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984 M. Rankl et al.: Glacier changes in the Karakoram region

Figure 5. Compiled surface velocities mosaic of the Karakoram. Priority has been given to the highest resolution and best coverage. Data

takes are between 2007 and 2011 from TerraSAR-X, ALOS PALSAR, and Envisat ASAR. The dashed line at Baltoro Glacier marks the Con-

cordia cross profile mentioned in the text. Abbreviations: Ba – Batura Glacier, Bi – Biafo Glacier, Bt – Baltoro Glacier, CL – Chogo Lungma

Glacier, Hi – Hispar Glacier, Khv – ,Khurdopin Glacier, Si – Siachen Glacier, Sk – Skamri Glacier, Ya – Yazghil Glacier. Background: SRTM

DEM. Higher resolved subsets are shown in the Supplement (Figs. S2–S4).

al., 2012, 2013; Kääb et al., 2012). However, mass balance

measurements prior to 1997 are not available.

Jóhannesson et al. (1989) supposed glacier response times

for typical glaciers (thicknesses between 100 and 500 m) to

range between 10 and 100 years. For the large number of

small Karakoram glaciers (90 % of nonsurge-type glaciers

< 10 km), of which low thicknesses can be assumed, we

therefore suggest short response times of about 10–20 years.

Considering increasing precipitation in winter and decreas-

ing summer mean and minimum temperatures across the up-

per Indus Basin since the 1960s (Archer and Fowler, 2004;

Bocchiola and Diolaiuti, 2013, Fowler and Archer, 2006;

Williams and Ferrigno, 2010; Yao et al., 2012) and short re-

sponse times of small glaciers, we suggest a shift from nega-

tive to balanced/positive mass budgets in the 1980s or 1990s

or even earlier. For larger glaciers we expect a time-delayed

reaction with stable or advancing termini in the late 1990s or

years since 2000.

The decreasing number of surge-type glaciers in an ac-

tive surge phase over time is difficult to explain. There are

no obvious reasons that would explain such a change in fre-

quency since mechanisms driving surge behavior are com-

plex and yet not fully understood and vary in different re-

gions (Belò et al., 2008). One influencing factor might be

positive glacier-mass balances in the Karakoram since 1999

(Clarke et al., 1984; Copland et al., 2011). However, changes

in mass balances might be insufficient, and further changes

in the thermal regime of a surge-type glacier need to occur or

more meltwater needs to become available to influence surge

incidences (Harrison and Post, 2003; Hewitt, 2007). In ad-

dition to climate and geometric characteristics of surge-type

glaciers, the geological setting of the glacier bed plays an

important role in triggering surges (Clarke et al., 1984; Har-

rison and Post, 2003; Murray et al., 2003). For the Karako-

ram, there are no comprehensive in situ studies on surge-type

glaciers during active phases available that would allow con-

straining the number of influencing factors.

4.2 Glacier surface velocities

Surface velocity maps were derived from different sensors

for the years 1992, 1993, 2003, and 2006–2013. Figure 5 pro-

vides the best velocity coverage (2007–2011) for the Karako-

ram derived from different sensors, with priority given to

the highest resolution and best coverage for each individ-

ual glacier. Large-swath sensors like ERS and Envisat pro-

vide high spatial coverage at one time interval; however,

they do not allow for the derivation of displacement rates for

small glaciers. The latter are best resolved with TerraSAR-X

imagery, but lead to a combination of different time steps.

Although the suitability of such a composite velocity map

is limited for glaciers with temporally highly variable ice

flow (e.g., Mayer et al., 2006; Quincey et al., 2009a; Scher-

ler and Strecker, 2012), it provides an overview of the en-

tire region with maximum spatial detail, and is relevant for

many other glaciers showing less dynamic behavior. Higher-

resolved subsets of the derived flow fields are available in

the Supplement (Figs. S2–S4). Velocity fields of very large

glaciers, such as the Batura, Hispar, Biafo, Chogo Lungma,

Baltoro or Siachen glaciers, can be well identified (Fig. 5).

The general flow pattern is as to be expected for mountain

glaciers, indicating increasing velocities upstream with high-

est velocities close to the equilibrium line altitude (Copland
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Glacier-flow maps around the world 
• Antarctica (Rignot et al., 2011; Mouginot et al., 2012) 

• Greenland (Joughin et al., 2010; Nagler et al., 2015) 

• Alaska (Burgess et al., 2013; Abe and Furuya, 2015) 

• Svalbard (Strozzi et al., 2013; Gladstone et al., 2014) 

• Patagonia (Muto and Furuya, 2013; Mouginot and Rignot, 2015) 

• Karakoram (Rankl et al., 2014) 

• Tien Shan (Li et al., 2014) 

• West Kunlun Shan (Yasuda and Furuya, 2013) 



PALSAR2 

• L-band (1.2 GHz) : deeply penetrating into the ice body 

• 14-day revisiting : reduce a temporal decorreration  

• Modes : Spotlight, StripMap, ScanSAR 

– Improved spatial resolutions with dual/full polarization 
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http://www.eorc.jaxa.jp/ALOS-2/about/joverview.htm 



West Kunlun Shan 
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• One of the driest and coldest region around Tibetan plateau 
 (ann. temp. -13.4 ℃, preci.460mm, Zheng et al., 1988) 

• Summer accumulation/ablation (mainly May-August) 
(Zhang and Jiao, 1987) 

Glacier outline from RGI v3.2  (Yasuda and Furuya, JGR-ES, accepted) 



Flow map with PALSAR-1 

• Non-surge-type : 20-100 m/yr (~0.78-3.8 m/14 days) 

• Surging glaciers : >200 m/yr  (~7.8 m/14 days) 

1 

Divide 

Log scale [m/yr] 

5                                 500 

Yasuda and Furuya (RSE 2013) 



Clustering of surge-type glaciers 
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• From Landsat (1972-2013) and satellite SAR (1992-2014) 

• Three surging ongoing on the northern slope 

• Glacier surging would occur in future.  

(Yasuda and Furuya, JGR-ES, accepted) 



Objectives 

• PALSAR2 detects glacier flow in WKS? 

– Yes. (but depend on the time separation) 

• New findings? 

– A new surging glacier 

• Challenging tasks 

– Phase unwrapping on glaciers 

• New applications? 

– Polarimetric SAR (PolSAR) 
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PALSAR2 data sets 
1 

id pol. pair 
span 

 (days) 
Bperp 
(m) 

InSAR MAI PO 

A1 HH, HV 

2014/09/30 - 2015/02/17 140 9 × × × 

2015/02/17 - 2015/03/17 28 1009 ◎ ◎ ○ 

A2 HH, HV 2014/09/02 - 2015/01/20  140 2 × × × 

A3 full pol. 2015/03/03 - 2015/03/31 28 179 ◎ ◎ ◎ 

D1 HH, HV 2015/03/14 - 2015/03/28 14 117 ◎ ◎ × 

D2 HH, HV 2015/04/25 - 2015/05/09 14 95 ◎ ◎ × 

D3 HH, HV 2015/03/05 - 2015/03/19 14 705 ◎ ◎ × 

Software : 

 GAMMA (ver. 2015/07/02) 

 

DEM : 

 SRTM4 

 

Parameters :  

InSAR, MAI 

   差分干渉    : 3x3 looks 

 unwrapping : 4x4 looks 

    (by minimum cost flow) 

 

Pixel Offset (PO) 

 window size   : 64x64 

 step numbers :  9x9 

   (range x azimuth pixels) 

A3 



Preliminary results: InSAR (HH, HV)  
(A3: 2015/03/03 - 2015/03/31) 

1 

HH HV 

+2π -2π 

[rad] 

Surging glaciers 



Preliminary results: MAI (HH, HV)  
(A3: 2015/03/03 – 2015/03/31) 

1 

HH HV 

+5 -5 

[m] 

Surging glaciers 



Preliminary results: MAI and Pixel offset  
(A3: 2015/03/03 – 2015/03/31) 

1 

HH 

+5 -5 

[m] 

Magnitude of offsets 

2 m/color_cycle 

Surging glaciers 



PALSAR2 (L-band) 

2015/03/03 – 2015/03/31 

StripMap (HH), 28 days 

Sentinel-1A (C-band) 

2015/04/02 – 2015/04/26 

TOPS IW (VV), 24 days 

TerraSAR-X (X-band) 

2015/05/04 – 2015/05/15 

StripMap (HH), 11 days 

1 m × 2 m (ran, azi) 2.9 m × 2.7 m 2.3 m × 14.0 m 
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~200-250 m/yr 



PALSAR2 data sets 
1 

id pol. pair 
span 

 (days) 
Bperp 
(m) 

InSAR MAI PO 

A1 HH, HV 

2014/09/30 - 2015/02/17 140 9 × × × 

2015/02/17 - 2015/03/17 28 1009 ◎ ◎ ○ 

A2 HH, HV 2014/09/02 - 2015/01/20  140 2 × × × 

A3 full pol. 2015/03/03 - 2015/03/31 28 179 ◎ ◎ ◎ 

D1 HH, HV 2015/03/14 - 2015/03/28 14 117 ◎ ◎ × 

D2 HH, HV 2015/04/25 - 2015/05/09 14 95 ◎ ◎ × 

D3 HH, HV 2015/03/05 - 2015/03/19 14 705 ◎ ◎ × 

Software : 

 GAMMA (ver. 2015/07/02) 

 

DEM : 

 SRTM4 

 

Parameters :  

InSAR, MAI 

   差分干渉    : 3x3 looks 

 unwrapping : 4x4 looks 

    (by Minimum Cost Flow) 

 

Pixel Offset (PO) 

 window size   : 64x64 

 step numbers :  9x9 

   (range x azimuth pixels) 

A2 



Preliminary results: InSAR, MAI (HH)  
1 

• A2: 2014/09/02 - 2015/01/20 (140 days) 

InSAR MAI 

+2π -2π 

[rad] 

+5 -5 

[m] 

-1 m @ ice-caps 



Preliminary results: Pixel Offset (HH)  
1 

• A2: 2014/09/02 - 2015/01/20 (140 days) 

Range offset Azimuth offset 

+5 -5 

[m] 



PALSAR2 (L-band) 
2014/09/02 - 2015/01/20 

StripMap (HH), 140 days 

PALSAR (L-band) 
2008/12/13 - 2009/01/28 

FBS (HH),46 days 

Velocity maps 
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PALSAR2 data sets 
1 

id pol. pair 
span 

 (days) 
Bperp 
(m) 

InSAR MAI PO 

A1 HH, HV 

2014/09/30 - 2015/02/17 140 9 × × × 

2015/02/17 - 2015/03/17 28 1009 ◎ ◎ ○ 

A2 HH, HV 2014/09/02 - 2015/01/20  140 2 × × × 

A3 full pol. 2015/03/03 - 2015/03/31 28 179 ◎ ◎ ◎ 

D1 HH, HV 2015/03/14 - 2015/03/28 14 117 ◎ ◎ × 

D2 HH, HV 2015/04/25 - 2015/05/09 14 95 ◎ ◎ × 

D3 HH, HV 2015/03/05 - 2015/03/19 14 705 ◎ ◎ × 

Software : 

 GAMMA (ver. 2015/07/02) 

 

DEM : 

 SRTM4 

 

Parameters :  

InSAR, MAI 

   差分干渉    : 3x3 looks 

 unwrapping : 4x4 looks 

    (by minimum cost flow) 

 

Pixel Offset (PO) 

 window size   : 64x64 

 step numbers :  9x9 

   (range x azimuth pixels) 

D1 



Preliminary results: InSAR, MAI (HH)  
1 

• D1: 2015/03/14 - 2015/03/28 (14 days) 

InSAR MAI 

+2π -2π 

[rad] 

+5 -5 

[m] 



Preliminary results: Pixel Offset (HH)  
1 

• D1: 2015/03/14 - 2015/03/28 (14 days) 

Range offset Azimuth offset 

+5 -5 

[m] 



A new surging glacier  
(D1: 2015/03/14 – 2015/03/28)  

1 

PALSAR2 (L-band) 
2015/03/14 - 2015/03/28 

StripMap (HH), 14 days 

Sentinel-1A (C-band) 
2015/04/02 – 2015/04/26 

TOPS IW (VV), 24 days 

PALSAR (L-band) 
2008/12/13 - 2009/01/28 

FBS (HH),46 days 

~800 m/yr ~40 m/yr 



CHALLENGING TASKS 

Phase unwrapping on glaciers 

1 



+2π -2π 

[rad] 

Phase unwrapping on glaciers 

1 

Simulating ‘flow fringe’ from range offsets 

and/or a flow map.  

Problem: large displacement of ice flow 

unwrapping only the residual part:  



POLARIMETRIC SAR 

1 



PolSARpro 

• The toolbox for dual-pol and full-pol SAR 

(https://earth.esa.int/web/polsarpro/home) 
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 Free and open source 

 GUI and CUI 

 Read ENVI format  

 (*.hdr,  *.bin) 

 Sentinel-1A toolbox  
(https://sentinel.esa.int/web/sentinel/toolboxes) 

https://earth.esa.int/web/polsarpro/home
https://earth.esa.int/web/polsarpro/home


Polarimetric SAR (POLSAR) 
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VV 

HH 

受信(m) 

送信(n) 

Vertical/horizontal polarization Scattering matrix 

Single bounce Double bounce Volume scattering Helix scattering 

Sea  

Low vegetation 

Tree trunk 

Building 

Forest 

Dry ice 

交差ワイヤや 

¼ 波長離れた 

2面構造物  

Scattering models (four components) 

|SHH-SVV| |SHV+SVH| |SHH + SVV| 

※送信・受信の順番に注意 

     m : 受信, n：送信 

PALSAR1/2の場合（IMG-XY） 
    X：送信, Y：受信 



4 

R: double (even) bounce |SHH-SVV| 

G: volume scattering       |SHV+SVH| 

B: single (odd) bounce    |SHH + SVV| 

PALSAR-2 

19-2750-RFP6_3 

2014/08/05 

Descending 

支笏湖 

樽前山 

視線方向と直行する建物 

視線方向と斜行する建物 

農作地 

Pauli-RGB composition 
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R: double (even) bounce |SHH-SVV| 

G: volume scattering       |SHV+SVH| 

B: single (odd) bounce    |SHH + SVV| 

PALSAR-2 

19-2750-RFP6_3 

2014/08/05 

Descending 

支笏湖 

樽前山 

視線方向と直行する建物 

視線方向と斜行する建物 

農作地 

Hokkaido Univ. 

Pauli-RGB composition 



Pauli-RGB composition on glaciers 
6 

R: double (even) bounce |SHH-SVV| 

G: volume scattering       |SHV+SVH| 

B: single (odd) bounce    |SHH + SVV| 

 

(A3) 2015/03/03 : Pauli RGB composition Crevassed surface ~ slant buildings 

Double bounce Volume scattering 

Crevassed wall + slant to line-of-sight 

Ice structure in glaciers? 

Single/double  

bounce 

Volume scattering 



2015/03/03 :                         (unwrapped)  

Unwrapped phase : 
7 

Single/double  

bounce 

Volume scattering 

Differences of the center of scattering? 



Summary 
• PALSAR2 detects glacier flow in West Kunlun Shan. 

– InSAR, MAI  ≤ 28 days pairs  

– Pixel Offset  ≥ 28 days pairs (Gaps with 14 days pairs) 

•  Velocity maps were consist with Sentinel and TerraSAR-X 

– A new surging glacier (40m/yr  800 m/yr by 2015)  

• Challenging tasks: 

– Phase Unwrapping on glaciers  

• Future plans: 

– Polarimetric SAR 
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SUPPLEMENTAL SLIDES 
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Coherences (InSAR, HH) 

11 

A2 A3 

D1 



SNR (Pixel Offset, HH) 
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A2 A3 

D1 



Sentinel 1A 

• C-band (5.405 GHz), revisit : 12 days 

• Launched : Apr. 2014 (1B scheduled for 2016) 

• Main mode: TOPS (Terrain Observation with Progressive Scan) 

• Data access : https://scihub.esa.int 
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http://www.esa.int/spaceinimages/Images/2014/02/Sentinel-1 



Sentinel 1A 

14 

https://sentinel.esa.int/web/sentinel/sentinel-1-sar-wiki/-/wiki/Sentinel%20One/Acquisition+Modes 


