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Abstract

We present a new glacier inventory for the high mountain Asia named “Glacier Area
Mapping for Discharge from the Asian Mountains” (GAMDAM). Glacier outlines were
delineated manually using more than 226 Landsat ETM+ scenes from the period 1999—
2003, in conjunction with a digital elevation model (DEM) and high-resolution Google
Earth imagery. Geolocations are consistent between the Landsat imagery and DEM
due to systematic radiometric and geometric corrections made by the United States
Geological Survey. We performed repeated delineation tests and rigorous peer review
of all scenes used in order to maintain the consistency and quality of the inventory.
Our GAMDAM Glacier Inventory (GGI) includes 82 776 glaciers covering a total area of
87507+13126 km? in the high mountain Asia. Thus, our inventory represents a greater
number (+4 %) of glaciers but significantly less surface area (-31 %) than a recent
global glacier inventory (Randolph Glacier Inventory, RGl). The employed definition of
the upper boundaries of glaciers, glacier recession since the 1970s, and misinterpre-
tation of seasonal snow cover are likely causes of discrepancies between the inven-
tories, though it is difficult to evaluate these effects quantitatively. The GGl will help
improve the temporal consistency of the RGI, which incorporated glacier outlines from
the 1970s for the Tibetan Plateau, and will provide new opportunities to study Asian
glaciers.

1 Introduction

The state and fate of Asian glaciers have important implications for both regional water
resources (e.g. Immerzeel et al., 2010; Kaser et al., 2010) and future sea level rise
(e.g. Radi¢ and Hock, 2011; Gardner et al., 2013). Changes in glacier mass have been
documented and/or estimated using a variety of approaches, such as in situ measure-
ments (Fujita and Nuimura, 2011; Yao et al., 2012), numerical modelling (Immerzeel
et al., 2010; Radi¢ and Hock, 2011), and remote sensing (Matsuo and Heki, 2010; Ja-
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cob etal., 2012; Kaab et al., 2012; Gardner et al., 2013), in order to understand modern
spatial variability in the high mountain Asia. However, considerable discrepancies exist
among the different studies (e.g. Cogley, 2012; Gardner et al., 2013).

Glacier inventory is a fundamental component in regional projections of mass-
balance and glacier discharge. For example, glacier hypsometry (area-elevation dis-
tribution) directly affects estimates of mass balance, discharge, and modelled contri-
bution to sea-level rise (Raper et al., 2005), while glacier outline influences projections
of mass changes using laser altimetry (K&ab et al., 2012; Gardner et al., 2013). To
contribute to the Fifth Assessment of the Intergovernmental Panel on Climate Change
(IPCC), the global Randolph Glacier Inventory (RGl) was published (Arendt et al., 2012;
Pfeffer et al., 2014). However, while the majority of glacier-outline data used in that
study were derived from recent satellite imagery, glacier extents in China were incor-
porated from an inventory dating to the 1970s (Shi, 2008). Furthermore, a quarter of
glacier-area measurements and half of the glacier counts used in the RGI are undated
because priority was given instead to global coverage (Pheffer et al., 2014).

We launched a project, entitled Glacier Area Mapping for Discharge in Asian Moun-
tains (GAMDAM), to investigate the contribution of glacier meltwater to Asian river sys-
tems since 2011. Here, we describe the materials and procedures used to delineate
glacier outlines over the high mountain Asia, and show a preliminary comparison of our
GAMDAM Gilacier Inventory with the RGI.

Our target region covers the high mountain Asia between 66.5—-104.5° E longitude
and 26.5-55.5° N latitude, which corresponds to the regions of Central Asia, South Asia
West, South Asia East and Altay and Sayan of North Asia in RGI (Arendt et al., 2012;
Pfeffer et al., 2014). Pfeffer et al. (2014) have provided 62 606 km? with 8.4 % error,
33859 km? with 7.7 % error, 21799 km?® with 8.3% error, and 3430 km? with 10.3%
error in each region.
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2 Datasets

We analysed 226 Landsat level 1 terrain-corrected (L1T) scenes available from USGS
EarthExplorer (http://earthexplorer.usgs.gov/), for the period 1999-2003 (Table S1),
prior to the 2003 failure of the scan line corrector (SLC). Systematic radiometric and
geometric corrections were performed for the L1T imagery using Global Land Survey
2000, for absolute geodetic accuracy, and the SRTM (http://landsat.usgs.gov/Landsat_
Processing_Details.php) digital elevation model (DEM). We selected scenes with min-
imal cloud and snow cover from paths 130-154 and rows 22—41 in the Worldwide
Reference System. In regions where seasonal snow and cloud cover frequently ham-
per the identification of glacier limits (e.g. Karakoram and Hengduan Shan), we used
multiple scenes to increase accuracy (Fig. 1). Images lacking glaciers are shown in
Fig. 1 as “zero scene”. Where appropriate L1T scenes were unavailable, we utilised
Landsat TM scenes from prior to 1999 (two scenes, Table S1).

To delineate glacier outlines topographically, we used contours (20 m intervals) and
slope distribution overlain on the satellite scenes. These topographic data were gener-
ated using a gap-filled DEM from the Shuttle Radar Topography Mission (SRTM; Jarvis
et al., 2008) and are compatible with the L1T imagery because the latter is corrected
using the SRTM. However, we note that the ASTER GDEM reportedly exhibits superior
accuracy to the SRTM (Hayakawa et al., 2008). Therefore, in our analysis of median
glacier elevation, we compared the SRTM and the most recent version of the GDEM
(GDEM2, released in 2011) using the laser-altimetry product ICESat GLA14 (Kaab,
2008).
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3 Methods
3.1 Pre-processing

We used the Landsat scenes to generate both true-colour (bands 3, 2, 1 as RGB) and
false-colour (bands 7, 4, 2 as RGB) composite images at 30 m resolution. True-colour
composite images were used primarily for glacier delineation, whereas false-colour
images enabled us to differentiate ice from cloud based on the moderately absorp-
tive nature of ice at near-infrared wavelength (Racoviteanu et al., 2008). Additionally,
we employed thermal-infrared (band 6) at 60 m resolution to identify ice with a thin
debris cover. Due to the time-intensive nature of manually delineating glaciers on high-
resolution imagery (Bhambri et al., 2011), we did not adopt a pan-sharpening method
using 15 m resolution images (band 8).

We generated contour lines, basin polygons, and slope distribution from SRTM data.
Contour lines were used to identify glacier outlines. To avoid misinterpretation of ice
divides due to potentially erroneous interpolation of the gap-filled SRTM (Frey et al.,
2012), we chose not to use basin polygons to separate ice divides automatically. In-
stead, basin polygons provided a reference for the manual separation of glacier lim-
its within shared accumulation zones. We paid particular attention to the continuity of
glacier ice in areas with steep slopes (> 40°).

3.2 Criteria for manual delineation

In accordance with the Global Land Ice Measurements from Space (GLIMS) proto-
col (Raup and Khalsa, 2007; Racoviteanu et al., 2009), we defined glacier area as
a continuous body of ice. Thus, our measurements do not include steep headwalls
located at the upper boundaries of glaciers, where snow does not accumulate but
instead is avalanched onto the glacier below (Fig. S1a). Where glacier surfaces are
largely free of debris, delineation of the ice surface was possible using true-colour
composite imagery (Fig. S1b). On debris-mantled glaciers, false-colour imagery was
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required to identify glacier boundaries (Fig. S1c), while particularly indistinct bound-
aries in debris-covered ablation zones were delineated by reference to topographic
data. Identification of thermokarst features, such as rugged surface topography, was
verified using high-resolution Google Earth™ images (Fig. S1d). On debris-mantled
glacier surfaces, areas of relatively thin debris cover were delineated using thermal
infrared band (Fig. S1e). To discriminate between glacier ice and seasonal snow/ice
cover, we referred to topographic data (e.g. contour-line spacing). Additionally, Google
Earth" imagery and SLC-off scenes (Landsat ETM+ post-dating May 2003) were used
to identify ambiguous glacier boundaries, though we note their acquisition dates are
different from those of L1T scenes. Some glacier-like areas visible on Landsat scenes
were identified later as seasonal snow on images of Google Earth™ (Fig. S1f), and
vice versa (Fig. S19).

3.3 Quality control

Considerable variability among measurements of glacier area is possible owing to dif-
ferent interpretations of glacier boundaries (Paul et al., 2013), as well as personnel
changes over the course of the project. Figure S2 depicts several examples where
glacier boundaries were delineated inaccurately. For example, in the early phase of the
project, one operator failed to identify part of an accumulation zone located above an
icefall, while a second operator included a steep headwall on which surface features
were obscured by shading (Fig. S2a). Similarly, misidentification of glacier boundaries
was made in the ablation zone of a debris-covered glacier, where operators erroneously
included the lateral moraine (Fig. S2b). Therefore, we conducted a total of five delin-
eation tests in order to ensure adherence to the delineation criteria and to homogenise
the quality of our inventory. Accordingly, the errors described above were corrected and
the operators were advised of these problems.

Initial delineation of glacier outlines was carried out by 11 operators over a period of
20 months, during which time the quality of delineation might have varied significantly.
Therefore, each initial delineation measurement was reviewed and, if necessary, re-
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vised by a second operator. Following this peer review of glacier outlines, topological
properties were checked. For example, overlapping polygons may cause overestima-
tion of glacier area (Fig. S3a), while irregular polygons (e.g. self-intersecting polygons;
Fig. S3b) cannot represent the glacier area accurately. Such misdelineations were de-
tected automatically by GIS functions and then corrected.

3.4 Attribute data

We attached 15 attribute datasets to each glacier analysed. Each glacier is assigned
a unique ID consisting of a sequential 6-digit number increasing with the path and
row numbers of Landsat (e.g. from p130r037, p130r038 to p154r032, p154r033). Path,
row, granule ID, and acquisition date of the Landsat scene, as well as the name of the
operator, are included to enable traceability and validation by others. In addition, basic
geographic information, such as longitude, latitude, and area, are provided together
with elevation data (mean, median, maximum, minimum, range, and mid), which were
derived from GDEM2 (Table S2). We also provided records of the peer review and
revision of glacier outlines (reviewer name and date) that were performed on each
scene (Table S3). These records will permit others to validate our inventory and analyse
changes in glacier extent over time using another inventory.

4 Results
4.1 Digital elevation models

As described above, we used the gap-filled SRTM DEM to delineate glacier outlines

because of its widespread use and reputation as a high-quality global DEM. Nonethe-

less, we acknowledge that the accuracy of the recently released ASTER GDEM2

may exceed that of the SRTM (e.g. Hayakawa et al., 2008). Therefore, we tested the

SRTM and GDEM2 using glacier polygons in which our data show elevation differences

between DEMs of > 100 m. We then compared each DEM with the ICESat GLA 14
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(Fig. 2a). We found that elevations of the GDEM2 are consistent with those of ICESat,
showing a slight bias of +40 m, while those of the SRTM show a significantly negative
bias (-99 m) and a large analytical uncertainty (Fig. 2b).

The distribution of elevation differences indicates that significant biases in the SRTM
occur along the Karakorum and Himalayas, while those of the GDEM2 are focused
on the central Tibetan Plateau (Fig. 2c). In the Karakorum and Himalayas, high-relief
topography probably resulted in numerous voids in the original SRTM-3 product (Frey
et al., 2012), thereby resulting in the considerable biases observed there. Meanwhile,
the low relief and less colour contrast of snow field on the Tibetan Plateau may be
responsible for the large uncertainty in the GDEM2, which was created by optical
stereo photogrammetry (Toutin, 2002). Therefore, we used the GDEM2 for the following
median-elevation analyses.

4.2 Evaluation of uncertainties

Uncertainty in glacier delineation was evaluated using the results of five separate de-
lineation tests (Fig. 3). We defined uncertainty as one normalised standard deviation.
This was calculated as the standard deviation of the glacier area as measured by dif-
ferent operators, divided by the glacier area included in the final GAMDAM Gilacier
Inventory (GGI). Figure 3 shows that the normalised standard deviation decreases
with increasing glacier area. While linear improvement throughout the delineation test
is not evident, the large normalised standard deviations (> 25 %) of small glaciers
(<25 kmz), which are evident in tests 1—4, disappear in the final (5th) test. Large
glaciers (> 2.5 kmz) exhibit lower normalised standard deviations (< 15 %) than small
glaciers. A debris-covered glacier gives a normalised standard deviation of approxi-
mately 10 %. In summary, the uncertainty of delineated glacier areas in the GGl is
less than 25 % for small glaciers (< 2.5 km2) and ~ 15 % for large glaciers (> 2.5 km2).
Therefore, we expect approximately 15 % uncertainty in our glacial area computation.
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4.3 Distribution of glaciers and their median elevations

We delineated a total of 82776 glaciers with a total area of 87507 + 13126 km? in the
high mountain Asia (Table 1). Figure 4 shows the distribution of median glacier ele-
vations based on the GDEM2 and contour lines. Values represent the area-weighted
average of median elevations within each 0.5° grid. This figure also shows the distribu-
tion of snow-line elevations estimated by Shi (2008). Although it is unclear which data
and methods were used to generate this dataset, large-scale features evident in the
distribution of snow-line elevations are consistent with our median-glacier elevations.
These include a pronounced trough in south-eastern Tibet, caused by intense precipi-
tation along the Brahmaputra River (Liu et al., 2006; He, 2003), and a crest in western
Tibet resulting from the prevailing arid, cold climate (Shangguan et al., 2007).

5 Discussion
5.1 Comparison of inventories in the Bhutan Himalaya

We compared our GGI with two other glacier inventories, the RGI version 3.2 (Arendt
et al., 2012; Pfeffer et al., 2014) and a glacier inventory derived from high-resolution
(2.5m) Advanced Land Observing Satellite imagery (AGl) from the Bhutan Himalaya.
Glacier outlines in the AGI were delineated manually using criteria similar to those
of the GGl (Nagai et al., 2013, 2014). In the following analysis, glaciers smaller than
0.05 km? were excluded from all inventories. The number of glaciers and glacier area
are highly consistent between the GGI and AGI (101 % in number and 99 % in area),
while those of the RGI are significantly greater than the AGI (115 % in number and
154 % in area). Distributions of number and area data suggest that glaciers greater
than 0.5km? in area are significantly over-delineated in the RGI relative to those in
GGl and AGl, while small glaciers (< 0.5 km2) are undelineated in the RGI. This pattern
may result from the coarse resolution of remotely sensed imagery (Fig. 5). In contrast,
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the GGI and AGI show similar number and area distributions regardless of glacier
size. Hypsometries of the three inventories also suggest that the RGI over-delineates
glaciers at all elevations, relative to the GGI and AGI (Fig. 6a). We note that no glacier
is found in either the GGl or AGI below 4000 m elevation.

To determine where the RGI over-delineates glaciers, we depicted the spatial distri-
bution of the area-weighted mean of median-glacier elevation in each 0.1° grid for all
three inventories (Fig. 7). Our analysis reveals that the RGI depicts glaciers with me-
dian elevation lower than 4800 m in south-east Bhutan, where no glacier was identified
in either the AGI and GGI. Moreover, upon visual inspection, we found no landforms
suggesting the pre-existence of glaciers in this region. Therefore, we suggest that the
RGI has misinterpreted seasonal snow cover as glacier ice. We also compared scat-
tergrams of RGI- and GGl-derived glacier number, area, and median-elevation values
in the same 0.1° grid to those for the AGI (Fig. 8). Although we found no clear trends
in terms of number of glaciers, we note that the RGI delineated glaciers where none
were identified in the AGI (points along zero in the x-axis, Fig. 8a). In contrast, Fig. 8b
indicates that glacier area was over-delineated in the RGl relative to both the GGl and
AGI. Finally, the area-weighted means of median glacier elevation also show a high de-
gree of consistency between the GGI and AGI, whereas lower-elevation glaciers were
misinterpreted in RGI (though some grids are not depicted due to no data in the AGI)
(Fig. 8c).

5.2 Comparison of inventories in the high mountain Asia

For a more regional-scale test, we compared the GGl and RGI across the high moun-
tain Asia. Whereas the total number of glaciers in the GGl was slightly higher (by 3338,
or +4 %) than in the RGl, total glacier area was significantly reduced (by 38 554 km?,
or —31 %) relative to the RGI, a degree of difference similar to that observed in the
Bhutan Himalaya. The significant over-delineation of glacier area by the RGI occurs
at all elevations (Fig. 6b). Size distributions of glacier number and area also exhibit
relationships similar to those in the Bhutan Himalaya, with the RGI over-delineating
2808
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glaciers larger than 0.5 km? and under-delineating small (< 0.5 km2) glaciers (Fig. 9).
The greater number and area of small glaciers in the GGI may result from our manual
glacier partitioning using the basin polygons. In contrast, the RGI incorporates glaciers
identified automatically using spectral characteristics, potentially resulting in incom-
plete partitioning (Fig. 10).

We evaluated spatial distributions of glacier number and area in each 0.5° grid to
assess the discrepancy between the inventories (Fig. 11). We found that both number
and area are greater in the RGI than in the GGl throughout the Himalayas, whereas
significant over-counting of glacier numbers is evident in the GGl for the western Tien
Shan, Pamir, Karakorum, and Hengduan Shan. Minor over-counting in the GGl occurs
over the Tibetan Plateau (Fig. 11a). Over-delineation of glacier area in the GGl occurs
only in the western part of the high mountain Asia, where no glaciers are found in the
RGI (Fig. 11b).

We also analysed distributions of area difference in both the upper and lower zones
of glaciers, distinguished by the median elevation, in each 0.5° grid. We calculate the

normalised difference (Dy, %) as follows:
Vral — Y,
Dy = 8881 100, (1)
Veal

where the variable (v) is the glacier area, or number of glaciers, in each 0.5° grid, and
the subscript denotes the inventory. Area-weighted means of median elevation in the
GGl were used to distinguish between the upper and lower zones for both inventories
(Fig. 12). While we cannot assume that significant shifts in median elevation within
both inventories would not result in different glacier hypsometries (Fig. 6), the relatively
minor differences observed in the upper zones of Tibetan glaciers potentially result from
the limited disparity between delineations in the GGI and RGI (Fig. 12a). This effect is
probably due to the relatively low topographic relief on the Tibetan Plateau. Some over-
delineation of the upper zone in the RGI occurs around the periphery of the Tibetan
Plateau, where high-relief headwalls might have been included as a part of glacier
2809
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extent (Fig. 10d). As noted above, such topography was excluded in the GGI and AGI
(Nagai et al., 2013, 2014). In contrast, lower zones in the RGI are over-delineated
throughout much of the high mountain Asia (Fig. 12b). Although this over-delineation
could be the result of real changes in glacier extent on the Tibetan Plateau since the
1970s (Shangguan et al., 2007), we cannot exclude the possibility that the discrepancy
reflects misinterpretation of seasonal snow cover at lower elevations (Fig. 10c).

Additionally, we also performed regional comparison of glacier determined by
GGl against those of RGI reported by Bajracharya and Shrestha (2011) and Bolch
et al. (2012) over Himalaya and Karakoram region. Tables 2 and 3 show summary of
total glacier area in each region reported by Bajracharya and Shrestha (2011), Bolch
et al. (2012) and GGI. Their source satellite data were Landsat ETM+ imagery taken
after 2000. Therefore, the time difference against GGl is relatively smaller. The discrep-
ancy of glacier area of Bajracharya and Shrestha (2011) and Bolch et al. (2012) relative
to GGl is 12 % and 22 % respectively, slightly smaller than the difference between GGl
and RGI in the entire area (31 %). Therefore, the discrepancy could include both real
changes in glacier extent on the Tibetan Plateau since 1970s and misinterpretation of
seasonal snow cover at lower elevations (Fig. 10c).

6 Conclusions

We presented a new glacier inventory for the high mountain Asia based primarily on
ortho-calibrated Landsat ETM+ scenes from the period 1999-2003. Although both
time- and labour-intensive, our manual-delineation approach and rigorous peer-review
process (Fig. 3; Table S3) reinforce our confidence in the quality of glacier outlines in-
corporated in the GGI. Consequently, the GGI will improve the homogenised temporal
consistency of the global-scale RGI, which currently incorporates glacier outlines from
the 1970s in parts of China (Pfeffer et al., 2014).

Our comparison of the GGI and RGI revealed that glacier numbers in the former
are slightly greater (+4 %) than in the latter. Conversely, total glacier area is signifi-
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cantly less (=31 %) in the GGl than in the RGI (Table 1). Definition of glacier extent,
such as the inclusion or exclusion of upper headwalls, potentially accounts for some
of the discrepancy found in the upper zones of glaciers in these high-relief mountain
regions (Fig. 12a). Recent glacier recession has probably exacerbated the disparity
between inventories, since the source data of the RGI dates to the 1970s. Unfortu-
nately, misinterpretation of seasonal snow cover at lower elevations (Fig. S1c) makes
the quantitative evaluation of glacier change problematic.

The large discrepancies in glacier area between the two inventories have important
implications for projections of glacier change in this region. For example, the signifi-
cantly smaller area represented in the GGl will result in drastic changes in glacier area
when compared with former snapshots (e.g. the 1970s in the RGlI). Conversely, the ex-
clusion of upper headwalls and seasonal snow in the GGl has great potential to correct
any discrepancy among projections of mass balances by in situ observations and laser
altimetry (Gardner et al., 2013).

The Supplement related to this article is available online at
doi:10.5194/tcd-8-2799-2014-supplement.
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Table 2. Summary of glaciers in the Bajracharya and Shrestha (2011) and GGl.

Area Bajracharya and Shrestha (2011) GGl Difference Difference
[km?] [km?] [%]
Amu Darya 2566 2478 88 104
Indus 21193 22125 -932 96
Ganges 9012 5999 3014 150
Brahmaputra 14020 9417 4603 149
Irrawaddy 35 64 -29 55
Salween 1352 1321 31 102
Mekong 235 225 10 104
Yangtze 1660 1563 97 106
Yellow 137 98 39 139
Tarim Interior 2310 2636 -326 88
Qinghai-Tibetan Interior 7535 7665 -130 98
Total 60054 53591 6463 112

2816

Jaded uoissnosiq

Jaded uoissnosiq

| Jaded uoissnosig |
(8) II\I|\‘=I ‘I\‘II II\

Jaded uoissnosiq

TCD
8, 2799-2829, 2014

The GAMDAM Glacier
Inventory

T. Nuimura et al.

=
o

Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/8/2799/2014/tcd-8-2799-2014-print.pdf
http://www.the-cryosphere-discuss.net/8/2799/2014/tcd-8-2799-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

Table 3. Summary of glaciers in the Bolch et al. (2012) and GGI.

Area Bolch et al. (2012) GGl Difference Difference
[km?] [km?] [%]
Karakoram 17946 16718 1228 107
Western Himalaya 8943 7547 1396 118
Central Himalaya 9940 6491 3449 153
Eastern Himalaya 3946 2701 1245 146
Total 40775 33458 7317 122
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Figure 1. Landsat scenes used in this study to delineate glaciers over high mountain Asia. Zero
(black squares) indicates that no glaciers exist in that scene.
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Figure 5. Size distributions of (a) number of glaciers and (b) glacier area in the Bhutan Hi-

malaya from the GGI, AGI and RGI.
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Figure 9. Size distributions of (a) number of glaciers and (b) glacier area in the high mountain

Asia from the RGI and GGl.
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