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Jeffrey S. Kargel, Siri Jodha S. Khalsa,

Gregory J. Leonard, Frank Paul, and

Bruce H. Raup 1

1.1 Why this book? 1

1.2 Perennial surface ice on land 2

1.2.1 Definitions 2

1.2.2 Global coverage 3

1.3 Glaciers and climate 4

1.3.1 Formation of glaciers and their dynamical

controls 4

1.3.2 Glacier reactions to climate change, and

response times 5

1.3.3 Reporting glacier change rates 5

1.4 International glacier monitoring 6

1.4.1 History of international glacier monitoring

in the 19th and 20th centuries 6

1.4.2 The Global Terrestrial Network for

Glaciers (GTN-G) 8

1.4.3 Available datasets 9

1.4.4 Challenges of the 21st century 9

1.5 Glacier observations from space 12

1.5.1 Satellite observations in GTN-G 12

1.5.2 Possible applications 13

1.5.3 Challenges 14

1.6 Integrative glacier change assessments 15

1.7 Synopsis and organization of the book 15

1.8 Conclusions 16

1.9 Acknowledgments 17

1.10 References 17

2 Theoretical foundations of remote

sensing for glacier assessment and

mapping

Michael P. Bishop, Andrew B.G. Bush,

Roberto Furfaro, Alan R. Gillespie,

Dorothy K. Hall, Umesh K. Haritashya,

and John F. Shroder Jr. 23

2.1 Introduction 23

2.2 Radiation transfer cascade 24

2.2.1 Solar irradiance 24

2.2.2 Surface irradiance 25

2.2.3 Surface reflectance 30

xlvii

xlix

liii

lix

lxi



2.2.4 Surface emission 31

2.3 Surface–energy interactions 32

2.3.1 Snow 32

2.3.2 Glaciers 34

2.3.3 Water 35

2.4 Complications 37

2.5 Space-based information extraction 37

2.5.1 Snow cover 37

2.5.2 Ice sheets 38

2.5.3 Alpine glacier mapping 38

2.5.4 Debris-covered glaciers 39

2.5.5 Snow line and ELA 40

2.5.6 Ice flow velocities 41

2.6 Numerical modeling 42

2.6.1 Climate modeling 42

2.6.2 Energy balance modeling 43

2.6.3 Glacier mass balance modeling 45

2.7 Conclusions 46

2.8 Acknowledgments 46

2.9 Notation 47

2.10 References 48

3 Radiative transfer modeling in

the cryosphere

Roberto Furfaro, Alberto Previti,

Paolo Picca, Jeffrey S. Kargel, and

Michael P. Bishop 53

3.1 Introduction 53

3.2 Radiative transfer modeling of glacier

surfaces 55

3.2.1 RT modeling approach for glacier surfaces 56

3.2.2 Radiative transfer equation in layered

mixtures of snow, ice, and debris 58

3.2.3 Radiative transfer equation in glacier lake

waters 59

3.3 Optical properties of snow, ice, debris,

mixtures, and glacier lake water 60

3.3.1 Snow 61

3.3.2 Glacier ice 61

3.3.3 Rock debris 62

3.3.4 Mixtures 63

3.3.5 Glacier lake water 63

3.4 Numerical solution of the RTE 64

3.5 Glacier radiative transfer simulation

examples 66

3.6 Conclusions 70

3.7 References 71

4 Glacier mapping and monitoring using

multispectral data
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21.5.2 Soğanll Mountains 476

21.5.3 Rize Mountains 476
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Andreas Kääb, Ulrich Kamp,

Jeffrey S. Kargel, Anil V. Kulkarni,

Gregory J. Leonard, Pradeep K. Mool,

and I. Sossna 549

24.1 Overview 549

24.2 Regional context 550

24.2.1 Geographic, geologic, and topographic

setting 550

24.2.2 Climate dynamics and glacier regimes 552

24.2.3 Previous glacier mapping and observations 553

24.3 Case studies and specific topics 553

24.3.1 Sikkim Himalaya: glacier area change,

1960–2000 553

Contents xi



24.3.2 Khumbu and Garhwal Himalaya: glacier

area and thickness changes, 1960s–2000s 555

24.3.3 Everest region, Nepal: geomorphologic

and surface reflectance changes,

2001–2005 560

24.3.4 Brahmaputra River basin: glacier area,

volume, and velocity changes, 1970s

through to about 2000 564

24.3.5 Ladakh, northwestern Indian Himalaya:

glacier length/area change, 1975–2008 569

24.3.6 Himachal Pradesh and Uttarakhand,

western Indian Himalaya: glacier area

change, 1962–2004 571

24.3.7 Himachal Pradesh, western Himalaya:

geodetic mass balance estimates,

1999–2004 573

24.4 Summary and outlook 575

24.5 Appendix—image differencing:

methodology, limitations, and errors 575

24.6 Acknowledgments 577

24.7 References 577

25 Glaciers in China and their variations

Liu Shiyin, Shangguan Donghui, Xu Junli,

Wang Xin, Yao Xiaojun, Jiang Zongli,

Guo Wanqin, Lu Anxin, Zhang Shiqiang,

Ye Baisheng, Li Zhen, Wei Junfeng,

and Wu Lizong 583

25.1 Introduction to glaciers in China 583

25.2 Regional context 584

25.3 Methods for glacier change monitoring

by remote sensing 585

25.4 Glacier area extent change 586

25.4.1 Glacier change since the Little Ice Age

maximum 586

25.4.2 Glacier change during recent decades 588

25.5 Change in surface elevations 591

25.5.1 Koxkar Glacier 591

25.5.2 Yanglong River 593

25.6 Surface movement derived by satellite

remote sensing 595

25.6.1 Justification 595

25.6.2 Glacier velocity derived using

D-InSAR and SAR feature-tracking

methods 597

25.6.3 Glacier velocity derived by optical images 598

25.7 Special topics: hydrological aspects of

Chinese glacier dynamics 599

25.7.1 Special Topic 1: glacier hazards in the

Upper Yalung Zangbo River basin, China 599

25.7.2 Special Topic 2: glacier water resources

in western China provinces 601

25.8 Summary and future prospects 605

25.9 Acknowledgments 605

25.10 References 605

26 Remote sensing of rapidly diminishing

tropical glaciers in the northern Andes

Todd Albert, Andrew Klein,

Joni L. Kincaid, Christian Huggel,

Adina E. Racoviteanu, Yves Arnaud,

Walter Silverio, and Jorge Luis Ceballos 609

26.1 Introduction 609

26.2 Regional context 610

26.3 Special topics and case studies 610

26.3.1 Quelccaya, Peru 610

26.3.2 Cordillera Vilcanota, Peru 614

26.3.3 Nevado Coropuna, Peru 616

26.3.4 Cordillera Blanca, Peru 616

26.3.5 Colombia 622

26.3.6 Tres Cruces, Bolivia 625

26.3.7 Venezuela 630

26.4 Regional synthesis 632

26.5 Discussion 633

26.6 Acknowledgments 635

26.7 References 635

27 A new glacier inventory for the

Southern Patagonia Icefield and

areal changes 1986–2000
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