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Part I: 
Basic concepts 



The cryosphere is the collective term for the 
components of the Earth system that contains a 
substantial fraction of water in the frozen state.

The cryosphere comprises several components: 
snow, river and lake ice; sea ice; ice sheets, ice 
shelves, glaciers and ice caps; and frozen ground 
which exist, both on land and beneath the 
oceans



Glacier: A perennial mass of ice, and possibly firn and snow, originating 
on the land surface by the recrystallization of snow or other forms of solid 
precipitation and showing evidence of past or present flow.

Glaciers, broadly defined, refers to all ice bodies originating as 
accumulations of snowfall: mountain glaciers and icefields, small ice caps, 
continental ice sheets, and floating ice shelves.

Ice sheets are ice masses of continental size (area greater than 50,000 km2) 
which rest on solid land, whereas ice shelves consist of floating ice 
nourished by the inflow from an adjacent ice sheet, typically stabilized by 
large bays. 

Extended land-based masses of ice covering less than 50,000 km2 are 
termed ice caps.

Smaller ice masses constrained by topographical features (for instance a
mountain valley) are called glaciers.



The cryosphere in the Northern and 
Southern Hemispheres in polar projection



Assuming a global land area of 147.6 Mkm2 and ocean area of 362.5 Mkm2.

Antarctic Ice Sheet: 25.7×106 km3, and additionally 0.58×106 km3 of the 
attached ice shelves. They are 12.4 × 106 km2 and 1.1 × 106 km2 in area.
Ice volume of Greenland Ice Sheet amounts to 2.85 × 106 km3 with an ice-
covered area of 1.71 × 106 km2



Mass balance: the change in the mass of a glacier, or part of the 
glacier, over a stated span of time; the term mass budget is a 
synonym. 
Ablation: All processes that reduce the mass of the glacier
Accumulation: All processes that add to the mass of the glacier

Climatic-basal mass balance
The sum of the climatic mass balance and the basal mass balance.
The expression b=csfc +asfc +ci +ai +cb +ab states that the climatic-
basal mass balance b is the sum of surface accumulation csfc, 
surface ablation asfc, internal accumulation ci, internal ablation ai, 
basal accumulation cb and basal ablation ab.



Properties of glaciers
1. Glaciers demonstrate various physical and 

morphological types. In high altitudes or high 
altitudes with low air temperature, for instance, 
lowest temperature ever measured on the 
surface of the Earth -89.2℃ at the Vostok
station; annual mean surface temperature 
which can be as low as −60 ℃ in central East 
Antarctica. 

2. Sensitive response to climate change, melts at 
the melting point, but the response time with 
different lag for glaciers of different sizes.

3. Major storage of fresh water of the Earth, active 
component of water cycle and important 
contributor of sea level change.

Global freshwater
2.8% of the total water 
on Earth(0.136MnGt)

Glaciers69%

Groundwater30%

Other    0.7%

Surface 0.3%



Part II: 

Estimating sea level equivalent 

of glaciers



Sea level equivalent of glaciers is the water stored in glaciers 
that could raise the level of the ocean 

Current oceans cover about 71% of Earth’s surface. The area of 
ocean thus totals about Ao = 0.71[4π ா

ଶ], 362.5 Mkm2, where 
RE ≈ 6370km is the planet’s radius.

1Gt =1012 kg =1km3 water-equivalent volume transferred from 
land to the ocean raises the sea level by about 1/Ao kilometers, 

or 
ଵ

ଷଶ
mm.

What is the total volume of water stored in glaciers? 

Volume estimate of glaciers, ice caps and ice sheets



 Thickness measurements-volume estimation

 Mapping the area of Glaciers-Glacier inventory



Volume estimation of ice sheet: bedmap 2
Antarctica: 27 million km3

(Fretwell et al., 2013, The Cryosphere)

Bedmap2: based on 25 million 
measurements



Greenland Ice Sheet
2.96×106 km3

(Bamber et al., 2013, The Cryosphere)

420 000 line kilometres of airborne data. 
Data sources. CReSIS90 (purple) includes all 
data from 1993 to 1999 as used in (Bamber et 
al., 2001b). CReSIS00 (blue) includes
all data derived from CReSIS instruments 
between 2000 and 2012 (Center for Remote 
Sensing of Ice Sheets (CReSIS))



Bed elevation and bathymetry Ice thickness



Glaciers

Complicated: 
1) Types under different climate background
2) diverse sizes and shapes
3) different dynamic response to climate change

Mapping glaciers and their change is 
important, then their volume



IACS The International Association of
Cryospheric Sciences, IUGG

■ Established in 2007
Association of International Union of Geodesy and Geophysics (IUGG)

■ Promote cryosphere studies & public awareness
–collaboration & international co-ordination

■ Standardize collection of cryosphere data, analysis,
archiving & publication

■ IACS Bureau
■ Snow and Avalanches

■ Glaciers and Ice Sheets

■ Marine and Freshwater Ice

■ Cryosphere, Atmosphere and Climate
■ Planetary and other Ices of the Solar System

http://www.cryosphericsciences.org

Immediate Past 
Charles Fierz

President: 
Regine Hock



IACS Working Groups

Cogley et al., 2011

WG’s address timely and wellconstrained scientific problems. WG’s
have explicit objectives, milestones & deliverables.

Running Working Groups

■ Randolph Glacier Inventory and 
infrastructure for glacier 
monitoring

■ Glacier ice thickness estimation

■ MicroSnow

■ Flow law for polycrystalline ice

Past Working Groups

■ Mass balance terminology and methods

“early milestone in the work of the IACS″



IACS Working group of RGI 



Data sources of RGI

• GLIMS database (primary data source)
• GLIMS: Global Land Ice Measurments from Space
• Database formed by contributions from GLIMS Contributors

• Randolph Consortium:
• Large number of data authors:

• Arendt, A., A. Bliss, T. Bolch, J.G. Cogley, A.S. Gardner, J.-O. Hagen, 
R. Hock, M. Huss, G. Kaser, C. Kienholz, W.T. Pfeffer, G. Moholdt, F. 
Paul, V. Radić, L.M. Andreassen, S. Bajracharya, N.E. Barrand, M. 
Beedle, E. Berthier, R. Bhambri, I. Brown, E. Burgess, D. Burgess, F. 
Cawkwell, T. Chinn, L. Copland, B. Davies, H. De Angelis, G.A. 
Diolaiuti, E. Dolgova, L. Earl, K. Filbert, R. Forester, A.G. Fountain, H. 
Frey, B. Giffen, N. Glasser, W.Q. Guo, S. Gurney, W. Hagg, D. Hall, 
U.K. Haritashya, G. Hartmann, C. Helm, S. Herreid, M.J. Hoffman, I. 
Howat, G. Kapustin, N. Karimi, T. Khromova, M. König, J. Kohler, D. 
Kriegel, S. Kutuzov, J. Landmann, I. Lavrentiev, R. LeBris, S.Y. Liu, R. 
Lo, J. Lund, W. Manley, R. Marti, F. Maussion, C. Mayer, E.S. Miles, 
X. Li, B. Menounos, A. Mercer, N. Mölg, P. Mool, G. Nosenko, A. 
Negrete, T. Nuimura, C. Nuth, R. Pettersson, A. Rabatel, A. 
Racoviteanu, R. Ranzi, P. Rastner, F. Rau, B. Raup, J. Rich, H. Rott, A. 
Sakai, C. Schneider, Y. Seliverstov, H. Sevestre, M. Sharp, O. 
Sigurðsson, C. Smiraglia, C. Stokes, R.G. Way, R. Wheate, S. 
Winsvold, G. Wolken, F. Wyatt, N. Zheltyhina. 



Current releases of RGI

• All releases of RGI till 2017
• RGI 1.0: February 22, 2012
• RGI 2.0: June 12, 2012
• RGI 3.0: April 7, 2013
• RGI 3.2: August 31, 2013
• RGI 4.0: December 1, 2014
• RGI 5.0: July 20, 2015 (with CGI-2 V1.0)
• RGI 6.0: July 28, 2017 

• RGI 3.2 and later are available at GLIMS website 
(https://www.glims.org/RGI/)



RGI

• A collection of digital outlines of the world’s 
glaciers, excluding the Greenland and Antarctic ice 
sheets



• The global glaciers (~170,000 glaciers with area of 730,000 km2)  
were divided into 19 first-order and 89 second-order regions. 



Global distribution of glaciers (yellow, area increased for visibility) and area covered 
(diameter of the circle), sub-divided into the 19 RGI regions (white number). The area 
percentage covered by tidewater (TW) glaciers in each region is shown in blue.



• Data Fields containing in RGI 6.0
• RGIId & GLIMSId: two identification codes of the 

glacier in RGI and GLIMS database
• BgnDate & EndDate: the representative date
• CenLon & CenLat: the coordinates of the glacier
• 01Region & 02Region: the 1-st and 2-nd order 

regions the glacier locates in
• Area, Zmin & Zmax: the area (in km2), maximum and 

minimum elevation of the glacier
• Zmed: the median area elevation
• Slope & Aspect: the mean slope and aspect
• Lmax: the maximum length of the glacier among its all 

tributaries.



RGI

• Data Fields containing in RGI 6.0
• Status: the status of glacier outline (to be subdivided or 

not)
• Connect: connectivity of glacier to ice sheet
• Form: information on the forms of the ice body (snow 

or glacier ice)
• TermType: the glacier terminus type, land or water 

body terminating
• Surging: the information on evidence for surging
• Linkages: the linkage to a csv file contains mass-

balance measurements in WGMS Fluctuations of 
Glaciers database

• Name: the name of the glacier



RGI

• Supplementary materials to RGI 6.0
• Glacier Hypsometry:

• A comma-separated series of elevation-ban areas in the form 
of integer thousandths of the glacier’s total area (sum up to 
1000)

• Linkages:
• 00_RGI60_LINKS.csv: containing the basic information for each 

RGI glacier with linkage to the primary key FoGId of the glacier 
in the WGMS Fluctuations of Glaciers database, and 
information about its mass-balance record therein.



Example of mapping glaciers: CGI-2 V1.0

December 13, 2014



CGI-2

• Methods
• Glacier outline delineation

Landsat/ASTER ImagesLandsat/ASTER Images

Band Ratio (b3/b5) 
Segmentation Method

Band Ratio (b3/b5) 
Segmentation Method

Visual Interpretation 
and Manual 
Digitization

Visual Interpretation 
and Manual 
Digitization

Clean IceClean Ice
Debris-

Covered Ice
Debris-

Covered Ice

Iterative Manual 
Check and 

Improvements

Iterative Manual 
Check and 

Improvements

CGI-2 V1.0 glacier
Outlines

CGI-2 V1.0 glacier
Outlines

• Three steps delineation:
– Step 1. Automatic clean ice

outline delineation
– Step 2. Manual delineation of

debris covered glacier
outlines

– Step 3: Intensive multi-round
manual improvements



ASTER scenes used in Second Glacier Inventory of China

Totally 563 ASTER imageries were orthorectified.



Landsat TM/ETM+ used in Second Glacier Inventory of China

Totally 119 Landsat TM/ETM+ imageries were used.



ASTER GDEM used in Second 
Glacier Inventory of China

Totally 265 GDEM data were used.



CGI-2

• Separation of individual glacier entity

a) Anyemaqen Mountain: 
GDEM 2

b) Anyemaqen Mountain: 
SRTM-90m

c) Anyemaqen Mountain: 
Topo-DEM 1:50,000

d) Gongga Mountain:    
Topo-DEM 1:50,000

e) Purogangri Ice Cap:
Topo-DEM 1:50,000

f) Bogda Mountain:
Topo-DEM 1:50,000



Glacier Attributes

• Glacier central flow line extraction



• Glacier position attributes
• Glacier coordinates: latitude, longitude

• locate the label point in central upper accumulation area 
along the main (longest) flow line of a glacier

• Calculate latitude and longitude of the label point

• Glacier ID
• GLIMS Glacier ID

• Derived from glacier coordinates

• GnnnnnnEmmmmm[N|S], n: longitude, m: latitude

• Glacier drainage ID (World Glacier Inventory)
• Inherit from first glacier inventory of China

Glacier Attributes



• Geometric attributes
• Glacier area

• Accumulation and ablation zone area

• Clean ice debris covered glacier area

• Different elevation belt area

• Total glacier area

• Automatic calculate by ArcGIS software

• Glacier perimeter
• Automatic calculate by ArcGIS software

• Glacier width
• Calculated by glacier area/glacier length

• Glacier length
• Accumulation zone length
• Ablation zone length
• Total length
• Calculated by binary tree search and length cumulations of 

all branches of glacier central flow lines



• Altitudinal attributes
• Maximum elevation

• Maximum DEM cell value of glacier region

• Terminus elevation
• Elevation of lower ends of the longest glacier central flow line

• Mean elevation
• Average of DEM cell value of glacier region

• Median area elevation
• Derived from cumulative histogram of DEM cell value of glacier 

region 

• hypsometry

• Estimated volume



Uncertainties existed for glacier inventories generated by 
different teams——Case for High Mountain Asia

The 2nd Chinese Glacier Inventory (CGI)

The GAMDAM inventory (GGI)

The ICIMOD inventory (IM)

The CCI inventories (CCI)

Debris covered glaciers
Cloud and snow contamination
Outcrop/steep slopes



Comparison of RGI4.0、GAMDAM和ICIMOD 
for Hindu Kush-Karakoram-Himalaya Region



Objectives

■ Perform a model intercomparison and validation experiment

■ Associate an estimate of the ice thickness distribution to every glacier 
of the Randolph Glacier Inventory (RGI)

■ Continue the WGMS effort in the collection of ice thickness 
measurements

http://www.cryosphericsciences.org/wg_glacierIceThickEst.html

Period: 2014 – 2018

Chairs: D. Farinotti, H. Li & L.M. Andreassen

Adv. Board: G. H. Gudmundsson, M. Huss

Members: B. Anderson, D. Bahr, D. Binder, G.K.C. Clarke, A. Fischer, P. 
Gantayat, F. Gillet-Chaulet, K. Helfricht, S. Kutuzov, I. Lavrentiev,
A. Linsbauer, Y. Macharet, H. Machguth, C. Martin, F. Maussion,
R.W. McNabb, M. Morlighem, F. Navarro, D. Petrakov, A.e
Rabatel, M. Schaefer, L. Rabenstein, V. Radić, W. J. J. van Pelt, M.
Zemp

IACS WG on Glacier Thickness Estimation



The materials herein used are from Andreassen
et al., 2017 (presentation on IACS workshop）
organized by Dr. Xiao Cunde

Daniel Farinotti, Douglas J. Brinkerhoff, Garry K. C. 
Clarke et al. 2017: How accurate are estimates of 
glacier ice thickness? Results from ITMIX, the Ice 
Thickness Models Intercomparison eXperimen. 
The Cryosphere



How to obtain thickness data

 GPR survey
Fischer A., Journal of Glaciology, 2009 

Molina C et al., Annals of Glaciology, 2007

……

 Scaling method
Deveer C M et al., Annals of Glaciology, 2007 

Liu et al., Journal of Glaciology, 2003 

……

Paterson, 1994; Shin, 2001; 

Li et al., Journal of Geophysical 

Research, 2012   ……

h
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Navier – Stokes Equation
(momentum equation)

Mass-conservation：

h = f(…)

Dynamic Models

Deduce a function to obtain 
thickness(h)



Glacier Thickness Database
(GlaThiDa)

■ GlaThiDa 1.0 literature review & NASA’s 

IceBridge (WGMS, 2014; Gärtner-Roer, 2014)

■ GlaThiDa 2.0
Contribution to IACS WG on ice thickness estimation 

(WGMS, 2016)

■ GlaThiDa 3.0

........2017......

IACS WG on Glacier Thickness Estimation



Ice Thickness Models Intercomparison eXperiment (ITMIX)

■ ITMIX open experiment: call for participation on “Cryolist” 13 October 

2015 + personal invitations

■ Input data set of 21 test cases

■ Participants used data to generate ice thickness distribution estimates

(no prior info on ice thickness)

■ Submitted data compared to measured ice thickness

■ Journal paper:

Farinotti et al. 2017. How accurate are estimates of glacier ice thickness? Results

from ITMIX, the Ice Thickness Models Intercomparison eXperiment. The

Cryosphere, 11.

IACS WG on Glacier Thickness Estimation



Test cases (21)

■ 15 glaciers

■ 3 ice caps

■ 3 synthetically generated glaciers

Input data:
• Outline
• DEM
• Surface mass balance*
• Ice thickness change*
• Surface flow velocity*

IACS WG on Glacier Thickness Estimation



Particpating models

■ 13 research groups & 17 different models

■ Model categories

1. Minimization approaches
Brinkerhoff-2, VanPeltLeclercq, Fuerst

2. Mass-conserving approaches
Farinotti, Maussion, Huss, Gcbedstress, Morlighem

3. Shear-stress-based approaches
Linsbauer, Machguth, RAAJglabtop2

4. Velocity-based approaches
Gantayat, Gantayat-v2, Rabatel, RAAJgantayat

5. Artificial neural networks (Gcneuralnet, Brinkerhoff).

IACS WG on Glacier Thickness Estimation



 Large spread between models, often local spread larger than local average



Estimated and 
measured bedrock 
topographies

■ Ice caps: large spread 
of a small set of 
solutions

■ Valley/outlet glaciers: 
more solutions, 
smaller spread

For every test case, a longitudinal 
profile showing the glacier surface 
(thick black line), the bedrock 
solution of individual models 
(colored lines), the average 
composite solution (thick green 
line), and the available GPR 
measurements (black-encircled red 
dots) are given



Examples

■ Ice caps: large 
spread of a small 
set of solutions -> 
more work needed



Merging individual model solutions

■ Positive effect of averaging the results
■ Individual solutions: diff ‒17 ± 36%

■ Average composites: diff +10 ± 24%



Summing up & outlook

Glacier Thickness Database (GlaThiDa)

■ v1.0 & 2.0 available, call for v3.0 in 2017

■ Data needed for calibrating & testing new models.

-> submit data & cite data properly

Ice Thickness Models Intercomparison eXperiment (ITMIX)

■ Individual estimates differ largely – locally by a spread 
comparable to the actual thickness.

■ Averaging results of multiple models significantly improve results

■ New phase: how to best integrate sparse thickness 
measurements to improve model performance

IACS WG on Glacier Thickness Estimation



Part III: 

The observations of recent glacier 

changes



 In-situ observation of mass balance/glacier 
area and length

 Optical Remote sensing(inventory)
 Photogrammetry and geodesy
 Microwave
 SAR/InSAR/DInSAR
 Altimetry
 Gravity
 ……



• Accumulation, ablation 
and mass balance

• GPS for surface 
velocity, elevation, 
terminus position

• thickness
• Water table and speed
• meteorology
• ……

1. In-situ measurements





• Field measurements – Elevation difference

– Repeated Laser scanning
• Using ground/UAV 

equipment
• Uncertainty: millimeters 

to centimeters 
(depending on method 
used)

• Limitations: relatively 
higher expenses (laser 
scanning equipment)

(Avia et al., 2006, Grazer Schriften der 
Geographie und Raumforschung)
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m(2) 
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hsp(2) 

hf (1) 

hsp(1) 

t1 t2 

雪—粒雪(f ) 

附加冰(sp) 

冰川冰(i) 

Stake 
measurementsDefinitions of terms in the seasonal progression of 

specific surface balance



净平衡等值线

平衡线

消融区

1987/88 1988/89

500m0

Isopleth of annual mass balance and the equilibrium line on 
Glacier No.1 in Tianshan in 1987/88 and 1988/89, China



Boundaries of Glacier 
No.1 in Tianshan during 
1962-2015 



WGMS(World Glacier Monitoring Service) collect data of mass balance, 
length and area change of glaciers with long term observations, and 
publish Global Glacier Change Bulletin (2015) (merge of Fluctuations of 
Glaciers (1-X) and Glacier Mass Balance Bulletin (1-12))



Length changes in defferent
regions integrated from in-situ 
measurements



Glaciers with mass balance measurements in China. 
Red denote glaciers



2. area/length change of glaciers



Area changes of glaciers in 16 of 19 RGI sub-regions



Optical photogrammetry: 
ASTER, SPOT5, Pleiades, 

PRISM, Cartosat, ZY3, 
Worldview

3. DEM differencing form mass change



Space Radar Terrain Mission (SRTM) bistatic TSX/TDX

SAR Interferometry

Differential Interferometric Synthetic Aperture 
Radar (DInSAR）



Elevation difference (dh) in relation to slope (α), aspect (φ）



ICESat GLAS (2003 to 2009) ，along track every 170m a 
footprint with diameter of 70m, 

Air/Spaceborne Laser altimetry 



Tracks of ICESat-GLAS in the Nyanqentangula Mts., southeast Tibetan 
Plateau



(Jacob et al., 2012, Nature)

Gravity Recovery and Climate Experiment (GRACE) 
satellites for terrestrial water storage change



Gravity Recovery and Climate Experiment (GRACE) 
satellites for terrestrial water storage change

Mascons for the ice-covered 
regions considered here

 Mascon divisions
 mass changes in 

mascons
 Removal of mass 

change resulted 
from processes in 
surface water cycle (

 Glacier related mass 
change



Part IV: 

Glacier contribution to sea level 

change



Integration of the observations

Modeling



Worldwide mass balance measurements (226 glaciers 
with available data of mass balance collected in 

WGMS)

4.1 Mass balance observation



Mark Meier (1984). Contribution of small glaciers to global sea level. Science, 
Vol. 226 no. 4681 pp. 1418-1421, DOI: 10.1126/science.226.4681.1418

• 1900-1961, glacier retreating led to sea level rise by 2.8 
cm, or 0.46 ±0.26 mm yr-1. 

• Mass balance or mass loss during 1885-1974 were 
based on only 3 tropical glaciers, which led to the rise 
like 0.46 mm yr-1.



Mark Dyurgerov and Mark Meier （1995）collected mass balance of ~60
glaciers, their mass loss corresponded to sea level rise  of 0.35mm yr-1 1989-
1990; 0.60mm yr-1 1985-1993.

Average annual mass balance (bnAVER) for the glaciers of the world. These are 
weighted by area and include virtually all of the observed glaciers (ca. 60). 
Also shown are the maximum (bnMAX) and minimum (bnMIN) mass balances 
for each year



Cited by AR4

Figure 4.14. 冰盖之外冰川冰帽没5年平均的物质平衡变化对应的海平面上升量
（冰川面积546 × 103 km2，海面面积 362× 106 km2.） C05a 所有观测冰川每5年
平均物质平衡 (Cogley, 2005) （灰色区域 90％置信区间). C05i 插值方法得到的物
质平衡 (Cogley, 2005). DM05 (Dyurgerov and Meier, 2005) and O04 (Ohmura, 
2004) 为面积加权平均物质平衡. MB 为 C05i, DM05 and O04三者算术平均
(Kaser et al, 2006)（阴影为90%置信区间）.【插值仅对1960年以来时段进行，且
当观测数超过100时，最近的数据2000/2001-2003/2004】.

观测数量

SLE, mm yr-

1

1961-2004 0.50±0.22

1961-1990 0.38±0.19

1991-2004 0.77±0.26

2001-2004 0.98±0.19

Kaser et al, 2006



Direct measurements~geodetic method（Cogley, J. G., 2009，Ann. Glaciol.)

thG  /*
Annual geodetic balance

Ρ = 900kg/m2



Cogley (2009)

时间 SLE, mm yr-

1

Kaser et 
al, 2006

1961-2004 0.50±0.22

1961-1990 0.38±0.19

1991-2004 0.77±0.26

2001-2004 0.98±0.19

Cogley, 
2009

2001-2005 1.41±0.20



According to WGMS, there are only less than 300
glaciers with direct mass balance measurements. Few
glaciers observed in Asia area, where various types of
glaciers exist

Monitored glaciers around the globe Monitored glaciers in Asia



Alaska: area～90000km2

data、method：
Map-DEM, 1950s, 
1993－1996，laser altimetry measurements 
along central flow lines of 67 glaciers
1999－2001, laser scan on 28 glaciers with 
early measurements
Differencing and interpolating for the whole 
area.

Results
0.14mm yr-1 SLE (1960/1961 to 1989/1990) 
0.27mm yr-1 SLE (1990/1991 to 2002/2003)
2times of that from Greenland ice sheet

The Arctic: 0.09 and 0.19
The high mountains of Asia: 0.08 and 0.10

 Since 2000, geodetic based mass changes have been available for 
glaciers in different regions (topographical based DEM、SRTM, 
airborne laser altimetry, spaceborne photogammetrical DEM and 
InSAR/DInSAR DEM



1962-2006: 0.12±0.02mm/yr （map DEM/SPOT DEM) (Berthier et al., 2010)

小于之前估计32％



Yengisogat Gl

Biafo Gl

Hispar Gl

Julie Gardelle et al (2012) 
 SRTM, SPOT DEM for Karakoram 2000-

2008
+0.05±0.16（considering the 

density of snow)
~ +0.11±0.22 m yr-1 （only ice 

density） 。
 Corresponding to sea level change -0.01 

mm yr-1

 Surging glaciers play a role
 Thinning on debris covered glaciers



A Kääb et al. Nature 488, 495-498 (2012) doi:10.1038/nature11324

Mass change of glaciers for HKH during 2003－2008 using ICESat and SRTM

 Mass loss of glaciers in HKH during 2003–08 by 0.26±0.06 m yr-1，equivalent to sea level rise 
of 0.035±0.009 mm yr-1（density of snow and ice）。

 The contributions of glaciers in Hindu Kush，Karakoram，Jammu Kashmir to sea level change 
were 0.005±0.002, 0.001±0.002和0.008±0.001 mm yr-1 respectively during 2003-08



Glacier area in Tianshan 15416/9230km2

Alps 2055km2

Thomas Jacob et al., 2012, Nature:



Jacob’s results: mass loss of glaciers in regions south of Altai
was 4±20 Gt yr-1 ，or 0.011 mm ±0.056 yr-1 sea level rise 
during 2003. 1 ~ 2010. 12。

Mass loss of global glaciers excluding Greenland and Antarctic 
Ice Sheets is 148±30 Gt yr-1, or 0.41±0.08 mm yr-1 sea level 
rise. That including the two ice sheets is1.48±0.26mm yr-1 sea 
level rise



Alex S. Gardner, Geir Moholdt, J. Graham Cogley et al. (2013, Science) 
standardizing existing, and creating new, mass-budget estimates from satellite 
gravimetry and altimetry and from local glaciological records.

All regions lost mass during 2003–2009, with the largest losses from Arctic 
Canada, Alaska, coastal Greenland, the southern Andes, and high-mountain 
Asia, but there was little loss from glaciers in Antarctica.

Over this period, the global mass budget was –259±28 gigatons per year, 
equivalent to the combined loss from both ice sheets and accounting for 29±
13% of the observed sea level rise.



Regional glacier mass budgets and areas. Red circles show 2003–2009 regional glacier 
mass budgets, and pale blue/green circles show regional glacier areas with tidewater 
basin fractions (the extent of ice flowing to termini in the ocean) in blue shading (Table 
1). Peach-colored halos surrounding red circles show the 95% CI in mass change 
estimates, but can only be seen in regions that have large uncertainties.



Elevation changes for high-mountain Asia glaciers (Gardner et 
al., 2013，Science)



mass balance sensitivity Contribution of glaciers to 
sea level change：
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Global distribution and surface area of glaciers and 
ice caps (excluding the Greenland and Antarctic 
ice-sheets). Glaciers and ice caps are divided into 
100 regions

4.2 Mass balance modeling



Regine Hock (2009), GRL: Mountain glaciers and ice caps around Antarctica 
make a large sea-level rise contribution. 
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N: years (1961-2004), Aocean: ocean surface area (362×106km2), I: glacier grid, Ai:  
area of grid I; bi,n: mass balance of year n relative to that in reference year due to 
changes in air temperature and precipitation (m w.e. a1) bi,0 （ t = t0, starting year）
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Sensitivity to air 
temperature

Sensitivity to precipitation

Forced by ERA 40 （1961-2004）, calibrated using mass balance of 88 glaciers 
longer than 5 years
The mass balance sensitivity of each glacier grid is constrained by the glacier 
contribution of 0.30±0.15 mm yr-1 by Kaser et al.(2006)

Contribution by MG&IC: 0.79 ± 0.34 mm a-1 SLE. IPCC AR4 0.50 ± 0.18 mm a-

1 (1961–2004). MG&IC around Antarctic ice sheet amount to 28%. 
No consideration of internal accumulation and ice calving.
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Cumulative global surface mass balances relative to the 1986–2005 
mean (upper panel), and rates (lower panel) from the CRU-forced 
model. Rates have been filtered with a 5 yr low pass filter for clarity.



Mass balance sensitivity and scaling parameters are calibrated with 
measured mass balance of 255 glaciers

Reconstruction of mass balance (&sea level 
contribution) from glacier length change records
Oerlemans et al., 2007, Leclercq and other, 2011



Global distribution of 349 glaciers with long 
term length change records





1800-2005：8.4±2.1cm; 1850-2005：9.1±2.1cm

1800-1961： 4.7 ±1.6cm | 2.8±1.6cm (Meier, 1984)
1860-1990： 8.0±2.2cm | 2.7±0.9cm (Zuo & Oerlemans(1997)

1.9-3.3 cm (Gregory and Oerlemans (1998)



IPCC AR5 ensemble
Mass change in different period（PG: glaciers in periphery region of 
Greenland and Antarctic ice sheets; GL: Greenland Ice Sheet; AA: Antarctic 
Ice Sheet; with comparison of Gardner et al. (2012) during 2003–2009 (italics)



Accumulative(upper panel), annual mass balance (lower panel) and sea level 
equivalent during 1800–2010(a)和1960–2010(b) (mass balance during 1986–

2005 was set to zero ０ mm SLE. 







Part V: Recent progresses



Fanny Brun, Etienne Berthier, Patrick Wagnon et al. 2017: A spatially 
resolved estimate of High Mountain Asia glacier mass balances from 
2000 to 2016. Nature Geoscience

compute the mass balance for about 92% of the glacierized area of 
High Mountain Asia using time series of digital elevation models 
derived from satellite stereo-imagery. We calculate a total mass 
change of -16.3 ± 3.5 Gt yr-1 (-0.18 ± 0.04m w.e. yr-1) between 2000 
and 2016, which is less negative than most previous estimates



Garry K. C. Clarke and others 2015: Projected deglaciation 
of western Canada in the twenty-first century. Nature 
Geoscience

high-resolution regional glaciation model, developed by 
coupling physics-based ice dynamics with a surface mass 
balance model, to project the fate of glaciers in western 
Canada
by 2100, the volume of glacier ice in western Canada will 
shrink by 70 ± 10% relative to 2005 (26,700 km2 and 
volume of 2,980 km3)



Matthias Huss and Regine Hock,2018: Global-scale hydrological 
response to future glacier mass loss 

The GloGEM (Global Glacier Evolution Model) computes glacier mass 
balance and associated geometry changes for each glacier 
individually. The climatic mass balance − the balance of snow 
accumulation, snow- and ice melt, and refreezing − is calculated at a 
monthly resolution based on near-surface air temperature and 
precipitation time series. Total mass changes are then used to adjust 
each glacier’s surface elevation and extent on a yearly basis using an 
empirical parameterization. 

Half of the 56 large-scale glacierized drainage basins to 2100 will see 
the rising of the modelled annual glacier runoff until a maximum 
(‘peak water’) is reached, beyond which runoff steadily declines. 



Thank you for 
your attention!


