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Abstract. The first version of the Glacier Area Mapping for Discharge from the Asian Mountains (GAMDAM) glacier 

inventory was the first methodologically consistent glacier inventory covering High Mountain Asia, and it underestimated 

glacier area because it did not include steep slopes covered with ice or snow and shadowed areas. During the process of 

revising the GAMDAM glacier inventory, source Landsat images were carefully selected to find images free of shadows, 

cloud cover, and seasonal snow cover taken from 1990 to 2010. Then, more than 90% of the glacier area in the final version 5 

of the GAMDAM glacier inventory was delineated based on summer Landsat images. The total glacier area was 

100,693±15,103 km2 and included 134,770 glaciers using 453 Landsat image scenes.  

1 Introduction 

Glaciers in High Mountain Asia (HMA) play a significant role in providing water resources for millions of people 

downstream (Bolch et al., 2012; Immerzeel et al., 2010). In addition, shrinking glaciers have led to sea level rises in the past 10 

and are expected to in the future (Marzeion et al., 2018; Huss and Hock., 2015; Radić and Hock, 2013). 

 Recent analysis of the elevational change in glaciers has showed that glaciers in HMA have contrasting fluctuations (Brun et 

al., 2017; Kääb et al., 2012, 2015; Gardner et al., 2013). Glaciers in the Himalaya and Hengduan-Shan are rapidly shrinking; 

however, glaciers in the Karakoram and West Kunlun are relatively stable. Analysis of the climate in glacier areas has 

showed that the Karakoram and West Kunlun regions are relatively stable under a global warming condition, as they are not 15 

sensitive to temperature change (Sakai and Fujita, 2017). This analysis, not only on glacier volume changes, but also on 

climate conditions in the glacier area, is based on a large-scale glacier inventory. Thus, it is crucial to produce an accurate 

glacier inventory covering the whole of HMA of homogeneous quality to show a more rigorous relation between glacier 

fluctuation and climate change. 

 Randolph Glacier Inventory(RGI) (Arendt et al., 2015; RGI Consortium, 2017) was the first glacier inventory established 20 

for global glaciers, although it have various varying quality even within the HMA. Thus far, Guo et al. (2015) have 

published the second Chinese glacier inventory (hereafter, "CGI2") produced by manual delineation. Mölg et al. (2018) have 

produced a glacier inventory of the Karakoram and Pamir region (hereafter "NM18") via automated digital glacier mapping 

and manual correction based on the coherence of synthetic aperture radar (SAR) images for debris-covered glaciers (Frey et 

al., 2012). Furthermore, they also separately delineated all debris-covered areas.  25 

 The Glacier Area Mapping for Discharge from the Asian Mountains (GAMDAM) project was carried out from February 

2011 to March 2014. Its purpose was to create a glacier inventory covering HMA, between 67.4 and 103.9°E longitude and 

27.0 and 54.9°N latitude. The first version of the GAMDAM Glacier Inventory (GGI) published in 2015 did not include 

steep slopes covered with ice or snow. Furthermore, the HMA region includes monsoon region, therefore, winter images 

were selected to avoid seasonal snow cover, and the shadowed parts of glacier area were dismissed. I revised the glacier 30 

inventory again selecting satellite images though from the summer (May–Sep) and I included snow-covered steep slopes and 

shadowed glacier area. This paper affirms the revision is complete and provides some information on the final version of the 
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GAMDAM glacier inventory. The abbreviated term "GGI15" refers to the first version of the GGI published by Nuimura et 

al. (2015) and "GGI18" to the final version (this study). 

2 Data 

We used 453 Landsat 5 Thematic Mapper ™ and Landsat 7 Enhanced Thematic Mapper (ETM+) Level 1T scenes for 196 

path-row sets, which are available from the U.S. Geological Survey EarthExplorer (http://earthexplorer.usgs.gov/). Landsat 5 

ID and acquired date were used to delineate the glacier outlines are summarised in Table S1. It was difficult to obtain 

seasonal cloud-free, seasonal-snow-free, shadow-free (during summer and at a high solar angle) images during the initial 

setting period from 1999 to 2003 (Nuimura et al., 2015). I expanded the search period from 1990 to 2010 for the revised 

version and set the search month from May to September (the high-solar-angle season). In the case that part of a glacier area 

was covered by a cloud or snow, I searched other Landsat images focusing on the this part until finding an image in which 10 

this part is clear, as was possible. Thus, I had multiple images for one path-row scene in the same manner as that of the 

GGI15. I used at most nine images for one path-row scene (Figure 1). 

 As for a digital elevation model, ASTER-GDEM2 was used to analyse the aspect of the glaciers at each 90 m × 90 m grid. 

3 Methods 

3.1 Manual delineation 15 

In this final version, all glacier outlines were manually delineated because there are abundant debris-covered glaciers in the 

HMA (Ojha et al., 2017; Herreid et al., 2015; Minora et al., 2016; Nagai et al., 2016) that cannot be automatically detected 

using a band ratio method (Paul et al., 2002). The method for delineation of glacier outlines was nearly the same as that of 

Nuimura et al. (2015) except for the minimum glacier sizes. Glaciers < 0.05 km2 in area were excluded in the initial version 

(Nuimura et al., 2015), but in this final version the minimum glacier area was set at 0.01 km2 because if glaciers < 0.05 km2 20 

in area were excluded in the GGI18, numerous small glaciers separated by dividing ridges would be missed. Furthermore, 

small glaciers were included as much as possible during the process of revision. Glacier outlines were delineated manually 

by 11 persons in the GGI15 (Nuimura et al., 2015). However, only one person conducted the revision of the GGI15 to 

produce the GGI18.  

  Nuimura et al. (2015) excluded snow or ice-covered steep slopes in the GGI15. Furthermore, they underestimated the upper 25 

headwall of glaciers that were covered with snow or ice. In the revised version, all snow- or ice-covered glacier area was 

included, and debris-covered areas were determined using high-resolution Google Earth images. Areas with rock glacier-like 

geography, e.g., flow lobes, which typically occur at the terminus of debris-covered glaciers, were omitted. 

 Nuimura et al. (2015) determined an uncertainty of 15% in glacier delineation using the results of five separate delineation 

tests. Because the revision of the GGI15 was carried out by one person, and the GGI18 is based on the GGI15, which was 30 
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delineated by several persons as previously mentioned, I assumed 15% for the uncertainty in the area as determined by 

Nuimura et al. (2015). 

3.2 Quality of Landsat images 

The GGI covers a vast region of HMA and includes both monsoon-dominant regions and regions dominated by westerly air 

flow (Maussion et al., 2014; Bookhagen and Burbank, 2010), thus available Landsat images considerably varied in quality. 5 

Therefore, even, though the search period was extended for the Landsat images, it was difficult to obtain clear images along 

several path-row scenes. I qualitatively evaluated the quality of the used Landsat images to show those path-row scenes that 

required correction in the future as only low quality Landsat images were available. The quality of images depends on three 

factors; cloud cover (Guo et al., 2015), seasonal snow cover, and shadows on the glacier area. I subjectively ranked the three 

factors of each used Landsat image using the three levels as follows: A: good (1), B: medium (0.5), C: poor (0) (the 10 

parenthetical value indicate score of each level). Specifically, these rankings indicate that for those ranked A there was no 

snow/cloud/shadow, for B there was only a moderate amount of snow/cloud/shadow, and for C there was considerable 

snow/cloud/shadow hampering delineation of the glacier outlines. Furthermore, a total ranking of each Landsat image (Table 

S1) was calculate using the average value of the three factors as follows: ≥ 0.7: A, ≥ 0.4 and < 0.7: B, > 0.4: C. Then, the 

quality of each path-row scene was also evaluated and ranked by average value of each image's score (≥0.7: A, ≥0.4 and 15 

<0.7: B, >0.4: C). 

4 Results and discussion 

A total of 134,770 glaciers in the GGI18 covered 100,693±15,103 km2 in area (Table S2). The aggregated polygon files were 

separated into four regions: Central Asia, South Asia East, South Asia West, and North Asia limited at Sayan and Altai 

following the region polygon of RGI6.0 (Arendt et al., 2015; RGI Consortium, 2017). The total area of each region is 20 

summarised in Table 1, and compared to the glacier area for each region of RGI6.0. RGI6.0 included part of the GGI15 (RGI 

Consortium, 2017). The glacier area of the GGI18 for each region except South Asia West was greater than that of RGI6.0. 

4.1 Comparison to the GGI15 

I replaced glacier outlines delineated based on winter images in the GGI15 by those based on summer images in the GGI18. 

The glacier area ratio delineated based on summer images increased from 69% in the GGI15 to 95% in the GGI18 (Table 1). 25 

An example of a glacier outline of the GGI18 and the GGI15 were compared as shown in Fig. 2. Glacier outlines were 

delineated based on lower solar angle, shadow-dominated images in the GGI15, but shadowed glacier areas were added in 

the GGI18 based on images with a high solar angle(Fig. S1). Glacier area on north-facing slopes was included in the glacier 

area of the GGI18 (Fig. S2). However, the acquired year used to delineate the glacier outlines varied widely. The glacier area 

ratio delineated based on images acquired from 1999 to 2001 decreased from 73% (GGI15) to 48% (GGI18) (Table 1). The 30 
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distribution of glacier area for different acquired dates (month/year) in the GGI18 and GGI15 are summarised in Figs. S3 

and S4. Glaciers in a monsoon-dominated region were delineated based on the non-summer (Jan.–May, Oct. Dec.) images in 

the GGI15 (Fig. S3a, b). Meanwhile, nearly all of the glacier area (> 90%: Table 1) was extracted based on summer (Jun. –

Sep.) Landsat images (Fig. S3c). 

 The glacier area between 5000 and 6000 m a.s.l. of the GGI18 increased as compared to that of the GGI15 when reviewing 5 

the area-elevation distributions (Fig. S5a). The glacier area of the GGI18 increased in all area classed (Fig. S5c), although 

the number of glaciers increased mainly for small sized glaciers < 0.0625 km2 (Fig. S5b). GGI18 have larger area at almost 

regions except Tibetan plateau comparing to GGI15 (Fig. S5d). Glaciers at the Tibetan plateau locate relatively flat terrain, 

then they have less effect of high relief mountain shadow.  

 And I also follow the rule of 'one glacier has one terminus'.  But, it is difficult to figure out 'terminus' in the actual glacier, in 10 

particular, ice flow from glacier side. Then, the ice separation rule tend to be ambiguous in manual delineation. Thus, the 

number of glaciers depend on the size threshold and the separation method of glaciers. 

4.2 Comparison to the other glacier inventories CGI2 and NM18 

I compared the GGI18 to other glacier inventories; the second Chinese Glacier inventory (CGI2) (Guo et al., 2015) and a 

glacier inventory covering the Karakoram and Pamir regions (NM18) (Mölg et al., 2018). First, I extracted two parts of the 15 

GGI18, limited to the domains of CGI2 and NM18. Then each distribution of the glacier area-elevations showed that the 

glacier area of the GGI18 was less than that of CGI2 at elevations from 4000 to 5500 m a.s.l. (Fig. S6a). The glacier area of 

the GGI18 was less than that of NM18 at elevations from 4500 to 6000 m a.s.l. (Fig. S7a). As for the number and each 

glacier area, for each area class as shown in Figs. 7b, c and 8b, c the GGI18 had a large number of glaciers of smaller size 

(Fig. S6b and S7b), and the glaciers with a larger area size the GGI18 had a smaller area in total. This is because glaciers 20 

tended to be divided into multiple glaciers in the GGI18, while these same glaciers tended to be undivided in the NM18 and 

CGI2. Regional comparison between CGI2 and GGI18 (Fig. S6d) shows that glacier area are almost consistent except 

Henduang Shan, where the CGI2 could not update first Chinese glacier inventory. Those between NM18 and GGI18 (Fig. 

S7d)  indicate NM18 has slightly larger area than that of GGI18 at almost regions. Because NM18 could include small 

glaciers, although GGI18 tend to miss such small glaciers. 25 

 The consistency of the GGI18 and the other two glacier inventories were also evaluated using an overlapping ratio. The 

overlapping ratios between the GGI18 limited to the NM18/CGI2 domains and the NM18/CGI2 to the total NM18/CGI2 

were 87% and 86%, respectively (Table S3, S4). These values indicate each glacier polygon overlapped very well. 
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4.3 Glacier outlines required to revise by other satellite images 

Cloud cover, seasonal snow cover, and shadows in the Landsat images hamper detection of glacier outlines. I evaluated the 

quality of the source Landsat images in terms of these three factors (Table S1). Fig. S8 shows the subjectively evaluated 

qualities of the Landsat images averaged for each path-row scene. Nearly all the path-row scenes of the Tibetan Plateau were 

of good quality (A). A total of 16 path-row scenes were rated "C," occurring mainly in the Hengduan Shan and not only in a 5 

monsoon-dominant region, but also in the Pamir ranges. The path-row scenes ranked "C" required revision, because they had 

only low-quality Landsat images. When we can obtain clear satellite images from other (or future) satellite image sources or 

in the future using the same source, these glacier outlines need to be revised. Sentinel-2 imagery may be suitable to revise 

those low quality glacier outlines, since  Sentinel-2 has  high resolution and its acquisition interval is shorter than Landsat. 

5. Summary 10 

The final version of the GAMDAM glacier inventory (GGI18) covers the whole of HMA and found 134,770 glaciers cover 

100,693±15,103 km2 in area. Nearly 95% of the total glacier area was delineated based on summer images. However, 

variability in the acquisition year of the source images was diverse. The total area increased approximately 15% compared to 

that of the GGI15 mainly including north-facing slopes. The quality of the source Landsat images was also subjectively 

evaluated. Some path-row scenes require correction in the future because of low-quality source images. 15 

Data availability. 

(Data submitted to PANGEA are under review. Those title and abstract can be revised after the review. And they are 

protected by password at present.) 
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Table 1. Comparison between the GGI15 and GGI18. Total glacier area and glacier area ratio based on summer images that 

are based on images acquired from 1999 to 2001 are listed. 

 

 
  5 

GGI15
Nuimura et al.(2015)

GGI18
This study

Minimum glacier area (km2) 0.05 0.01

Total area (km2) 87,583 100,693

Total number 87,084 134,770

Used Landsat images 356 453

Glacier area based on summer
(JJAS) images (%)

69 95

Glacier area based on images
acquired from 1999 to 2001 (%)

73 48
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Figure 1: Footprints of the Landsat scenes used in the GGI18. The colours indicate the number of scenes used to delineate the glacier 
outlines. 
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Figure 2: Comparison of the glacier outlines of each glacier inventory, GGI15, GGI18, and NM18, at 72°25'18"E, 

38°55'25"N (path151 row33 of WRS2). The backgrounds are false colour (bands 7, 4, and 2 as RGB) composite Landsat 

images taken on 28 September 2001 (above), and 26 July 2001(below), respectively. Glacier outlines of the GGI15 (yellow 5 

line) were delineated based on the above (much shadow)image, and those of the GGI18 (green line) were delineated based 

on the below (less shadow) image. The glacier outlines of NM18 (Mölg et al., 2018) are also shown for comparison. 

 

The Cryosphere Discuss., https://doi.org/10.5194/tc-2018-139
Manuscript under review for journal The Cryosphere
Discussion started: 20 July 2018
c© Author(s) 2018. CC BY 4.0 License.


