the altimeter while the latter con-
tains land surface elevation, land footprint geolocation and reflectance, as well
as geodetic, instrumental, and atmospheric corrections for range measurements.
These two datasets can be linked by the record index and shot number(1-40). A
total of 1316 shots is picked out for further evaluation in this area. The area illu-
minated by the GLAS/ICEsat pulse will vary significantly during the span of each
campaign, over the course of one orbit, and even shot by shot (shown in Fig. 3.1).

3.2.3. ASTER GDEM data
ASTER imagery is captured from a multi-spectral imaging sensor on-board the
NASA Terra platform, launched in December, 1999. It is designed to monitor sur-
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Figure 3.1: The measurements were performed by ICESat/GLAS laser altimetry in 2003 and 2004.
The bold lines indicate the ICEsat tracks over the study area, the background is the rendered eleva-
tion captured from ASTER GDEM, the outline of Nam Co lake mask is taken from MODIS MOD44W
water mask. The glacier outlines are cropped from the Chinese Glacier Inventory, CAREERI, CAS.

face geodynamic processes, such as, glacier movements, land slides and flood
disaster assessment, by higher resolution and better coverage than other previ-
ous space-borne optical instruments. The main spectral and geometric capabil-
ities of the imaging system, are three VNIR (visible and near-infrared), six SWIR
(short-wave-infrared), five TIR (thermal infrared) bands and one NIR along-track
stereo band with 15 m, 30 m, 90 m, and 15m spatial resolution, respectively [147].

For normal ASTER DEMs generation, the stereo band 3B is often combined
with 3N (the same spectral range 0.76 — 0.86um) [45]. After ground control point
selection, epipolar image selection, image matching and geocoding, the final
ASTER DEMs will be established. Then, ASTER DEM standard data products are
resampled with 30 m postings, and with Z accuracies generally between 10 m
and 25 m root mean square error (RMSE) [130].

The version of ASTER Global DEM (GDEM]1) in this study was released to the
public on June 29, 2009. There are 1.2 million DEM tiles covering land surfaces
between 83°N and 83°S latitudes. The general quality is estimated at 20 meters at
95 % confidence for vertical data and 30 meters at 95 % confidence for horizontal
data. Due to the lack of GPS and other sources of ground control points, cloud
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contamination and water masking issues, the DEMs in high elevation regions
like Nam Co Lake, Nyaingéntanglha Range still need to be validated.

3.3. Methods
3.3.1. Slope and roughness derived from ASTER GDEM
Y »
90 m
N
H4 H5 H6 90 m
H7 \8\\/2‘9
0 X

Figure 3.2: Example of a moving window. The black ellipse corresponds to one footprint of ICESat
illuminating the surface target. Each pixel is 30 mx30 m, the characters from Hj to Hg indicate
the magnitude of elevation. Both slope, and roughness will be calculated at this moving window
scale.

To evaluate the GLAS performance over mountainous glacial surfaces of vary-
ing relief, slope and roughness values for representative geomorphological ter-
rains in our study area were quantified using ASTER GDEM. These two parame-
ters were defined at a length scale of 90 m, approximating the footprint diameter
of the GLAS laser beams, by calculating the best fitting local mean plane to a 3x3
grid of elevation values (see Fig. 3.2). The slope calculation (Equations 1 to 5)
used the algorithm described by [26].

sloperadians = arctan(AS) (3.1)
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AS=1/(dz/dx)? + (dzldy)? 3.2)

H3+2Hg+ Hg) — (Hy +2Hs + H;
[dz/dx]z( 3 6+ Hg) — ( 1. 4+ H7) (3.3)
8x*xx_cell _size

H;+2Hg+ Hy) — (Hy+2H> + H.
[dz/dy]:( 7+2Hg+ Hy) — ( 1'+ 2+ H3) (3.4)
8xy_cell_size

where dz/dx and dz/dy are the height change rate of the surface in two orthog-
onal directions from the center cell. Then, we transform the unit of slope from
radians to degrees using Equation 3.5 (see Fig.3.2).

180
SZopedegrees: Sloperadians'7 (3.5)

The surface roughness can be defined in several different ways, but for con-
sistency with the ICESat data, we quantified the roughness from the ASTER GDEM
data as the standard deviation of the differences with the locally best fitting plane
as follows. First, the plane P(x; y) best fitting the elevations in the 3x3 ASTER
GDEM window, in the least square sense is estimated, given by

Px,y)=rx;+sy;+t (3.6)

Then, the roughness oy is defined as

1
or=\/gAH 3.7)

with
9
AH =Y [H;— (rx; +syi + D]? (3.8)
i=1

All these implementations are done in the commercial software Arc/Infor.

3.3.2. ICESat full waveform fitting process

The quality of the full waveform is essential to determine the range from the
satellite to the features on the ground. Normally, the emitted pulse is consid-
erably stable and introduces little error in the elevation calculation. However,
the echo waveform can be modified by changes in emitted pulse energy, cloud
effects, surface reflectivity and characteristics of the surface illuminated within
a single laser footprint [158]. To shape the features of echo waveforms, we used
a waveform fitting procedure to remove noise. Waveforms were removed from
further analysis due to one of the following reasons:
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e The raw waveform can not be decomposed by the Gaussian fitting algo-
rithm.
» The deviation between ICESat GLA14 and ASTER GDEM is greater than 100
m.
Based on previous ICESat waveform studies by the NASA ICESat/GLAS team,
the assumption is that the waveform is decomposable as a number of Gaussian
components and a noise component [1, 3]. In our case, the glaciers of interest
are located in a continental summer-precipitation climate. In general, the peaks
of the echo waveform represent relevant surface morphological features. Wave-
form extent is defined as the vertical distance between the first and the last eleva-
tion at which the waveform exceeds a threshold level corresponding to the peak
and 4 times the standard deviation of the background noise [2]. The decomposi-
tion of the waveform is formulated as follows:

NP
wt)= ) Wp+e (3.9
m=1
—(=tm)®
Wy =Ape 2n (3.10)

where w(t) is the amplitude of the waveform at time ¢, W,, is the contribu-
tion from the m,;, Gaussian mode, N, is the number of Gaussian modes found
in the waveform, A,, is the amplitude of the m,; Gaussian, t,, is the Gaussian
position, o, is the % half-width (standard deviation) of the m,;, Gaussian, and €
is the bias (noise level) of the waveform.

The original data from GLAO1 is formatted in binary and counts. We con-
verted them to ASCII and voltage for further processing. In the fitting step, Gaus-
sian components are fitted to the return waveform.

A robust least-squares method is used to compute the model parameters.
That is, the values of €, A, t, 0, are obtained by fitting the theoretical model
to the observed waveform in such way that the difference between model and
observation is minimized in the least-squares sense. The parameters n modes
(the number of fitted peaks), and the full waveform width are generated for fur-
ther analysis in later sections [43]. Both of them encode specific physical infor-
mation: nmodes, the number of waveform peaks, roughly corresponds to the
number of elevation levels (including the objects and the earth surface). And the
width of the full waveform represents the elevation range between lowest and
highest surface elements within an ICESat/GLAS footprint (Fig.3.3).

Theoretical impact of morphology on the ICESat full waveform
In this paragraph the theoretical response of an ICESat waveform on the reflect-
ing terrain is described [52]: This theory assumes that the average waveform
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Figure 3.3: Demonstration of the waveform width and waveform modes of a typical ICESat/GLAS
returned waveform. The red dashed line, the black solid line and the green solid line represent the
raw waveform, the fitted waveform and the Gaussian components, respectively. Here, the number
of modes is 3; the width of full waveform equalizes to about 145 ns corresponding to ~21 m.

shape due to terrain reflection is related to the probability density of variation
of terrain elevations within the laser footprints. We use the series of equations
below, these items are defined at first: the photon counts N, the centroid time of
the received pulse T}, the rms pulse width osr, which are the function of tem-
poral moments of the pulse and defined as follows.

N= [°pdt 3.11)
Tp=xJo tp(D)dt (3.12)
02p =% (-T2 p(n)dt (3.13)

where p(t) is the real signal strength. Furthermore, these parameters are
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proved sensitive for certain statistics of the surface target [53].

2y _ 2 2
(GSR) = O'F + O'h
(system effects)

4Var(A) cos® Sy
c?cos?(f+Sy)

( surface roughness effects)
472 tan? q,
c?cos’f
(beam curvature effects)

2 2
tan” S, cos” Sy

-[tan? g, + tan?(f + S,) + oy ) (3.14)
(nadir angle and surface slope effects)

where

o r—the transmitted laser rms pulse width

o —the rms width of receiver impulse response

Var(A)—rms roughness of the statistical surface

c—speed of light

Sx,Sy—along-track and across-track slope, respectively

g:—laser beam divergence angle

f—laser pointing angle off nadir

For the GLAS system both the pointing uncertainty (1.5 arcsec) and the nor-
mal off-nadir pointing angles (< 1 deg ) are small,thus the above equation was
simplified as:
(05p) = og+o7

(system effects)

+ 4Vacr2 (A&)
( surface roughness effects)
4z tan’ q,
02
(beam curvature effects)

-[tan? g, + tan? §] (3.15)
(nadir angle and surface slope effects)

From these equations, the laser system contribution to the width of the re-
ceived pulse include the widths of the transmitted pulse and the receiver impulse
response. The received pulse is broadened by the surface roughness and slope of
the ground target and by the beam curvature.
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Figure 3.4: Processing chain of full waveform parameter evaluation. It includes two work flows
fitting processing and parameter analysis. The raw waveform data of GLAO1 is converted to ascii
format, unit are transfered from count to voltage, and Gaussian modes are fitted using the least-
squares method in Part I. All these steps were implemented as IDL and matlab scripts. Part IT com-
prises waveform parameters extraction, filtering, analysis of typical example waveform, waveform
parameters correlation with morphology in this region.

The relevant procedures of this study are summarized in a scheme in Fig.3.4.
Part 1 is mainly about the full-waveform fitting algorithm. We use the methodol-
ogy mentioned before to fit all the selected waveforms in the study region. Part
2 aims at comparing the waveform parameters obtained from the fitting proce-
dures to the topographic slope and roughness as obtained from ASTER GDEM.

3.4. Results

In this section, we show several typical example waveforms for differentlocations
in the area and analyze the variation according to their topography and land-
scape type. Moreover, we do a case study to investigate the distribution of pa-
rameters on the named glaciers Guren, Guila, Lisheng, and Bili. We divided
each of the four glaciers into ablation and accumulation zone dependent on the
glaciological inventory of Nyaingéntanglha by CAREERI, CAS. The attributes of
these glaciers are mentioned in Table.3.1.

Next, we compare the ICESat derived parameters, elevation, waveform width
and waveform number of modes to the ASTER GDEM elevation, roughness, and
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Table 3.1: It shows the morphological features of the four named glaciers in the study area, S, L,
H, D, Vrepresents area, length, elevation, depth and volume, respectively. t, ac, al, ex means total,
accumulation zone, ablation zone, exposed area, respectively.

St Suc Sal sex Lt Hmax ﬁ Hmin Hul 5 v
(km?) (km?) (km?) (Gm? (km) m m m m m m

Guren 5.6 1 - 5.6 4.2 6260 5830 5400 — 78  0.44
Guila 14.69 1 4.32 13.69 7.2 6384 5882 5380 5900 108 1.59
Lisheng 4.4 1 1.6 4.4 3.3 6360 5924 5488 5900 72 0.32
Bili 5.6 1 - 1.4 4.2 6080 5855 5630 - 48  0.07

slope. Finally, the experimental waveform response is estimated with the pre-
dicted response as discussed in Section 3.3.

Table 3.2: The waveform shift comparison between ablation zone and accumulation zone in Guila
and Guren glaciers. n modes and W are chosen in the analysis. n modes means the number of
peaks in each return pulse. W interprets as the width of full waveform (from the beginning tothe
end).

Guila Guren
Ablation zone Accumulation zone Ablation zone Accumulation zone
(13) (19) (14) (5)
n modes 3.76+2.2 4.68+1.83 4+1.51 6
W (m) 30.81+17.24 43.02 +28.37 44,48 +11.58 70.44+13.38

3.4.1. ICESat full waveform examples over the study area

Accumulation and ablation zones can be divided into much more specific zones,
these being distinct zones with characteristics features in the surface layers of a
glacier. As most laser scanning systems are operating in the near infrared part
of the electromagnetic spectrum, some differences on the surface by different
surface types e.g. snow, firn and ice can be observed.

In the view of glacio-morphology, over 90% of the glaciers in this study area
are valley glaciers, mountain glaciers and small glaciers. First of all, we set sev-
eral criteria to describe the morphological characteristics of the glacier: the gen-
eral shape; the terminus location; the longitudinal profile; supply source of the
glacier; activity of the ice tongue. Moreover, we geolocated the ICESat/GLAS
samples on the glaciers using the CAREERI glacier mask. Finally, we pick up four
larger glaciers Guren, Guila, Lisheng, and Bili to analyze further.
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Figure 3.5: Typical waveform examples were picked out over different features. (a),(b) are in the
accumulation zone of Guila, (c),(d) is in the ablation zone of Guila and Lisheng, respectively. (e)
located in the rare mountainous area and (f) is on the lake surface. Note: to describe the complex-
ity of bare mountainous area, we set number of modes larger than 6, when the specific plotting is
implemented in (e).

The four named glaciers are close to each other and span an altitude range
of 796.5 m on average. Guren glacier (30°12.78°N, 90°14.31°E) lies in a valley,
the orientation of exposed area and ablation zone are both northern. It is a
cirque from morphology, whose terminus is debris-covered and hill-downwards,
the longitudinal profile is regular down to the hill-foot and not very steep. The
tongue retreats slowly [102, 154]. Guila(30°11.92°N,90°16.35E) is located south-
east of Guren and is also a valley glacier consisting of multiple-basins on the
upward side. Its terminal is debris-covered, but the longitudinal profile reveals
some ice-falls and crevasses and tower shape ice, the main source is avalanche
and relevant snow. The retreat of the tongue is still not very fast. Lisheng and
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Bili are mountain glaciers, niche, frontal characteristics is expended. The main
mass source of the glacier is the same as for Guren, the glacier front has retreated
slightly.

Mountainous terrain, where topographic relief within a footprint is small com-
pared to landscape sizes typically yields a multi-modal GLAS waveform. The in-
tensity is a good indicator for glacial optical properties. Ice, snow, and surface
irregularities (mainly crevasses) show a good differentiation in terms of geome-
try and reflectance. Fig.3.5(a), (b) show shot 34 and 21 geo-located in the accu-
mulation zone of Guila, whose slope and roughness are 9.9°, 1.01 m for shot 34;
and 49.5°, 1.54 m for shot 21, respectively. The distribution is Gaussian in both
cases, shot 34 is fitted with only one main peak, the amplitudes are both close
to 1.2 v. Although the waveform width of shot 21 is broadened by the slope ef-
fect and is fitted with 3 peaks, it still comes from a glacier. We considered two
other shots 22, 26 in the ablation zone of Guila and Lisheng (Fig.3.5(c), (d)).
The most remarkable feature is their larger widths about 11.27 m, and 12.01 m,
respectively. There are 5 peaks in shot 22, the peak of the last Gaussian mode re-
sponds to the lower ground surface within the ICESat 70 m footprint. Specifically,
the number of peaks in shot 26 is less than 6 as well, the peak of last Gaussian
mode corresponds to the surface elevation, and the maximum intensity is also
much lower than the values in (a), (b). In combination with the glacier inventory
by CAREERI, and Landsat TM imagery 2003, the waveform can be interpreted as
over crevasses. Similarly, shot 26 is interpreted as coming from a debris overlay-
ing the glacier. We find more oscillations in the return pulse which involved more
morphological features.

Table 3.3: The attributes of culled out waveforms in both regions from February 2003 to November
2004. GLA, MOU, represent glacier, mountainous area, respectively.

GLA MOU
n modes 4.8 4.89
W (m) 47.9 48

Through ICESat track coverage of the four glaciers analysis, we selected Guila
and Guren as the most interesting regions for a case study. Then, we gener-
ated the distribution of these waveform parameters on both ablation and accu-
mulation zones (see Table.3.2). The measurements locate in the ablation zone,
near the tongue of the glacier, the area line is just below the equilibrium line.
As well, the air temperature is above pressure freezing point, thus speeding up
the melting of glaciers. In this area, there is no snow and possibly also a thin
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layer of water covering the glacier. Clearly, the reflectivity of this area is lower
than surrounding bedrocks. nmodes is sensitive to the roughness of the sur-
face. The value of nmodes increased by he roughness of the four named glaciers
(1.03£0.04~1.15+£0.17 m) is larger than 3 on the average. Then, the situation in
glacier and mountainous zone are computed and the results shown in Table.3.3.
To link the ICESat waveforms and the morphology further, total of 1188 points is
selected in the mountains.
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Figure 3.6: Correlation in elevation between ICESat and ASTER GDEM shown in (a); the histogram
of deviations obtained from ASTER GDEM elevation subtracts from ICESat elevation shown in(b).
We divide all the differences into 20 bins, the occupancies of variable deviations in different range
can be found in this histogram.
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3.4.2. Comparison of parameters derived from ASTER GDEM and ICE-
Sat data

To compare the quality of the ICESat elevations, we make a scatter plot of its ele-
vation against that from ASTER GDEM. It shows an linear trend in Fig. 3.6(a). The
differences of elevations between ASTER GDEM and ICESat are also visualized
in the histogram in Fig. 3.6(b). In terms of absolute magnitude, our calculation
shows that the accuracy of ICESat elevation is higher. And the largest difference
is 126.10 m, the difference is on average around 33.96 + 18.17m over all the sam-
ples. The surface features roughness and slope are chosen as the shaping factor
of the waveforms (see Fig. 3.7). Next, we compute the cumulative histograms of
ASTER GDEM roughness and slope compared to the ICESat/GLAS full width of
the return waveform, respectively (Fig. 3.8).

Based on the cumulative histograms above, we explore the variability and
spreading (or dispersion) of the ASTER GDEM slope and roughness with ICE-
Sat number of modes and waveform width. Fig. 3.9 and 3.10 show the scatter
plots of the ASTER GDEM slope and roughness vs. the ICESat waveform num-
ber of modes and the ICESat waveform width, respectively. As expected, both
the number of modes and the waveform width increase, on average, with the
corresponding ASTER GDEM slope and roughness. Indeed, both surface slope
and roughness have a widening effect on the waveform: as the vertical distri-
bution of scatterers increase with both growing slope and roughness, the wave-
form widens as there is more time difference between return time of the lowest
and highest scatterer in the illuminated footprint. The relation between surface
slope and roughness versus number of modes is less direct. But clearly, in the
high relief mountainous terrain, the possibility of scattering at different heights,
contributes to the increase of the number of modes.

3.4.3. Analysis of ICESat full waveform parameters as a function of mor-
phology

In this section, we will measure surface roughness at scales on the order of the
footprint size. As described before, the shape of the laser echo pulse reveals
much about the topography of the region within the laser footprint. Different
elevations within the area of footprint will reflect the light with different travel
times, leading to pulse spreading. A height difference of h between two points
would result in reflected photons returning with a time difference of 2h/c, ¢ be-
ing the speed of light.

Based on the theory in the methodology part, the terrain characteristics (slope
S and roughness og)can influence the spreading of the echo pulse shape com-
bined with the rms width of the receiver impulse response and the rms laser
pulse width.
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Figure 3.7: (a) slope (unit:degree) and (b) roughness (unit:meter) extracted from ASTER GDEM.
The gray bold line is the outline of these four larger glaciers, Guren, Guila, Lisheng, and Bili.
The values of the calculated slope and roughness are color scaled from low to high gradually.

Here, we use three parameters, osg, the rms pulse width of the echo ICE-
Sat laser signal (unit:ns), o, = 0.425FW HM = 1.7, the rms width of the receiver
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line indicates full width of return waveform, dotted line is surface slope in (a), dotted line is surface
roughness in (b).

impulse response (unit:ns), and o = 6, the transmitted ICESat laser pulse rms
width (unit:ns). In the beginning, we fill the gaps of the o sr series by 1-D inter-
polation, caused by attenuation filtering procedure. Then, using the simplified
expression[53], we set the interpolated osg as initial estimates, to optimize the
o sg by nonlinear least squares robust method. According to this process, all the
possible singularities, due to o sg insufficiently large, can be avoided. Therefore,
we obtain the final acceptable rms pulse width of the echo ICESat laser signal,
satisfying the Equation (13-14). This can be interpreted as the general relation
between the the terrain characteristics and returned ICESat laser pulse.



3.4. Results 39

The number of modes (counts)

I I I I
0-10 10-20 20-30 30-40 40-90
Slope (degree)

The number of modes (counts)

1 1 1 1 1
0-0.5 0.5-1 1-2 2-3 3-10
Roughness (m)

Figure 3.9: The distribution of ASTER GDEM derived slope and roughness vs. number of ICESat
waveform modes.

Next, we classify the RMS width observation data into groups based on the
slope and roughness, respectively. Specifically, we group the RMS width data
into three groups (0 ~ 0.7 m), (0.7 ~ 1.0 m), (> 1.0 m). According to the range
of the slope (0 to 60°), nearly all the observations fall into the dashed outlined
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Figure 3.10: The distribution of ASTER GDEM derived slope and roughness vs. width of the full
ICESat waveform.

zone. During each group, we divide the samples into several bins dependent on
the slope at the interval of 10 °(see Fig. 3.11). All three different colored RMS
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widths groups show the approximate increasing trend with the majority of slope.
Simultaneously, the average of RMS widths in Fig. 3.11 show an slightly increas-
ing trend with each group of the majority of RMS roughness in general. And in
Fig. 3.12, the group 1 (obs 0-0.7 m) and group 2 (obs 0.7-1.0 m) show a little drop
in the general increasing trend. Perhaps, this results from the existing extreme
values in the groups, and the relative small number of samples (only 8 in group
1, and 78 in group 2 ) compared with the other groups.

70—

=—eo— 0bs(0-0.7m)
=——e— 0bs (0.7-1.0m)
= 0bs (>1.0m)

60—

55— -

RMS width (m)

401 E

35 n n n n 1 n n n n 1 n n n n 1 n n n n 1 n n n n 1 n n n n
0 10 20 30 40 50 60

Slope (degree)

Figure 3.12: This figure shows bold curves, which indicates the mean of each RMS width bin
grouped by slope.

In total, the results indicate that the roughness approximately contribute to
increasing rms widths. And it is aslo shown that a dispersion of the rms width
based on roughness at low total slopes from analysis above. But at steep slopes
zone, rms widths are insensitive to roughness and increase logarithmically with
the slope. In other words, the variation of width caused by roughness are not con-
siderably compared to the change caused by slopes. In general, surface rough-
ness is related to the spreading of the Gaussian pulse. Thus, pulse spreading
can be caused by footprint roughness or by footprint-scale sloping. For much of
the terrain, the dominant cause of spreading is from roughness rather than from
slope (Fig. 3.11, 3.12). Furthermore, we use the terrain response function and its
variance to calculate the ICESat-derived roughness shown in Fig.3.13. From this
figure (3.13), we find that the ICESat-derived roughness fluctuates consistently
during the relevant smaller range. To quantify the changes between these two
roughness, we compute the distribution of the deviation between the ICESat-
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Figure 3.13: The comparison of surface roughness from ASTER GDEM (blue) against the roughness
from ICESat waveform (black). All the values of the two roughness are in meters.
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derived roughness and the ASTER GDEM-derived roughness in Fig. 3.14 (a).
The results shows that the ICESat-derived roughness fluctuates from 0.03 m to
1.58 m, compared with the ASTER GDEM-derived roughness that varies between
0.15m and 6.87 m. Over 90% of the absolute deviation of these two roughness
falls between 0 and 2 m. Simultaneously, the PDF (possibility density function)
of the roughness deviation follows very well with a gamma function (see Fig. 3.14
b).

3.5. Conclusions

We studied the extraction of parameters of waveforms measured by the ICE-
Sat/GLAS laser system. We give examples of these parameters over mountainous
and glacial terrain. Furthermore, we compare these full waveform parameters
derived from ICES/GLAS: number of modes, width of the full waveform and el-
evation, with surface features derived from ASTER GDEM: roughness, slope and
elevation. Through this analysis, the response of the laser waveform to morphol-
ogy is studied for our region of interest. In terms of descriptive statistics, the
relationship between ICESat/GLAS waveform attributes and surface parameters
from ASTER-GDEM is investigated as well. Next, the link between the theoretical
influence of surface slope and roughness on the ICEsat waveform parameters
and the practical results is quantified. Consequently, the received laser shape
can be described by the contribution of terrain characteristics.

In our study area, roughness and slope of the surface can contribute sev-
eral meters to even several tens of meters to the pulse shape. Simultaneously,
the representative parameter of this irregularity, roughness is derived from ICE-
Sat/GLAS as well. These results confirm that spaceborne laser altimetry is poten-
tially efficient to describe the irregularities of terrain over high altitude moun-
tainous areas. This means that satellite full waveform laser altimetry is a new
capable way to derive basic elements (the terrain irregularities ) of the energy ex-
change process in the atmospheric boundary layer of remote areas in the Tibetan
Plateau and similar mountainous regions on Earth.
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Estimating glacier surface
displacements in the
Nyaingéntanglha Range, China
from 1993 to 2015

Mountain glaciers are distributed in the transition zone between monsoon and
continental climates on the Tibetan Plateau, China. Theoretically, the ice surface
displacements have a large variability both in space and time. Here, we chose the
entire Nyaingéntanglha Range, to the south of the Nam Co Lake, Tibetan Plateau
for a case study. In this study, we monitored the ice surface displacement of these
glaciers over nearly two decades from 1993 to 2015 by applying a feature-tracking
method (COSI-Corr) to multi-temporal Landsat image data. The precision of the
ice displacement estimates was evaluated by using measurements on the relative
stable ground outside glaciers. Through the time series analysis of ice surface dis-
placement, we found that a combination of a linear trend and the amplitude of
multi-annual component of ice surface displacement is observed in most areas
of these glaciers, more especially in the ablation zones. First, the long term lin-
ear trend and multi-annual variability of ice surface displacements are estimated.
Second, the appropriate mean surface velocity, linear tend v and amplitude of
multi-annual component a and their spatial distributions are assessed as well.
Third, the correlation of v and a with elevation and slope are evaluated. The dis-
placement observations indicate that the dominant feature of ice flow in the study
area is different in the upper and lower zones of the observed glaciers. It appears
that these glaciers are all active, the heterogeneous spatial patterns are identified

47



48 4, Estimating glacier surface displacements

around all over the glacier area from low elevations and small slopes to high el-
evation and large slopes within the Nyaingéntanglha Range. The study demon-
strates that ice surface displacements based on spaceborne optical imagery (Land-
sat) have potential for long term detection and understanding of glacier motions
in the Nyaingéntanglha Range.

4.1. Introduction

Mountain glaciers are one of the main water reservoirs, and associated with re-
gional climate change on the Tibetan Plateau [96]. The high altitudes of the Ti-
betan Plateau enhance the influence of the monsoon climate from East Asia and
the Indian Ocean, while the high altitudes limit the influence of the midlatitude
westerlies [21, 152]. Various glaciers are distributed in the elevated mountain
ranges, such as Tien Shan, Pamirs, Karakoram, Kunlun, Nyaingéntanglha and
Himalaya. According to their thermal regime, these mountain glaciers were cat-
egorized into several classes: sub-continental type, temperate type and extreme
continental type [121, 122] initially. Recently, more attention has been paid to
large scale remote sensing techniques (i.e. Lidar, optical imagery, gravimetry)
and numerical modeling of glacier dynamics in response to regional climate.
That strengthened the understanding of the inherent thermal regime of the dif-
ferent types of Tibetan glaciers and their response to changing climate condi-
tions [38, 155]. However, the understanding of mechanisms determining ice
mass flow in these mountain glaciers is still scarce owing to the lack of sufficient
geodetic and glaciological measurements.

4.1.1. Significance of surface displacement in glacier dynamics

It is known that gravity driven basal sliding is one of the dominant controlling
factors of glacier and ice sheet movement. The mechanical characteristics of
glaciers depend on the temperature, their conditions and changes of those me-
chanical characteristics will affect ice deformation and the flow dynamics. This
implies that both the thermal forcing due to the surface climate and the basal
geothermal heat into the body of ice, reshape the distribution of internal tem-
perature of ice, which consecutively result in a gradual change of the ice flow pat-
terns. The bed topography is a more significant constraint for mountain glaciers
than for ice sheets in the polar area. Except in the surging state, the displacement
of a glacier is in the order of hundred of meters per year [66, 67, 121, 122]. By
monitoring surface displacement, deformational and basal processes within the
glaciers can be further understood. For instance, surface displacement is a mod-
erate indicator of glacier motion under a certain climate conditions when the
ice body moves at the temperate base. Alternatively, changes in glacier surface
motion can be helpful to recognize the roles of melting and sliding, and spatial



4.1. Introduction 49

assessment of these changes can be used to partition the structure of a glacier
(109, 129].

4.1.2. Significance of glaciers in the Nyaingéntanglha Range

Table 4.1: The glaciological features of the eight polythermal glaciers of interest in the study area,

St, Ly, D, V represent the total area, the total length, the mean of the depth and the volume,
respectively. These data are derived from the CGI (Chinese Glacier Inventory) and Table 3 in [19].

Zhadang Panu Lalong TangseNo.2 Xibu Lisheng Guila Guren

Sy (km?) 2.48 12.88 10.29 2.96 23.35 4.4 14.69 5.6
L; (km) 2.7 5.3 3.6 2.1 9.3 42 72 4.2

D (m) 59 102 86 69 139 48 108 78
V (km3) 0.15 1.26 0.64 0.27 4.39 0.07 1.59 0.44

In this study, we focus on a glaciated area on the transition between mon-
soon and continental climates as can be found in the Nyaingéntanglha mountain
Range. Approximately 90 % of the annual precipitation occurs in summer and
is the main source of glacier mass. Specifically, the accumulation and ablation
of glaciers occurs simultaneously during the summer season in this region [73].
Over the past decades, fluctuations of ice motion were observed at ice masses
across polar areas and mountains [115, 129]. However, the studies of long term
patterns of ice motions on the Tibetan glaciers are still limited due to the high al-
titude and complicated environmental conditions. Since the 1950s, glaciologists
have paid attention to this issue through a combination of thermometers, steam
drill, and other terrestrial surveying methods. Abundant temperature data of ice
bodies were recorded on various glaciers over the entire Tibetan Plateau within
this long period. Vertical profiles of temperature from the surface to the bed,
of the studied polythermal glaciers were measured along with the melting base
and sub-freezing temperature in the upper layers [63]. A glacier inventory was
gradually established using airborne, and spaceborne optical image data and to-
pographical maps during the following decades to assess the glaciers’ dynamics
[122, 165]. Based on previous estimations that used Landsat TM/ETM+ scenes,
the total area of all glaciers in this mountain range was 795.6 + 22.3 km? until
2001 [19]. The area of some sampled glaciers (Zhadang, Tangse No. 2, Lalong,
Xibu, Panu, see Fig. 4.1) decreased by -6 + 3 % during the period of 1976-2001,
while no advancing was detected for any of these sampled glaciers, their lengths
decreased by about 10 m per year on average between 2001 and 2009. It was
also observed that the ice cover responds to the monsoon wind and temperature
fluctuations, which probably triggers glacier shrinkage within this region [19].
Details on these selected glaciers are listed in Table 4.1.
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Figure 4.1: The location of the studied polythermal glaciers in the study area based on the CGI
(Chinese Glacier Inventory) [19]. The color rendered relief is the elevation of the glaciated surface
derived from SRTM and ASTER GDEM. Major rivers and their basin delineations are derived and
adapted from the database of ICIMOD (International Center for Integrated Mountain Develop-
ment).
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4.2. Data Description

Table 4.2: The specifications of the Landsat scene used in this study. All scenes used in this study
from path 138 and row 39.

Acquisition date  Spacecraft platform  Sensor  Processing Level Frame (path/row) Cloud cover (%)

(mm/dd/yyyy)

1/14/1993 Landsat 4 ™ 1T 138/039 10
10/8/1994 Landsat 5 ™ 1T 138/039 1
10/13/1996 Landsat 5 ™ 1T 138/039 17

1/1/1997 Landsat 5 ™ 1T 138/039 18
10/30/1999 Landsat 7 ETM+ 1T 138/039 4
11/1/2000 Landsat 7 ETM+ 1T 138/039 1
12/22/2001 Landsat 7 ETM+ 1T 138/039 20
5/15/2002 Landsat 7 ETM+ 1T 138/039 18
12/20/2003 Landsat 5 ™ 1T 138/039 28
3/25/2004 Landsat 5 ™ 1T 138/039 16
10/9/2006 Landsat 5 ™ 1T 138/039 19
1/13/2007 Landsat 5 ™ 1T 138/039 25
1/16/2008 Landsat 5 ™ 1T 138/039 16
1/18/2009 Landsat 5 ™ 1T 138/039 26
12/23/2010 Landsat 5 ™ 1T 138/039 18
10/7/2011 Landsat 5 ™ 1T 138/039 17
2/1/2014 Landsat 8 OLI-TIRS 1T 138/039 4
3/24/2015 Landsat 8 OLI-TIRS 1T 138/039 7

As one of well-known continuous spaceborne missions, numerous good qual-
ity multi-spectral images have been acquired from Landsat satellite since 1980s.
In general, the Level 1 Product Generation System (LPGS) is applied to generate
the standard Landsat products [28, 146]. Since Landsat-4 was launched in 1982,
the Thematic Mapper (TM), imaging spectro-radiometers of Landsat (Landsat 4,
5 and 7), have been providing multispectral imagery appropriate for many dif-
ferent applications [92]. However, artifacts such as the so-called memory effect
(ME), scan-correlated shift (SCS), and coherent noise (CN) are degrading Landsat
imagery. Radiometric and geometric calibration and correction are considered
as essential procedures to remove these instrument artifacts and atmospheric
path degradation from Landsat data [135]. To address these calibration and cor-
rection issues, the Level 1 Product Generation System (LPGS) is currently ap-
plied for the standard Landsat product. Initially, all the raw imageries acquired
by the Landsat Ground System (LGS) from Landsat TM sensor are reformatted.
The imagery data, Payload Correction Data (PCD), Mirror Scan Correction Data
(MSCD), calibration data and metadata are attached together. Then, user re-
quests for higher level products of Landsat scenes are processed through Stan-
dard Terrain Correction (Level 1T — with better precision and terrain correction)
if necessary. If no ground-control or elevation data necessary for L1T correc-
tion are available, the Level 1G (with only systematic correction) or Level 1Gt
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(with systematic terrain correction) is the best level of correction applied to the
imageries [143]. The radiometric and geometric accuracy of Landsat data can
be improved systematically by Standard Terrain Correction combining ground
controls points while employing a Digital Elevation Model (DEM) in the prod-
uct Level 1T. In particular, DEMs including Shuttle Radar Topography Mission
(SRTM), National Elevation Dataset (NED), Canadian Digital Elevation Data (CDED),
and Global 30 Arc-Second Elevation (GTOPO 30) with Ground control points
from the GLS 2000 dataset guarantee the geodetic accuracy of the production.
Eventually, the Landsat standard product is generated in geotiff format, at a res-
olution of 30 m for TM, ETM+ data after applying the Cubic Convolution (CC)
resampling, projection and map (North-up) orientation procedures [28, 146].
The latest Operational Land Imager (OLI) and Thermal Infrared Sensor (TIRS)
are operating on Landsat 8 which was launched in 2013. Landsat 8 extends the
time span of Landsat series products to over 40 years. Therefore, the Landsat 1T
product was chosen because of its better temporal and spatial coverage and high
radiometric quality over the mountain range.

Here, we select the western Nyaingéntanglha Range glaciers, and the pe-
riod from 1993 to 2015 for ice surface displacement analysis. This area is lo-
cated on the south side of the Nam Co lake, which is the largest lake over the
Tibetan Plateau. First, we examine the quality of every acquisition of the Land-
sat 1T product over this region by considering the possible degradation factors
like cloud attenuation, radiometric and geometric properties resulting in poten-
tial mismatching, decorrelation and other bias for features—tracking [129]. Sec-
ond, we assess the time interval of the single pairs (master and slave) fed for fea-
ture—tracking. In this study, we focus on deriving the annual ice speed of moun-
tain glaciers, the adjacent acquisitions within T-1, T, T+1 (year T) are set to select
for every single pair to minimize the seasonal variations and increase the fre-
quency of similar surface condition when features—tracking is implemented [33].
Finally, 17 scenes belonging to the same frame path 138, row 39 Landsat Level 1T
image products were acquired for further ice surface displacement derivation
(see Table. 4.2).

4.3. Methodology

As the development of spaceborne optical datasets, feature tracking techniques
are providing promising insights on ice flow dynamics. Feature-tracking meth-
ods applied to optical imagery are useful to monitor diverse ice surface displace-
ments over a long period of time [108, 115, 117]. The core of this technique is
image matching. Since the 1980s, various feature-tracking methods based on
image matching were developed and tested for a number of case studies over
glaciated area [129]. In earlier years, the potential of sequential spaceborne im-
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Figure 4.2: The entire spatial coverage of chosen glaciated area in the Nyainqéntanglha Range from
the latest Randolph Glacier Inventory. According to median elevation of every individual glacier,
all the glaciated area can classified into 5 groups. The bold blue line indicates the proxy of ELA
(Equilibrium Line Altitudes) [Wu et al.] to identify the ablation and accumulation approximately.
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ages was described for studying the ice shelf and glaciers of Antarctica [40, 89].
Then, normalized cross-correlation feature tracking was developed to estimate
the speed of ice flow in the polar and other regions [17, 115]. In this method, the
features are limited in a rectangular window. These differences improve accuracy
of displacement from the pixel size to better resolution and higher quality of the
final speed measurements [83]. This algorithm was adapted for ice speed and
surge dynamic studies on the Tibetan Plateau [31, 108, 110]. Inspired by this al-
gorithm, various feature-tracking methods were developed. Some of them apply
least squares matching and cross-correlation in the spatial domain, while others
are implemented in the frequency domain [129]. Here, we choose the feature-
tracking methods developed by Leprince et al. [82], whose emphasis is not only
on the orthorectification and the coregistration of pairs of repeated images, but
who also introduced a specific phase correlation algorithm. The phase difference
estimation of this method is implemented in the frequency domain. The mov-
ing window size of this method is smaller than for most other methods, which
is probably more suitable for rough ice surfaces (crevasses, debris covered parts
etc.). Recently, a number of studies are widely applied for the Tibetan glaciers dy-
namics, such as for surge behavior of glaciers in the Karakoram mountain range
and variations of Himalayan types glaciers [33, 109, 116-118].

4.3.1. Displacement derivation

In this study, the phase-correlation based feature-tracking method (COSI-Corr)
is used. All the main orthorectification and correlation procedures are imple-
mented in the software package (COSI-Corr, written primarily in IDL). Here, the
orthorectified Landsat images are used as input to the COSI-Corr for correlation
detection. During each displacement derivation, the overlapping part of the two
images is prepared for correlation detection in the Fourier domain. Here, we as-
sume oy and iog as the original master image and the shifted version of the
master image (slave), which differ by a relative displacement (Ay, Aj), thus

iom(x,y) =ios(x—Ax,y—Ay) @.1)

According to the Fourier shift theorem [82], we deduce the relation between
the Fourier transforms I, I of the original images i oy, and iog, as below

Im(wx»wy) = Ii(wy, wy)e—j(waxﬂuyAy) 4.2)

wy — the frequency variable in column;

wy - the frequency variable in row.
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Figure 4.3: An overview of the chosen reference displacements according the selecting procedures
on the stable ground.
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When * refers to the complex conjugate, the normalized cross-spectrum of
the original images o, and ios can be written as

*
@y )5 @Wx,0)) _ jiw,a,+0,0,) 4.3)

| Im (W, U)y)Is* (Wx, wy)l -

Cim,is (wx» wy) =

Then the displacement of these two imageries (master, and slave) can be
derived by measuring the phase difference of each imagery’s Fourier transform
within the sliding correlation window by starting from upper-left corner of the
scene. Alternatively, it can be demonstrated that the 2-D slope of the cross-
spectrum’s phase is a good estimation of the displacement of the two correlated
imageries.

4.3.2. Post-processing and precision assessment

To assess the quality of the derived surface displacements, several error sources
will be clarified at first. The uncertainty of orthorectication, the imagery-to-
imagery registration imperfection of used Landsat scenes, and the bias of cor-
relation methods are primarily affecting the estimation of the displacements.
For instance, additional erroneous horizontal shifts can be introduced during
the orthorectification. These horizontal shifts are not coincident with real hori-
zontal displacements, but related to errors, such as inappropriate systematic in-
formation (camera position, look direction or lens distortions), atmospheric ef-
fects, and errors in the digital elevation model (DEM). When inaccurate DEMs
are utilized for the imagery-orthorectication, the DEM errors will affect horizon-
tal shifts owing to the elevation change, and the horizontal displacements will
not be influenced. According to previous studies, the imagery-to-imagery reg-
istration will result in small uncertainties of Landsat imageries (ETM+ is about
5 m,TM is about 6 m) [79, 126]. Additionally, some decorrelations will exist due
to the surface elevation change during the matching procedure. Therefore, the
matched Landsat scenes are acquired from the same path and row (138/39) to
minimize the DEM errors in the processing chain of displacements [129]. Other
systematic, terrain-induced errors are corrected due to the specifications of the
Landsat L1T products used here [28].

Outlier detection procedure

Displacements in east/west (E/W), north/south (N/S) and the quality of corre-
lation index (SNR) are derived and stored as three bands in one formatted im-
age file. Next, we examine whether mismatches, outliers and gaps exist in the
scene. Preliminarily, the decorrelation area is culled out on the basis of the ex-
treme values of displacements. However, we find that the pure filtering of the
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invalid and low quality displacement estimates reduce the variability of mean-
ingful information in the derived displacements as well. In particular, it leads to
discontinuities in displacement times series and spatial distributions on parts of
the studied glaciers, which undermines the estimation of the related temporal
and spatial variability analysis. According to our statistics, i.e. the mean SNR in
each derived displacement map, values larger than 0.60, are assumed to be ac-
ceptable. Remaining displacements are fed to further displacement variability
(ice speed) analysis (see Section 4.3.3).

Precision assessment and uncertainty

To refine the quality of displacements and improve their consistency, we use the
medians of the displacement observations for further processing. Compared
to the mean of the observations, the median is not sensitive to the presence of
noise. For instance, the mean value will increase to infinite when some infinite
values (e.g. NaN-no data) exist in the pixels. In contrast, the median remains
insensitive with respect to this sort of outliers. In image processing, the median
operator is often used as a nonlinear operator to reduce raw image noise. Here,
we apply the median operator within a 3 x 3 moving window, considering the
complexity of the glaciated terrain and the potential loss of image resolution in
the displacement map. Next, displacements are categorized as belonging within
or outside (the stable ground) a glacier region. This setting is chosen by using
glacier outlines from the Randolph Glacier Inventory [104] (see Fig. 4.3).

Here, we assume that terrain outside glacier areas is stable, which implicitly
corresponds to a zero-displacement at time scale. However, the displacements
in the assumed stable area are attenuated by localized geo-environmental influ-
ence and errors propagated from the processing chain. Thus, the uncertainty of
displacements in the stable area is assumed to be an appropriate reference to
assess the precision of derived displacement for each acquisition.

First, we estimate the uncertainty of displacements on the stable ground by
using temporal deramping (remove a linear trend) of observation time series.
Second, the average of residuals of all points within the stable ground is calcu-
lated with respect to the possible uncertainty of derived displacements by using
the feature tracking method. Hereafter, the uncertainty of displacements at the
k-th acquisition is estimated as

P 1,
=N;gi, Vk (4.4)

1

where i is the number of displacement and e_?f is the residual of the i-th point
after removing the linear trend at the k-th displacement [29]. All the displace-
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ments after correcting by this uncertainty at the kth acquisition are expressed
as

DF =DF- ¢ vi (4.5)
The corrected displacement time-series Df’ will be used in the following vari-
ability analysis in Section 4.3.3.

4.3.3. Displacement variability estimation

According to a previous glaciological study in the Nyaingéntanglha Range men-
tioned in Section 4.1.2, relevant surveys of ice dynamics are sparse. It is diffi-
cult to acquire historical records and references on the magnitude of ice surface
displacement D and linear trend v in long time series corresponding to our re-
search period and spatial coverage. In conventional geodetic theory, the mathe-
matical model is predefined and observations are repetitively sampled to mini-
mize residuals compared with the model [11-13]. At the same time, the quality of
observations can be biased by potential measurement errors propagated in the
processing chain. All the quality controls facilitating the potential rejection of
the null hypothesis, can be assessed appropriately when an a-priori mathemati-
cal model is designed [14]. Consequently, the form of the mathematical model is
constrained by the quality of valid observations. In other words, the parameter-
ization of the chosen mathematical model can be dependent on the fluctuation
of the observations as well.

In this study, we expect to estimate the variation of ice surface displacement
between 1993 and 2015. Based on the image pair selections criteria and process-
ing described in Section 5.2.1, and 4.3.2-4.3.2, 17 displacements are retrieved in
this period of time on the glaciated area. The least squares approach is applied
to assess whether the displacement varies with time ¢ during this period (see Ta-
ble. 4.2). Considering the validity of the observation time series, we are mainly
interested in whether there is an increasing or decreasing linear trend in retrieved
ice surface displacements and the designed mathematical model is expressed as

E{D}= A ;. D{D}=
D= ity PIR=Ron (4.6
1 1 Sin(Z;E—Dtl) cos(ZJT[—Dt‘)
s 2T 2nt,
1 t arnt2 arnt2
A= 5 sin( T ) cos( T ) @.7)
1 t, sin(—z’}g’" ) cos(—z’}[t)’" )
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Figure 4.4: The surface displacements (unit: m) between two adjacent temporal acquisitions
within the glaciated area from 1993 to 2015.
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Figure 4.5: The mean surface velocities (unit: m/a ) between two adjacent temporal acquisitions
within the glaciated area from 1993 to 2015.
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where A is the design matrix, ¢ is the time of acquisition of a Landsat scene
(unit: year), m is the number of ice surface displacement observations D from
1993 to 2015. Tp represents the period of the periodic component of ice surface
displacements. As mentioned, 17 Landsat scenes are chosen within ~ 20 years
temporal coverage. Based on the number of observations,the periodic variability
of ice surface displacements can be specified as the amplitude of periodic com-
ponent. When fitting procedure is implemented for every pixel, Tp is set to be
a flexible value from 1 year up to 20 years. The observation equations can be
expressed as D = Ax + ¢,. Here ¢, represents the residuals between the linear
model and the observations. Qpp is the stochastic model of the observations.

Once the unknown parameters x = [v as a. c]! (linear trend v and constant
coefficient c, coefficients as and a.) are used to estimate periodic ice speed with

amplitude a = \/ a2 + a? ), the goodness of these estimates needs to be assessed
in the term of precision. The precision of estimated parameters is given by

Qs =(ATQppA ™ (4.8)
Then, the precision of the adjusted observations is
Qpp = AQsz AT (4.9)

and the precision of the least-squares corrections is

Qe =Qpp—Qpp (4.10)

where the residual 6= D— D and D = A%.
In the end, we calculated a test statistic T q with a chi-squared distribution

x*(q,A). And T, can be reduced to

_ % Qo (4.11)
=4 m-n

where 7 is the number of unknown parameters, & is the residual between the

predefined model and real displacement observations, and g = m—n denotes the

degrees of freedom. Through test procedure, the optimal unknown parameters

are determined to describe the long term linear trend and amplitude of periodic

component of ice surface displacement in the Nyainqéntanglha Range.

4.4. Results

In this section, we apply the proposed procedures to estimate the ice displace-
ments and their variabilities using a set of Landsat scenes (in the 138/39 frame)
covering the glaciated area from 1993 to 2015. In the feature tracking procedure,
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Figure 4.6: The fitting results of ice surface displacement in 10 random examples within the
glaciated area from 1993 to 2015. The blue circles are the ice surface displacement observations,
blue line is fitting curve and black line is the linear component of fitting.
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multiple masters are selected based on the closest temporal Landsat scene be-
tween adjacent years (up to 3 years). The glaciated area is delineated according to
the Randolph Glacier Inventory (see Fig. 4.2). For the 17 displacement maps (in-
cluding N/S and E/W directions), ~2800 measurements per map within glacier
outlines are derived by the feature tacking procedure. According to the filtering
procedure, all the measurements are limited by using > 0.6 (median SNR) and a
data range between —30 m and +30 m both in N/S and E/W to minimize noise
and erroneous sampling. Then the filtered time series of displacements are used
to assess their temporal variability (see Figs. 4.4 and 4.5).

By using the model Eq. 4.6 and 4.7, D is a set of displacement observations
at each acquisition. With this observation vector, the least squares approach is
applied. Linear component (with linear trend v) and multi-annual component
(with amplitude a) are estimated for every single pixel in the time series within
the glaciated area. Next, the quality of the least squares estimates is evaluated by
the chi-square test statistic T . Fig. 4.6 shows some examples of fitting of time
series for some pixels. These examples illustrate the capability of the applied
procedure to fit different signals.

To analyze the spatial patterns of the linear component (with linear trend v)
and multi-annual component (with amplitude a), all the results are binned into
10 classes (—oo, 5500 m], (5500 m, 5600 m], (5600 m, 5700 m], (5700 m, 5800 m],
(5800 m, 5900 m], (5900 m, 6000 m], (6000 m, 6100 m], (6100 m, 6200 m], (6200
m, 6300 m], (6300 m, +oco] according to the median elevations of the sampled
glaciers in the Nyaingéntanglha Range (see Fig. 4.7).

The linear trend v over the entire glaciers, i.e. including both accumula-
tion and ablation zones, appears to have limited spatial variability over 1993-
2015 (Fig. 4.8). Except for the lower parts of glacier ablation zones, e.g. in the
Xibu Glacier (~[5196 m, 7086 m] of on the southern side of the Nyaingéntanglha
Range), the rest of v remains relatively consistent (~ 1 m/a) in terms of the me-
dian value for every elevation class. In other words, it shows that linear trend
v varies within a range (~0.5, ~1.5) m/a in most of the glaciers, while v of the
upper part of glacier is relatively smaller than value of the lower elevated zones.
The results of v indicate that the long term linear trend of ice surface displace-
ments seems more or less consistent, and differences are only observed when
comparing the very low elevated ablation zone with the very high accumulation
zone. And it seems to be that the response of glacier behaviors to the long term
regional climate signal is a gradual process in terms of ice surface displacements.

The multi-annual amplitude a appears to have a larger spatial variability
than the linear trend v (see Fig. 4.8). An elevation-dependent pattern is observed
for the multi-annual amplitude with larger dispersion from upper to lower area
on these glaciers. Analyzing the multi-annual amplitudes at different elevations
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Figure 4.7: The fitting results of ice surface displacement in 10 dem-based classes within the
glaciated area from 1993 to 2015. The blue circles are the ice surface displacement observations,
blue line is fitting curve and black line is the linear component of fitting.
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Figure 4.8: The amplitude of multi-annual component and linear trend of ice surface displacement
from 1993 to 2015.
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Figure 4.9: Thelinear trend and amplitude of multi-annual component of ice surface displacement
vs surface elevation and slope classes from 1993 to 2015.
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reveals varying ice flow within either the accumulation or ablation zones of the
glaciers from ~ 2 m/a to ~ 10 m/a (Fig. 4.8). It is found that multi-annual am-
plitude decreases with the elevation. In particular, a plot shows that the multi-
annual amplitude varies with elevations and slopes sampled by ASTERGDEM
with lower values in glaciers at high altitudes than glaciers at lower altitudes (Fig.
4.9). The analysis indicates that the spatial variability of glacier surface displace-
ment multi-annual amplitude seems to be more dependent on elevations and
slopes in the Nyaingéntanglha Range. The results suggest that the temporal and
spatial variability of ice surface displacement is related to elevations and slopes
(see Figs. 4.9,4.10 and 4.11).
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Figure 4.10: The linear component and multi-annual component of ice surface displacement with
elevations from 1993 to 2015. For detailed information, see Section 4.3.3.
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Figure 4.11: The linear component and multi-annual component of ice surface displacement with
slopes from 1993 to 2015. For detailed information, see Section 4.3.3.
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4.5. Discussion

The derived ice surface displacements in this study show that the combination
of the COSI-Corr method and Landsat images provides meaningful estimates of
surface movement in the mountainous glaciers in the Nyaingéntanglha Range.
At the same time, several considerations of using COSI-Corr and Landsat im-
ageries are also addressed regarding the quality assessment of the final displace-
ment results. First, as Landsat satellites operate a whisk-broom scanning sys-
tem, possible system errors are different from a normal push-broom system (e.g.
ASTER) implemented in the COSI-Corr. The used Landsat TM images are pro-
cessed at Level 1T, i.e. both radiometric and geometric corrections are applied.
In addition, the cloud coverage of each individual scene should be considered
as well, the larger the cloud cover, the less reliable the results are. The scenes
used in this study all have cloud cover < 30%. Second, the high SNR indicate
that the radiometric noise is minimized by the standard processing chain of the
Landsat Level 1T product, thus the noise level on valid measurements is also re-
duced, which makes the correlation procedure more accurate. In other words,
the lower radiometric noise of raw images results in the better correlation results
by COSI-Corr. Third, there are still errors remaining in the raw displacement re-
sults (both in E/W and N/S directions) after the correlation procedure. In this
study, we calculate the displacements on the stable ground. It is assumed to be
out of glaciated area and follow the null hypothesis (which states that the ground
does not displace temporally within the stable areas). First, ~ 2000 measure-
ments are selected out of the glaciated area, their average slope being less than
5°. Second, the pixels are filtered out based on their SNR values being less than
0.6. The remaining pixels are applied to model the time series.

Compared with other similar glaciology works [33, 108, 117, 129], our study
area (Nyaingéntanglha Range) is characterized by a more complex topographic
and climatological forcing than other areas in the Qinghai-Tibetan Plateau. Due
to the unique regional climate regimes in the Nyaingéntanglha Range, our first
estimates of large scale ice surface displacements and variability in the moun-
tain glaciers within this area will be useful for further studies on the response to
climate forcing (see Chapter 5).

4.6. Conclusions

This study shows a first insights on the ice surface motion of the Nyainqéntan-
glha glaciers, where valid long term in situ-measurements are still limited. The
raw ice surface displacements in (E/W and N/S directions) are obtained by us-
ing a phase correlation based feature-tracking method (COSI-Corr) with Landsat
Level 1T data. Then, the post-processing (e.g. appropriate outliers detection and
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displacement variability estimation) was applied to reduce noise and bias exist-
ing in the final displacement measurements on the mountainous glaciers. Con-
sequently, we could estimate the spatial patterns and temporal variability of ice
surface displacements during 1993-2015. First, the long term linear trend and
multi-annual periodic component of ice surface displacements are assessed by
applying a design model. This gave maps of the linear trend v and amplitude of
multi-annual component a. Then, the dependence of v and a on elevation and
slope were analyzed and the linear dependence is evaluated. All the displace-
ment observations indicate that the dominant factor of ice flow in the studied
area is different in the upper and lower zones of the observed glaciers. It is clear
that these glaciers are all active, the heterogeneous spatial patterns are identified
around all over the glaciers from low elevations and small slopes to high eleva-
tion and large slopes within the Nyaingéntanglha Range. In Chapter 5 we will
attempt to relate the observed glacier surface flow dynamics to climate forcing.



Response of glacier flow to
precipitation and land surface
temperature, Nyaingéntanglha
Range

The climatic variables are the influential factors which determine mass and energy
balance of the glaciers in the Nyaingéntanglha Range, Tibetan Plateau. The im-
pact of the fluctuation of local hydro-thermal condition on the glacier dynamics
is still not well understood. In this study, the glacier response to climate has been
studied by observing glacier surface displacements using Landsat image data. The
linear trend and amplitude of the multi-annual component of glacier surface dis-
placements have been related to precipitation and surface temperature. To char-
acterize local climate forcing in the Nyaingéntanglha Range, we have used the
MODIS land surface temperature and TRMM precipitation data products from
2000 to 2015. First, the temporal pattern of regional climate, i.e. the prevailing
climate in different seasons is evaluated in terms of precipitation and tempera-
ture. Most of the precipitation and higher land surface temperature (both day-
time and nighttime) are measured in the summer season while it is cooler and
drier in the non-monsoon season. Different temporal patterns (i.e. monthly, an-
nual and multi-yearly) of precipitation and land surface temperature have been
identified. The hydro-thermal forcing of the summer-accumulation type glaciers
is documented. The pre-monsoon, monsoon, post-monsoon and winter seasons
have been identified depending on the temporal variability of precipitation in one
full annual cycle firstly. Second, the dependence of glacier surface displacements

71
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on precipitation and temperature has been estimated by multi-regression analy-
sis. The time series of observed glacier surface displacements were fitted by using
the period = 7.5 years. The same approach was applied to time series of TRMM
and MODIS and and in-situ measurements of precipitation and temperature. It
implied that both the linear trend and the amplitude of the multi-annual com-
ponent vary with elevation and slope. It has been found that the multi-annual
component of precipitation and surface temperature has a shorter period than ice
surface flow velocity. This suggested that the behavior of ice flow relates to the
glacier self-adjustment in response to regional climate forcing, i.e. temperature
and precipitation.

5.1. Introduction

Mountain glaciers and ice caps are considered as particularly sensitive indica-
tors of climate change. Their contribution to the future sea level rise is pro-
jected to be one-third (about 0.07~0.17 m) of the total increase in this century
[125]. Furthermore, the current increment of sea level has been estimated to
be 0.41+0.08 mm a~! using monthly GRACE product in the period 2003—2010
[70]. Moreover, significant changes in the massive glaciers on the Tibetan Plateau
have been observed by Gardelle et al. [50, 51], Kdédb et al. [71], Vincent et al. [134].
These evidences indicate that mountain glaciers of different regions on the Ti-
betan Plateau respond to their local climatic forcing [155].

As regards glacial mechanisms, the propagation of surface melt-water into
the englacial and subglacial system can contribute to the spatial and temporal
variability of the glacier surface displacement [33]. On one hand, the processes
determining the mass balance of upper glacier layers, i.e. precipitation, subli-
mation, melting (highly related to temperature changes), runoff, the erosion and
sublimation of the drifting snow, also contribute to determine the pattern of sur-
face displacements on the glaciers. On the other hand, glacier changes respond
to local climate, in particular to precipitation and surface temperature. Eventu-
ally, the regional patterns of Tibetan glacier changes respond to the Indian mon-
soon, East-Asian monsoon and mid-latitude westerlies in some subregions of the
plateau [78, 85, 87]. Specifically, some studies have found that the influence of
precipitation and surface temperature, is more diversified than generally appre-
ciated [31, 57, 68, 110, 119]. First, snow — melting on a glacier surface reduces the
albedo and increases net radiation, thus inducing further melting and eventual
ablation from the glacier. Second, the absorption of heat at the glacier surface
will lead to increasing surface temperature which not only extends the melting
period, but also reduces the accumulation on the glacier [46]. On the other hand
higher surface temperature tends to increase sensible flux, while latent heat flux
increases due to the presence of liquid water on the glacier surface. He et al.
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[56], Li and Yanai [84], Ye and Wu [157] have suggested that the sensible heat
flux dominates heat dissipation of the Tibetan Plateau especially before the mon-
soon season. This inherently heterogeneous patterns of land-atmosphere energy
flows imply a significant spatial variability in the energy balance at glacier surface
[15, 62, 96, 112]. For instance, no liquid precipitation and no melting occurs at
lower surface temperature. At the same time, the increase of the surface albedo
due to the snowcover, reduces net radiation and the total amount of heat to be
dissipated as sensible and latent heat. The land surface moisture is increased by
the melting process, while the sublimation and evaporation process further cool
the land surface. Change in snowcover on the Tibetan Plateau weakens the land-
sea thermal gradient in the winter time, induce changes in the pattern of surface
temperature, heat and vapour land — atmosphere exchange, with an associated
disturbance of monsoon rainfall in the successive summer season [16, 44, 55, 59].

In other words, the glacier behaviour on the TP (Tibetan Plateau) can be cat-
egorized by observing the accumulation and ablation patterns, determined by
the temporal and spatial variability of the precipitation and surface tempera-
ture. In this study, the Nyaingéntanglha range, which is located in the transition
area from moist to continental climate, is chosen as the region of interest (see
Fig. 5.1). It is an ideal place to study the behaviour of mountain glaciers under
the impact of both the summer monsoon and westerlies. However, the spatio-
temporal patterns of regional climate and their changes are still not quantified
due to the sparse in situ measurements in the mountain range and surroundings.
Automatic Weather Stations (AWS) are scarce and confined to lower altitudes and
literature documents conflicting opinions about the suitability of AWS to sample
high mountain climate within this area [93, 95]. Here, we evaluate the glacier re-
sponse to climate by observing the patterns of surface displacements on these
mountain glaciers in response to observed patterns of precipitation and land
surface temperature in different seasons. The monthly land surface temperature
(LST) product from MODIS and precipitation from Tropical Rainfall Monitoring
Mission (TRMM) have been used. The aim of this study is summarized follows:

(1) characterize regional climatology in terms of surface temperature and
precipitation within the Nyaingéntanglha range from monthly to multi-annual
time scales.

(2) derive the time series of mountain glacier surface displacements by using
Landsat imageries and, quantify their spatial and temporal patterns.

(3) analyze and interpret the observed temporal patterns of glacier surface
displacements in response to precipitation and surface temperature.
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5.2. Data

5.2.1. Land surface temperature (MODIS day, night)

The monthly land surface temperature (LST) product (MOD11C3) with 0.05° res-
olution retrieved from Moderate Resolution Imaging Spectroradiometers (MODIS)
is applied as a climatological indicator in the Nyaingéntanglha Range. The stan-
dard LST product of MODIS combines the valid data acquired by the Terra and
Aqua satellites and is retrieved by the generalized split-window algorithm [114,
136]. Since Version 5 of LST MODIS, the highly increased spatial coverage of high
elevation regions enables more consistent and continuous climatological studies
in the region like the Tibetan Plateau. Current data products have been improved
in several ways, such as the removal of temporal averaging in the 1 km daily
Level-3 LST product, the reduction of cloud-contaminated LSTs in the Level-3
LST products and, the refinements in the day/night LST algorithm. The MODIS
LST were evaluated against in-situ measurements at 47 validation sites includ-
ing Nam Co lake (north of the Nyaingéntanglha Range) in the Tibetan Plateau.
The accuracy of MODIS LST is shown to be better than 1+0.5 K over 80% of cases
[137].

5.2.2. Precipitation (TRMM)

In this study, the Tropical Rainfall Monitoring Mission (TRMM) 3B43 monthly
post-real time product is used for precipitation analysis in the Nyaingéntanglha
Range. The high-resolution precipitation data product covers the region for the
period 1997-2015. from 50°N to 50°S i.e. more than one decade. The main prod-
ucts of the Tropical Rainfall Measuring Mission (TRMM) Multi-satellite Precip-
itation Analysis (TMPA) can be categorized into two parts: the near-real time
products (RT) and post-real time products. Actually, the high quality passive
microwave (HQ; 3B40RT), calibrated geostationary infrared (VAR; 3B41RT) and
extra algorithms are applied in the TPMA/TRMM to derive better estimates of
quasi-global precipitation since the production of TRMM 3B42RT, Version 6 [65].
In general, using the climatological calibration algorithm (CCA), microwave pre-
cipitation estimates from such as AMSR-E, AMSU-B and SSM/I are calibrated
and integrated to increase the latitudinal coverage to ~ 80% as well as the accu-
racy of TRMM products. Compared with the near-real time products (RT), the
major difference in the TRMM post-real time product is the calibration which
is done by the TRMM Combined Instrument (TCI) merging rain gauges mea-
surements. Since May of 2012, a significant upgrade, the novel Global Precip-
itaiton Climatology Center (GPCC) monthly dataset replacing old gauge analy-
sis in CCA, has been implemented in the TRMM post-real time products. The
resulting monthly product, which is a combination of satellite and gauge data,
aggregated by three-hourly data, is the 3B43 product [64, 159].
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5.2.3. Ancillary datasets

For high mountain area, the acquisition of long term and consistent meteoro-
logical observations suffers from poor accessibility and high maintenance cost
of Automatic Weather Stations (AWS). For instance, there are only limited func-
tioning on the north slope of Nyaingéntanglha Range. In this study, we have used
available meteorological in-situ observations by AWS, even though the stations
may not be fully representative of the entire area of interest. Satellite retrievals
of precipitation and temperature provide better coverage of the Nyaingéntan-
glha Range for our large/regional scale study. These satellite data, specifically,
the zonal averages of MODIS LST and TRMM precipitation were applied to con-
struct the time series of surface temperature and precipitation and to analyze
the response of glacier surface flow to climate forcing. This opens the possibility
to extend data analysis beyond modeling glacier processes purely using in-situ
measurements towards better understanding of processes at multiple temporal
and spatial scales [64, 65, 106].

5.2.4. Preprocessing of MODIS and TRMM

1. The monthly MODIS and TRMM datasets were used to characterize the re-
gional climate (i.e. annual cycle and season fluctuations). And the monthly
TRMM datasets are fed to statistical analysis for monsoon temporal patterns by
using non-parametric Man-Kendall (MK) approach. Climate in the area of inter-
est during the monsoon and non-monsoon seasons was characterized based on
this analysis (Section 5.5.1).

2. To estimate the differences of temperature and precipitation in the mon-
soon and non-monsoon seasons, the monthly MODIS and TRMM datasets are
separated into 2 new datasets, i.e. monsoon and non-monsoon (Section 5.5.1);
Similarly, to estimate the interaction between temperature and ice displacement,
precipitation and ice displacement at the yearly time scale, the monthly MODIS
and TRMM datasets are aggregated to yearly datasets on temperature and pre-
cipitation to match the timing of the ice surface displacement acquisitions (Sec-
tion 5.5.2 and 5.5.3).

5.3. Analysis of monsoon temporal pattern
We have applied a statistical trend analysis, namely non-parametric Mann-Kendall
(MK) [75, 91] test to the monthly TRMM 3B43 precipitation product. The MK
method is based on the ranks of the measurement rather than their actual values,
which is less perturbed by the distribution of the data time series or susceptible
to the outliers. This method has been used to assess the significance of mono-
tonic trends in a number of meteorological and climatological studies [76, 150].
The time series of precipitation is supposed to be X = {x, x2, ..., X5}, in which
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n > 10, the standardized Z is estimated as follows:

(s—1/o, S>0
Z=X 0, S=0 (5.1)

(s+1)/o, S<0

n-1 n
3=Z Z sgn(xj—xk) (5.2)
k=1j=k+1
1, Xj> Xg
sgn(xj—xk): 0, Xj =X (5.3)
-1, xj<xk

If the time series of data are hypothesized as independent and identically
distributed, The mean and variance of the statistic S can be given as below,

ES)=0 (5.4)

Vo(S)=n(n-1)(2n+5)/18, (5.5)

Then, the variance of S will be decreased due to the tied ranks in the dataset.

VO*(S):1—18[n(n—1)(2n+5)—Zt(t—l)(2t+5)] (5.6)
t

Hence, the standard deviation o is equalized to |/ V' (S),

1
0=\/E[n(n—l)(2n+5)—Zt(t—l)(2t+5)] (5.7)
t

where n is the number of observations, m is the number of group of tied
ranks, each with ¢ tied observations. The values of normally distributed statis-
tic Z reveals that increasing (Z > 0) and decreasing (Z < 0) trend.

The Mann-Kendall-Sneyers (MKS) method has been applied to the sequen-
tially forward u; and backward u;c series of the dataset as well. The inflections in
the time series can be determined when the intersection between u; and u;C falls
within the confidence interval. At the same time, an increasing trend (uy > 0)
or decreasing trend (u; < 0) can be also determined when the points of u; are
outside the confidence interval. The temporal behavior of the series, as the sta-
bility, a significant trend and transition point, will be estimated by applying the
Mann-Kendall-Sneyers (MKS) method [150]. The calculation of the statistic #, is
calculated as follows:
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k=) mi2<ks<n) (5.8)

(m; is the number of cases x; < xj, j > i) is normally distributed, with the
mean and variance given by

— k(k-1)
te=E(t) = (5.9)
4
k((k-1)2k+5
O'_ti= var(ty) = « 7); 5) (5.10)
The normalized variable statistic 1y is the forward sequence.
tg — tx
(Zx = 1) 5.11)

Up = ——
¢ vvar(ty)

u. is calculated by applying the same method to the observations in a re-
versed sequence.

5.4. Response of glaciers with regional climate

5.4.1. Proposed mechanism of response

The incoming and outgoing heat fluxes determine the energy balance at the glacier
surface. The energy balance drives melting, sublimation and determines the
mass balance, taking into account the temporal variability of regional climate.
The adjustment of the glacier in response to the surface energy balance and to
the specific (at the surface) mass balance modifies glacier topography and sur-
face flow [60, 102]. The turbulent heat fluxes at the interface of a glacier and the
Atmospheric Boundary Layer (ABL) are modulated by the surface aerodynamic
roughness (Chapter 3). When the temperature reaches the melting threshold,
the melting rate increases with net radiation. A warming trend in regional cli-
mate tends to increase the melting rates of glacier. The hypothesis evaluated in
this study is that observations of glacier surface flow can provide useful insights
on glacier response to regional climate [4, 32].

The annual and multi-annual cycle of precipitation and temperature sup-
plies mass to glaciers and removes it by e.g. melting and sublimation. We have
analyzed glaciers in the Nyaingéntanglha Range interacting with regional cli-
mate characterized by using the zonal averages of precipitation (TRMM) and
surface temperature (MODIS). Fig. 5.2 illustrates the schematic relation between
glaciers and regional climate. It indicates that glacier dynamics respond to re-
gional climate though the interplay of ABL and glacier surface process. This
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leads to the variations of glacier energy balance and mass balance [100]. Specif-
ically, mass changes at one location within a glacier induce mass redistribution,
with the glacier becoming steeper and thicker by accumulation, while the sur-
face field reflects the redistribution of mass towards lower elevation. Considering
the possible warming or cooling by regional climate change i.e. Indian summer
monsoon (ISM) and mid-latitude westerlies, the enhanced or weaker ice flow will
transport ice mass to lower altitudes with changes in the velocity of surface ice
flow. For instance, the precipitation is more dominant in the summer monsoon,
because ISM’s influence is stronger and more significant than the dry air flow by
the mid-latitude westerlies. More precipitation combined with warming effect
determines glacier dynamics by i.e. mass accumulation and melting during this
season. In the contrast, the cooler and drier mid-latitudes westerlies become
dominant in the non-monsoon season. The influence of precipitation and sur-
face temperature on surface ice flow is reduced during this period. Therefore,
measuring the glacier surface displacement is a proper proxy to assess the re-
sponse of glacier to regional climate [81].

5.4.2. Estimating temporal response

Regional climate varies over multiple time scales, i.e. diurnal, seasonal, annual

to even over decades scale. Glaciers respond to such time-dependent forcing
through mechanism with inherent response to times which may lead to responses
due to different time scales in the climate forcing signal. Here we propose to use

observations of ice displacement I(t) over a period of time as a measure of glacier

response to regional climate forcing, as characterized by time series of precipita-

tion P(t) and surface temperature 6 (t).

Estimate periodicity of observations

In this section, the study will be continued to analyze the temporal sequence
of observations, precipitation (P), temperature (6), and ice displacement (I). Re-
garding to temporal patterns of observations, the time series of B, 6 and I can be
described by the combination of a linear trend and a periodic signal. The time
series of observations Y can be expressed as:

Linear trend Periodic part
Y= G(t;c;)) +F(t;A w,9,cp) (5.12)

where Y is the sequence of observations, precipitation (P), temperature (8),
ice surface displacement (I). G(¢;¢;) = cjt, F(t; A w,¢,¢) = Z;.":lAj sin(w; t +
@) + co. ¢; is unknown parameter of the linear trend, w is the angular frequency
of each periodic term and T = 27/w is the period, e.g., the annual (T;=1 year,
w1 =271/ T) and inter-annual (T>=5 years, w, = 27/ T,) periodic components are
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presumed in the time series processing. The unknown parameters of periodic
components are ¢y constant coefficient, A; amplitude, and ¢; phase. The least
squires approach is used to estimate the unknown parameters ¢y, ¢; and Aj, and
¢, the accuracy of estimated parameters is assessed as explained in Chapter 4.

Specifically, the time series of observations P, 8 and [ were modeled as a com-
bination of a linear trend and periodic component.

P(t) =Gp(t;c)) + Fp(t; A, w, @, co) (5.13)
0(t) =Go(t;c)) + Fy(t; A, 0,9, ¢p) (5.14)
I(t) = Gi(t; ¢)) + F1(t; A, 0,9, ¢o) (5.15)

where the periodic components are:

Fp= Apsin(wpt+@p)
Fy = Agsin(wgt+ @p) (5.16)
Fr= Arsin(wrt+¢g)

The use of a single periodic component is a constraint due to the rather long sam-
pling interval feasible with observations of glacier surface displacement based on
the analysis of Landsat images (Chapter 4). The challenge of acquiring cloud-free
images combined with the long time required to capture slow surface displace-
ments makes it very unlikely to measure displacements over a period shorter
than a year, i.e. only multi-annual periodic components can be observed. The
limited data record implies that the time series of observations on glacier sur-
face flow includes less than 20 observations. Observations illustrated in Chapter
4, see e.g. Fig. 4.6, support the use of a single periodic component to describe
the multi-annual variability in ice surface flow velocity. The observations P(t),
6(t) and I(t), however, show that the period of this component is not well defined
and appears different in the three time series. Accordingly, we have applied a two
— step approach:

1) Apply a Fast Fourier Transform analysis to all three time series to identify
dominant periodic components;

2) Fit the de-trended time series with a single periodic component after esti-
mating the period on the basis of the FFT results;

Each time series is then characterized as a combination of a linear trend, and
a periodic component. The linear trend, amplitude of the periodic component
have been estimated as described below.
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Then three time series B, 0, and I have been represented as Eqs. 5.13, 5.14,
5.15 and 5.16. This procedure is rather approximate, since the three time series
are modeled by applying a single periodic component, with some uncertainties
in the estimated period of the dominant periodic component.

1.We applied the FFT analysis to different sets of MODIS, TRMM and in-situ
measurements time series to detect the dominant periodic components of the
time series [120, 133].

2. The possible periods were estimated by comparing the dominant periodic
components of MODIS temperature, TRMM precipitation and in-situ measure-
ments both monthly and yearly averages.

3. The FFT analysis was applied to the time series of glacier surface flow. The
time series are calculated for each pixel from the total displacement in the time
in-between two subsequent images.

4. The glacier surface displacement time series was fitted using different es-
timates of the period of the dominant component, as obtained by applying steps
1 through 3 to all three time series.

5. The linear trend and amplitude of the dominant periodic components
of glacier surface displacement time series were finally obtained by using least
squares fitting.

5.5. Results

5.5.1. Characterization of regional climate

In this section, the regional climate of the Nyainqgéntanglha Range is character-
ized using satellite retrievals of precipitation and land surface temperature, i.e.
time series of precipitation and land surface temperature the monthly TRMM
3B43 and the MODIS MOD11C3 data products. The high temporal variability
of monsoonal precipitation was characterized by applying the Mann-Kendall-
Sneyers (MKS) method the TRMM dataset.

Fig. 5.3 shows that the sequential values of the UF and UK statistics ob-
tained with Mann-Kendall-Sneyers (MKS) method within the confidence inter-
val of 95%. These statistics indicate that in the period 2000-2015 the monthly
precipitation had a general decreasing trend between April and October. In par-
ticular, the decreasing trend is stronger in May, June, August and September. In
contrast, the monthly precipitation between November to March is slightly in-
creasing. The results in April, October, November, i.e. in the transition months
between seasons show a larger variability in the inter-annual trend.

A typical Indian Summer Monsoon (ISM) sets in between late May and June
(ISM onset period). The results of the MKS analysis (Fig. 5.3) imply a recent
decadal pattern in the ISM influence in the Nyaingéntanglha Range. The inflec-
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Figure 5.3: The forward (uy, red) and backward (u’k, blue) monthly Mann-Kendall statistics rank
series of TRMM precipitation, from 2000 to 2015. The horizontal dotted lines represent the critical
values corresponding to the 95% confidence interval.
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Figure 5.4: The zonally averaged TRMM precipitation (upper panel) and monthly MODIS land sur-
face temperature (lower panel) (2000-2015) in the Nyainqéntanglha Range. The bar, the light gray
curve and the dark gray curve both with error bar indicate the TRMM precipitation, MODIS land
surface temperature (daytime), and MODIS land surface temperature (nighttime), respectively.

tions and trends in every month can be interpreted to reflect the strengthening
or weakening of the ISM onset and multi-annual variability in the timing of ISM
onset.

Combining with Figs. 5.3 and 5.4, the monthly-precipitation data indicate
that the entire area of the Nyaingéntanglha Range becomes wetter starting from
May, after experiencing the winter season (November — March).

The orientation of Nyaingéntanglha Range is generally from north-west to
south-east, whose regional climate is found to be constrained by warm and moist
air flow from ISM. However, atmospheric studies show that the ISM seems to be
weaker at times within this region. Some evidence indicates that ISM is modu-
lated by the colder and drier mid-latitude westerlies (MLW), leading to the differ-
ent precipitation and temperature conditions [93, 95]. The seasonal mean of pre-
cipitation and temperature are calculated for the ground stations ( Lhasa, Xainza
and Baingoin) and compared with the zonal averages of TRMM precipitation and
MODIS LST. The precipitation and LST of south and north side of Nyainqéntan-
glha Range are represented by observations the Lhasa and the average of Xainza
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Figure 5.5: The schematic diagram shows the ice motion to the regional climate in the different
seasons. (a) shows the ice motion is faster due to the simultaneous accumulation and ablation
in the summer monsoon season. (b) shows the ice motion is slower due to the lower tempera-
ture and less precipitation, in turn, lower accumulation and ablation rates in the non-monsoon
season. ELAp, ELAp,, ELA, denotes as the ELA of the previous year, the monsoon season and
non-monsoon season of the current year.
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Table 5.1: Mean seasonal of temperature and precipitation at the three meteorological stations
for the pre-monsoon, monsoon, post-monsoon and winter seasons. Zonal averages of temper-
ature and precipitation on the south and north sides of Nyaingéntanglha Range are represented
by the records at Lhasa station and average of Xainza and Baingoin stations. Zonal averages of
temperature and precipitation are derived from TRMM 3B43 monthly product and the MODIS
MOD11C3 product. Note the zonal average is limited in the region, Latitude (29.47°, 31.44°), Lon-
gitude (89.41°, 91.70°).

Pre-monsoon Monsoon Post-monsoon Winter

00 Zonal night-time -10.20 -1.15 -9.00 -16.46
Zonal day-time 15.90 15.66 11.21 6.06
Zonal average 5.70 14.51 221 -10.40

Lhasa (S) 10.16 16.87 8.07 2.17

Xainza (N) 0.27 9.57 -1.49 -7.91

Baingoin (N) -0.44 8.58 -2.15 -8.51

South side 10.16 16.87 8.07 2.17

North side -0.36 8.59 -2.17 -8.43

P (mm) Zonal average 26.49 103.38 11.99 3.73
Lhasa (S) 15.27 104.25 4.93 2.17

Xainza (N) 14.53 78.33 6.88 1.58

Baingoin (N) 14.29 73.70 6.35 2.54

South side 15.27 104.25 4.93 2.17

North side 14.41 76.02 6.62 2.06

and Baingoin stations, respectively. Higher precipitation and temperature were
observed (Table 5.1) on the south side than the north side. These findings of spa-
tial patterns of precipitation and temperature (see Table 5.1, Figs. 5.6 and 5.7) are
supported by other studies [88, 160, Zhou et al.]. In other words, the latitudinal
decreasing gradient of precipitation and temperature supports the weakening of
the ISM within Nyaingéntanglha Range and surrounding region from south to
north.

The main precipitation (the mean monthly value exceeds 50 mm) is con-
centrated in June, July, August, and September [160]. The monsoons dominate
the distribution of the zonal moisture in this region during the summer (wet)
season, while the westerlies are influential on the reduction of precipitation in
the dry season. This climatological regime implies that accumulation and ab-
lation of glaciers occur in the same summer months [95, Zhou et al.]. On the
other hand, the evolution of monthly land surface temperature (both daytime
and nighttime) during the year is similar with the precipitation, both higher in
summer. The zonal average of mean monthly land surface temperature is higher
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Figure 5.6: The recorded time series of air temperature at the weather stations Lhasa (blue), Xainza
(red), and Baingoin (yellow) (1990-2015) neighboring the Nyaingéntanglha Range

than zero during daytime in the entire year, while the night-time land surface
temperature is close to zero in June, July, August and September,i.e. the same
months with high precipitation. There is about 10°C differences between day-
time land surface temperatures and nighttime land surface temperatures. These
results suggest that refreezing on the glacier surface and mass accumulation may
occur during the night even in the summer season. This summer accumulation
regime is contrary to other winter accumulation glaciers [155]. The statistics in
Table 5.1 mean there is a clear separation of the summer monsoon season from
non-monsoon season. Second, the yearly evolution of temperature can further
give specific seasonal patterns related to the ISM influence combined with pre-
cipitation in the Nyaingéntanglha Range.

Recent in-situ measurements at sites surrounding the Nyaingéntanglha Range
[74] gave similar indications to our findings on satellite-based observations. There
is only a small proportion of mean annual precipitation measured in the winter
season (November - March) compared to that in the summer season (around
90%), according to the records in the meteorological stations Shengzha, Bange,
Dangxiong, Lhasa (Table. 5.1). Regional climate features remain dominant, even
though the observations are slightly different on the two sides of the Nyaingén-
tanglha Range. The average of the annual precipitation was about 50.6 mm in
the last decades. Due to the weakening of the monsoons and strengthening of
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Figure 5.7: The recorded time series of precipitation at the weather stations Lhasa (blue), Xainza
(red), and Baingoin (yellow) (1990-2015) neighboring the Nyaingéntanglha Range

the westerlies, the increment of temperature in the north side of the Nyaingén-
tanglha Range was higher than in the south side (see Fig. 5.6 and Fig. 5.7), while
the general trend of precipitation is gradually decreasing according to observa-
tions [74]. Changes of glaciers have also been measured in terms of the changes
in glacier area, length, mass balance [155]. Most of the measured glaciers re-
vealed a retreat tendency during the last decades. The temporal variation of the
precipitation are supposed to interact with the observed changes in the glaciers
of this area. Therefore, the spatial and temporal patterns related to the ISM in-
fluence need be characterized better [160]. Hereafter, the pre-monsoon season is
considered from March to May, the summer from June to September, then post-
monsoon season from October to November, and the winter season is a relatively
drier and cold period from December to February.

5.5.2. Temporal patterns in precipitation and temperature

In situ, long term meteorological data is limited in this region, even though some
of the latest automatic weather stations have been installed since 2005 to provide
the data required to monitor cryospheric and hydrological processes. The tem-
poral variability of precipitation and temperature has been characterized first by
analyzing the time series of air temperature and precipitation observed at the
stations: Lhasa (south side of Nyaingéntanglha Range), Xainza and Baingoin
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Figure 5.8: Power spectrum of air temperature and precipitations time series at the weather station
Baingoin Xainza and Lhasa neighboring the Nyaingéntanglha Range. 1), 3) and 5) are the power
spectra of air temperature of Baingoin Xainza and Lhasa; 2), 4) and 6) are the power spectra of
precipitation of Baingoin Xainza and Lhasa.

(north side of Nyaingéntanglha Range). The detailed information from these
stations is summarized in Table. 5.1 and compared with the zonal averages of
surface temperature and precipitation. Time series analysis has been applied to
these observations to capture differences and similarities in the temporal signals.
The method has been described in Section 5.4.2. First, the power spectrum of
monthly TRMM and MODIS LST and in-situ measurements at three AWS stations
Baingoin, Xainza, Lhasa neighboring the Nyaingéntanglha Range has been esti-
mated by applying a Fast Fourier Transform analysis. The ground-based signals
(see Fig.5.8) are dominated, as expected, by the annual component, but multiple
multi-annual components (from 3 years up to 7 or 8 years) are present as well.
The monthly MODIS and TRMM signals are dominated by the annual compo-
nent as well (see Fig. 5.9), and similar multi-annual components are present i.e.
with periods between 2 and 4 years. Monthly TRMM and MODIS LST time series
were fitted using the annual component only (see Fig. 5.10): the residuals show
a large inter-annual variability, thus confirming the results of the FFT analysis.
The processes determining the response of glaciers to temporal variability lead
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Figure 5.9: Power spectrum of zonal averaged monthly temperature and precipitation time se-
ries. Zonal averages of temperature and precipitation are derived from TRMM 3B43 monthly prod-
uct and the MODIS MOD11C3 product. Note the zonal average is limited in the region, Latitude
(29.47°, 31.44°), Longitude (89.41 °, 91.70°).

to rather long response times, so the multi — annual components are more likely
to appear in response signals such as the glacier surface flow velocity.

5.5.3. The interaction of ice flow with regional climate

As regards the temporal scale, the response of glacier with regional climate is ex-
pected to appear as multi-annual variability of accumulation and ablation. For
shorter time scales (i.e. the annual cycle), accumulation and ablation occur si-
multaneously in the summer monsoon season. The interaction of glaciers with
multi-annual climate variability can be captured by observing variables such
as surface ice displacement in wintertime (see Chapter 4). In general, ice flow
temporal patterns are coupled with diverse factors such as mass input (i.e. pre-
cipitation), temperature-induced melting, ice geometry, ice creep features For
instance, ice mass is ablated by melting and sublimation at the glacier surface
[60]. The radiation and turbulent heat fluxes at the interface between ABL and
glacier surface govern the process of melting and sublimation. The melting rate
of glaciers can be accelerated under a regional warming trend [4, 32].
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Figure 5.10: Modeled time series of zonal averages (Nyainqéntanglha Range) of monthly MODIS
LST and TRMM precipitation (2000-2015) by using the annual component only.

Our assumption is that the combined influence of ISM and MILW determines
seasonal, annual and multi-annual components of in-situ and satellite based
observations of precipitation and temperature. The monthly in-situ observa-
tions P and 6 (Figs. 5.6, 5.7 and 5.8) are clearly dominated by the yearly cycle,
but multi-annual variability is also clearly observable. The amplitude of multi-
annual component of aggregated yearly TRMM and MODIS in the monsoon sea-
son estimated by using FFT analysis are shown in Fig. 5.15. There are several
multi-annual components, and the dominant component has a period of about
4 years.

As explained in Chapter 4, we used retrieval of ice surface displacement over
subsequent sampling intervals of approximately 1 year from 2000 to 2015. Be-
fore analyzing the time series of glacier surface displacements, we applied multi-
linear regression analysis and used seasonal P (TRMM) and 6 (MODIS LST) in
each year to characterize regional climate. The TRMM and MODIS satellite data
products were used because of their spatial coverage, since the three stations
mentioned above were considered insufficient to capture spatial variability across
the Nyainqéntanglha Range. The spatial and temporal coverage of the retrievals
on ice surface displacements have been detailed in Chapter 4. Preliminarily we
evaluated the correlation of annual ice displacement with the seasonal P and
0. Firstly, separately with each variable, then together by multi-linear regression
analysis.
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Figure 5.11: Modeled time series of zonal averages of aggregated yearly MODIS LST and TRMM
precipitation (2000-2015) both for monsoon and non-monsoon season neighboring the Nyain-
géntanglha Range. The multi-annual patterns are identified by using least squares fitting proce-
dures.

Glacier surface displacement is clearly more correlated with P and LST in the
monsoon season (see Fig. 5.12 and 5.13). Correlation (R?) between ice flow and
P, 6 was in the range between 0 and 0.8 with many occurrences in the range be-
tween 0.1 and 0.3. To assess spatial patterns of these correlations and possible
dependency on elevation (H) , the ice surface displacements are divided into ten
classes (—oo, 5500 m], (5500 m, 5600 m], (5600 m, 5700 m], (5700 m, 5800 m],
(5800 m, 5900 m], (5900 m, 6000 m], (6000 m, 6100 m], (6100 m, 6200 m], (6200
m, 6300 m], (6300 m, +oo]. A threshold (R? > 0.5) is set to derive the partition of
significant influence of P or 6. The sites with R? > 0.5 occupied a small fraction of
the study area. There are slightly higher R? concentrated in the monsoon season
than non-monsoon season (see Fig. 5.12 and 5.13).

5.5.4. Estimating the trend and amplitude of ice surface flow

Taking into account the complexity of processes determining the interaction of
ice surface flow to regional climate, including the coupling between surface flow
and deeper ice deformation / basal sliding, we evaluated the linear trend and
amplitude of surface flow in the response of climate forcing. The linear trend
and amplitude can be regarded as approximate indicators of glacier response to
regional climate.

As mentioned in the sections above, the precipitation coupled with temper-
ature in principle may lead to observable responses during readjustment of a
glacier to variations in the temporal distribution of accumulation and ablation
over temporal scales of one year or longer. In this section, the linear trend and
amplitude of periodic components of ice surface displacement time series in
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Figure 5.12: The correlation of ice flow with TRMM precipitation and MODIS LST (2000-2015) both
for monsoon and non-monsoon seasons, Nyaingéntanglha Range.

response of precipitation and surface temperature are estimated by using the
methodology in Section 5.4.2.

First, we evaluate the signals in the glacier surface displacement time series
by applying FFT analysis to a few samples (see Fig. 5.16). Then, the FFT analysis
was applied to all the glacier surface displacement pixel-wise times series. The
results show that surface glacier flow signal is dominated by a multi-annual com-
ponent with a period = 7.5 years. Combined with the results of previous analysis
of temporal patterns in the regional precipitation and temperature, this indicates
that ice flow responds to the regional climate in an indirect way by responding
to faster components, i.e. with shorter periods, in the climate forcing. The FFT
analysis of P and 8 in the monsoon season (Fig. 5.15) clearly shows that the com-
ponent with period = 7.5 years is smaller than the components with shorter pe-
riods. A single periodic component with period = 7.5 years captures well the in-
terannual variability in glacier surface flow (Fig. 5.16). The period = 7.5 years was



94 5. Response of glaciers to regional climate forcing

Correlation with TRMM and MODIS, monsoon season
800 T . : .

600

400

200

0
0 0.2 0.4 0.6 0.8 1

Correlation with TRMM and MODIS, non—-monsoon season
600

400

200

0 0.2 0.4 0.6 0.8 1

Figure 5.13: The histogram of correlation of ice flow to TRMM precipitation and MODIS LST (2000-
2015) both for monsoon and non-monsoon seasons neighboring the Nyaingéntanglha Range, re-
spectively.

chosen to fit the glacier surface displacement time series and assess the linear
trend and amplitude of the multi-annual component (see Fig. 5.17).

The elevation of the study area ranges from lower than 5500 m to higher than
6300 m. The results indicate that both the linear trend and amplitude of peri-
odic component distribute heterogeneously and do not have a clear relationship
with either elevation, although larger values of trend and amplitude seem more
frequent at lower elevation (Fig. 5.17).

Compared with the monsoon season, lower land surface temperature and
less precipitation are observed in non-monsoon seasons (see Fig. 5.3). Any varia-
tions of precipitation and temperature, such as temporal variability, will result in
the response of glaciers at different locations diversely (i.e. altitudinal pattern).
All these impacts can be accumulated from monsoon season to non-monsoon
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Figure 5.15: Amplitude of MODIS LST and TRMM precipitation time series in the monsoon season.
a) MODIS LST in the monsoon season; b) TRMM in the monsoon season.

season. It leads to the different temporal patterns (period) and linear trend and
amplitude of periodic component of glacier surface displacement times series.
According to Cuffey and Paterson [32], the response time of glaciers to precipita-
tion and temperature should be in the range from 3 up to tens of years scale.

5.6. Conclusions

In this research, time series analysis is used to estimate the response of glacier
ice flow to regional climate in terms of precipitation and temperature within
the Nyaingéntanglha Range. First, the temporal pattern of regional climate is
assessed in terms of precipitation and temperature by MKS analysis. The pre-
vailing climate is evaluated in terms of precipitations and land surface tempera-
tures, given the scarcity of meteorological stations. Most of the precipitation and
higher land surface temperature (both daytime and nighttime) are measured in
the summer season while it is cooler and drier in the non-monsoon season. This
implies that both accumulation and ablation occur in summer [160, 163]. Sec-
ond, the statistical dependence of ice flow on precipitation and temperature was
estimated by multi-regression analysis. The linear trend and amplitude of multi-
annual component of glacier surface displacement times series was evaluated by
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Figure 5.16: Examples of the amplitude of periodic component of glacier surface displacement
time series (2000-2015) by FFT analysis in the Nyaingéntanglha Range.

using FFT analysis combined with least squares approach. Applying FFT analysis
and least squares approach to precipitation, temperature and glacier surface dis-
placement times series, the temporal patterns in each signal were captured and
interpreted. These findings imply that satellite based feature tracking method
can be applied to construct long term time series of ice flows and capture in-
teractions with regional climate variables in this region. Further application of
this approach will help to understand the glacier dynamics in response to the
regional climate.
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Figure 5.17: The trend and amplitude of multi-annual component of ice flow derived by using the
optimized period=7.5 years though combined FFT analysis and non-linear least squares approach.






Conclusions and future work

This dissertation describes remote sensing observations of two glacier proper-
ties:

a) The surface roughness;

b) The ice velocity of glacier surface flow;

This study focused on the Nyaingéntanglha Range on the Tibetan Plateau.

Section 6.1 explains how and what extent the research questions detailed in
Chapter 1 were addressed.

Section 6.2 outlines recommendations for further research.

6.1. Conclusions
Glaciers on the Tibetan Plateau are large water reservoirs, and good indicator of
climate variability. The glacier is driven by the surface energy balance, which
determines sublimation, and melting, and evaporation and is modulated by the
glacier surface properties, i.e. surface roughness, glacier displacements, and ab-
sorbed energy for melting process. Across the plateau glaciers respond to differ-
ent atmospheric forcing due to the relative weight of the mid-latitude westerlies
and the summer monsoon. Mass input in a glacier accumulation zone and mass
removal in the ablation zone drive the glacier surface flow. The heat and mass
exchange between glacier and atmosphere are modulated by the surface rough-
ness.

This reasoning led to this study, all the datasets were used here:

1) satellite altimetry was applied to estimate glacier surface roughness;

2) appropriate spatial resolution spaceborne optical images were applied to
estimate and map the ice velocity of glacier surface flow;

99



100 6. Conclusions and future work

3) satellite data products on precipitation and land surface temperature were
applied to characterize climate forcing.

The study focused on the Nyaingéntanglha Range, which is located on the
Tibetan Plateau in the transition area between mid-latitude westerlies and mon-
soon climate.

In Chapter 1 the following research questions were started:

1. Is it feasible to retrieve surface properties from satellite laser altimetry data
over the Tibetan Plateau?

2. How should glacier surface displacement and mean velocity of Tibetan
glaciers be estimated?

3. Does glacier surface displacement of Tibetan glaciers respond to climate
variability?

Ad. 1 Glaciers in the Tibetan mountains are expected to be sensitive to tur-
bulent sensible and latent heat fluxes. One of the most significant factors of
the energy exchange between the atmospheric boundary layer and glacier is the
roughness of the glacier surface. The aerodynamic roughness of a complex sur-
face like a glacier is related to its geometric characteristics at multiple spatial
scales. Methods to parameterize this roughness for glaciers surface were applied
in the remote regions of TP. In this study a two-stage approach was applied. First,
the capability of return waveforms to characterize TP landscapes was evaluated.
Extraction of parameters of waveforms measured by the ICESat/GLAS laser sys-
tem from February, 2003 to November, 2004 was evaluated by analyzing data
along several tracks across glaciers in the Nyaingéntanglha range. Surface fea-
tures, namely roughness, slope and elevation were retrieved independently from
ASTER GDEM. The response of GLAS waveforms to these glacier surface features
has been documented by statistics on full waveform parameters, namely num-
ber of modes, width of the full waveform and elevation. These statistics show
that the GLAS waveforms are related to the surface geometric features and use-
ful to parameterize the surface aerodynamic roughness. Consequently, the re-
trieved waveform can be explained by the terrain characteristics. In our study
area, roughness and slope of the surface can contribute several meters to even
several tens of meters to the pulse shape. Next, the relationship between surface
slope and roughness was derived first theoretically, then using the ASTER GDEM
surface features and the observed GLAS waveform parameters. The later deliv-
ered the relationship between terrain characteristics and waveform parameters
required to parameterize the surface aerodynamic roughness.

Ad. 2 The glacier surface flow responds to changes in accumulation and ab-
lation and through that, to regional climate, but must be mapped and monitored
over long periods of time. We monitored the ice surface displacement of the
glaciers in the entire Nyaingéntanglha Range over nearly two decades from 1993
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to 2015 by applying a feature-tracking method to multi-temporal Landsat image
data. Suitable images could only be retrieved in the non-monsoon season and
were spaced by about one year, so that our estimates were approximately yearly
values. Post-processing was applied to detect outliers, taking into account es-
timated spatial variability, towards higher quality of retrieved surface displace-
ments. It reduces the bias existing in the final displacement measurements on
the mountainous glaciers. The precision of ice displacement was evaluated by
using measurements on the relative stable ground outside glaciers. Through the
time series analysis of ice surface displacements, we found that the observations
could be represented by a combination of a linear component and multi-annual
component. This applied especially to the ablation zone of observed glaciers.
The multi-annual component could be represented by a single periodic compo-
nent with a period of multiple years. In practice, we estimated and mapped the
linear trend v and the amplitude of multi-annual component a. By capturing
their spatial distributions we could evaluate their dependence on both elevation
and slope. The observed glaciers are active, as documented by the linear trend
and amplitude of multi-annual component across the entire range of elevation
and slope. The analysis indicates that the spatial variability of glacier multi-
annual amplitude seems to be more dependent on elevations and slope than
the linear trend in the Nyaingéntanglha Range. The study demonstrated that
observations of ice surface displacement retrieved by optical image data provide
useful insight on the glacier dynamics in the Nyaingéntanglha Range.

Ad.3 In this study, the regional climate has been characterized using TRMM
precipitation and the MODIS land surface temperature data products, while the
local glacier response to regional climate has been characterized using the pe-
riod, linear trend and amplitude of the periodic component of glacier surface
flow. The analysis of monthly precipitation and land surface temperature led to
define seasons as they occur on the Tibetan Plateau. Most important for glaciers
mass balance is the summer monsoon season when both high precipitation and
high surface temperature occur. The statistical dependency of ice flow on precip-
itation and temperature was estimated by multi-regression analysis. According
to the interaction between regional climate (precipitation and temperature) and
glaciers, the linear trend and amplitude of periodic component of glacier surface
displacement times series was evaluated by using FFT analysis combined with
the least squares approach. Applying FFT analysis and least squares approach
to regional climate forcing (precipitation and temperature) and ice flow in terms
of surface displacement times series, the temporal patterns of ice flow are esti-
mated. It indicates that the behavior of ice flow relates the patterns of glacier
self-adjustment induced by regional climate forcing (temperature and precipita-
tion). These findings imply that satellite based feature tracking method is capa-
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ble to establish long term time series of ice flows and estimate interactions with
regional climate variables in this region.

6.2. Future work

The understanding of the physical relationship between glaciers and regional cli-
mate is essential to project the response of Tibetan glaciers to global climate. The
surface processes, i.e. melting, sublimation and evaporation of these glaciers link
the glacier mass balance with atmospheric boundary layer. Normally, the accu-
mulation and ablation processes occur in different seasons on the continental
and temperate glaciers. On the Tibetan Plateau both precipitation and tempera-
ture vary with different timing and are determined by moisture and heat transfer
at continental scale. That will affect the regime of glacier mass balance, i.e. ac-
cumulation and ablation of glacier occur at the same time in summer. These
processes need to be understood better across spatial and temporal scales. Re-
cent modelling and monitoring research has been initiated and should be pur-
sued further. This study demonstrates the interest of integrating remote sens-
ing observations on roughness , glacier surface displacement, glacier elevation
changes, surface temperature, and precipitation to understand glacier surface
processes and glacier response to climate. Such studies could be extended to
other areas on the Tibetan Plateau using new data, e.g. satellite altimetry by
ICESat-2 and CryoSat, Sentinel-2 multi-spectral images and Sentinel-3 land sur-
face temperature. Such data would allow to extend the temporal coverage of
observations and improve current understanding of spatial patterns, trends and
inter-annual variability. Approach in data analysis should also be improved, tak-
ing into account the challenges related to the complex terrain in some areas on
the Tibetan Plateau. Better and extended data analysis will improve the accu-
racy of current retrievals. Overall, better accuracy will deliver new insights on
the changes in Tibetan glaciers and their role in regional water security.
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