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The following Appendix (Appendixes 1-20) is the Electronic Supplementary Material of the article entitled 
“Half-a-century (1971–2020) of glacier shrinkage and climatic variability in the Bhaga basin, western Himalaya” 
at https://doi.org/10.1007/s11629-022-7598-9 

 

Methods used for clean ice mapping: Automatic approach 

For clean ice glaciers mapping, band ratio is a time-efficient and robust method in comparison to manual 
delineation techniques (Racoviteanu et al. 2008; Racoviteanu et al. 2009; Rastner et al. 2012; Wang et al. 2014; 
Schmidt and Nüsser 2012; Bhambri et al. 2012; Chand and Sharma 2015). Automated mapping of snow and ice is 
based on the fact that snow and ice exhibit high reflectance in the visible and near-infrared region (VIS and NIR) 
compared to the short-wave infrared (SWIR) region of the solar spectrum. Sentinel 2A images for clean ice 
mapping in the Northern Tibet region using threshold and band ratio techniques were tested (Paul et al. 2016). 
For the present study following ratios were tested for the Bhaga basin as suggested by Paul et al. (2016). 

The following band ratios were tested using Sentinel images: 
 (a) the red/SWIR ratio (MSI4/MSI11) using the first SWIR band (MSI11; center wavelength 1.610 µm); 
 (b) the red/SWIR ratio (MSI4/MSI12) using the second SWIR band (MSI12; center wavelength 2.19 µm); 
 (c) the NIR/SWIR ratio (MSI8/MSI11)  

For (a), thresholds are changed in steps of 0.2 (from 1.6 to 3.0). For (b) and (c), thresholds were selected 2.2 
and compare with (a). The MSI4/MSI11 ratio performs better than the other two ratios with only minor 
differences in mapped glacier extents than the MSI8/MSI11 or MSI4/MSI12 ratios (Appendix 5). Band ratio 
results were smoothed with a median filter (3*3 kernel size) before converting the binary glacier maps to vector 
files. The SWIR band was resampled from 20 to 10 m using a cubic convolution to calculate the ratios. Water 
bodies were misclassified as glaciers (Appendix 8), but this is strongly dependent on their turbidity and thus 
varies from place to place (Paul et al. 2016). It is found that MSI8/MSI11 maps fewer water pixels compared to 
MSI4/MSI11 and MSI4/MSI12 and is, therefore, less sensitive on turbid lakes. However, none of the band ratios 
exclude glacier lakes completely. So, manual cross-checking and adjustment of glacier outlines derived using a 
semi-automatic approach were mandatory almost for every glacier in the Bhaga basin. 

The Landsat TM/ETM+ sensors have proven to be a particularly efficient tool for mapping glacier extent and 
monitoring changes even for small alpine glaciers (Andreassen et al. 2008). However, the major limitation is the 
availability of suitable cloud-free scenes at the end of the ablation season without remaining seasonal snow. The 
commonly used band ratio images consider Landsat TM or ETM+ bands 2 (green), 3(red), 4 (NIR), and 5 (SWIR) 
to take advantage of these spectral differences at different wavelengths and separate clean glacier ice from 
non-glacier surfaces, for example, band 3/band 5 (Andreassen et al. 2008; Bolch et al. 2010), band 4/band 5 
(Paul et al. 2002), and the normalized difference snow index ((band 2 – band 5)/(band 2 + band 5))(Silverio and 
Jaquet 2005). Clean glacier ice has high values in these ratio images; supraglacial debris and other nearby 
non-glacier rocky surfaces have low values because the supraglacial debris and the other rocky surfaces have 
similar spectral responses at these wavelengths. 
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Appendix 1 Terminus characteristics of Dali glacier in 2016. (a) Dead ice part with ponds. (b) Ice collapse. (c) High 
resolution Google Earth image of terminus zone. 
 

 

Appendix 2 Terminus characteristics of Mayar I glacier. (a) Snout characteristics. (b) Supraglacial streams. (c) High 
resolution Google Earth image with location of (a) and (b). 
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Appendix 3 Terminus characteristics of Mayar II glacier in 2017. 
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Appendix 4 Terminus characteristics of the Bagrari Glacier in the Jankar Chhu watershed in 2018. (a) Snout 
characteristics. (b - d) Debris morphology (shape, size, types). (e) Example of debris thickness measurements. (f – h) 
Ice cliffs morphology. 



J. Mt. Sci. (2023) 20(2)  

V 

 

  

 

Appendix 5 Clean ice glaciers mapping using band ratio techniques from Sentinel 2 images. (a) Multiple threshold 
values were tested using the MSI4/MSI11 bands ratio. Black indicates the largest glacier extent, and red indicates the 
smallest extent of snow and ice. (b) Three different band ratios were tested using the same thresholds values. Results 
show misinterpretation of shadow areas, lakes, and cloud cover. Background image FCC with MSI bands 12, 4, and 3 
as RGB. Coordinate grid: UTM zone 43N. 
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Appendix 6 Post-processing of band ratio techniques using Sentinel 2A images of 2016. (a) Band ratio 
(MSI4/MSI11). (b) Effects of kernel 3*3 median filter. (c) Vectorization of glaciers mask using threshold value of 2.1 
(d) Clean ice glaciers mask overlaid on Sentinel true color composite. Yellow arrow indicates the effects of median 
filter. Red arrow indicates shadow area. 
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Appendix 7 Normalized difference indices for clean ice mapping using Sentinel 2A images. Analysis was performed 
on Sentinel 2A images of 01.11.2016. (a) FCC with MSI bands 12, 4 and 3 as RGB. (b) NDSI (MSI3-MSI11)/ 
(MSI3+MSI11). (c) NDSII (MSI3-MSI8)/ (MSI3+MSI8). (d) NDGI (MSI3-MSI4)/ (MSI3+MSI4). Clean ice glaciers 
can be mapped using NDSI but it cannot distinguish between shadow and ice. NDSII and NDGI clearly distinguish 
water body, although it is difficult to differentiate between shadow and cloud cover areas. 
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Appendix 8 Observation of automatic clean-ice glacier mapping from Sentinel 2A images. Automatic clean ice 
mapping is not effective for differentiating lakes, shadow, and clouds cover areas in the Bhaga basin. Different 
threshold values were tested although no one gives satisfying results. 

 

Appendix 9 Glacier mapping uncertainty derived based on buffer method. Details of this method is provided in 
section 3.5. 

Sensor 
Analyzed 
glaciers 

Buffer size 
(m) 

Area with buffer 
size (km²) 

Calculated area 
(km²) 

Uncertainty 
(km²) 

Uncertainty 
(%) 

(a) Uncertainty for mapped 306 glaciers in the Bhaga basin
LISS IV 306 2.5 364.22 360.28 3.94 1.08
(b) Uncertainty for analyzed 233 glaciers in the Bhaga Basin
Corona KH-4B 233 3 367.28 362.87 4.41 1.20
Landsat ETM+ 233 7.5 357.97 347.38 10.59 2.96
LISS IV 233 2.5 340.33 336.83 3.50 1.03
Sentinel 2A 233 5 342.35 335.38 6.97 2.04
Sentinel 2B 233 5 341.07 334.10 6.96 2.04
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Appendix 10 Change point analysis for climatic data used in this study. Change point analysis tool was used in 
Origin pro software for identification of break of points. A significant shift was observed for temperature data around 
2000. 
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Appendix 11 Distribution of debris-covered ice in the Bhaga basin and its tributary watersheds in 2013. a) Glaciers 
were categorized based on their percentage of debris-covered ice. b) Percentage of the debris-covered area to the total 
area in different watersheds in the Bhaga basin. 
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Appendix 12 Glacier surface area change rate in the Bhaga basin between 1971 and 2020. 
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Appendix 13 Multitemporal changes in clean and debris-covered (DC) ice in the Bhaga basin and tributary 
watersheds during last five decades (1971-2020). 

Years Ice extent (km²) Period Absolute change (km²) Relative change (%)
Clean ice DC ice Clean ice DC ice Clean ice DC ice

(a) Entire Bhaga basin 
1971 318.0 ± 3.5 44.9 ± 0.5 1971-2020 -42.9 ± 5.0 13.9 ± 0.7 -13.5 ± 1.2 31.1 ± 1.6
2000 299.1 ± 3.3 48.3 ± 0.5 1971-2000 -18.9 ± 4.7 3.4 ± 0.7 -5.9 ± 0.1 7.7 ± 1.4
2013 281.8 ± 3.1  54.9 ± 0.6 2000-2013 -17.2 ± 4.2 6.7 ± 0.7 -5.8 ± 0.1 13.8 ± 1.5
2016 278.8 ± 3.0 56.6 ± 0.6 2013-2016 -3.1 ± 4.2 1.6 ± 0.7 -1.1 ± 0.1 2.9 ± 0.1
2018 276.1 ± 3.0 58.1 ± 0.6 2016-2018 -2.7 ± 4.2 1.4 ± 0.7 -0.9 ± 0.1 2.5 ± 0.1
2020 275.1 ± 3.0 58.8 ± 0.6 2018-2020 -1.0 ± 2.1 0.7 ± 0.3 -0.3 ± 0.1 1.2 ± 0.1
(b) Bhaga Lower 
1971 37.3 ± 0.4 6.1 ± 0.1 1971-2020 -4.5 ± 0.5 0.1 ± 0.1 -12.1 ± 1.4 1.6 ± 0.1
2000 34.9 ± 0.4  6.1 ± 0.1 1971-2000 -2.4 ± 0.5 -0.1 ± 0.1 -6.5 ± 1.1  -0.9 ± 0.1 
2013 33.5 ± 0.4 5.9 ± 0.1 2000-2013 -1.4 ± 0.5 0.1 ± 0.1 -4.0 ± 0.5  2.5 ± 1.2 
2016 33.2 ± 0.4 6.0 ± 0.1 2013-2016 -0.3 ± 0.5 -0.03 ± 0.1 -0.8 ± 0.6  -0.5 ± 0.8 
2018 33.0 ± 0.4 6.0 ± 0.1 2016-2018 -0.2 ± 0.5 0.02 ± 0.1 -0.5 ± 0.6  0.3 ± 0.8 
2020 32.8 ± 0.4 6.2 ± 0.1 2018-2020 -0.2 ± 0.5 0.2 ± 0.1 -0.6 ± 0.5 3.2 ± 1.2
(c) Jankar Chhu 
1971 183.4 ± 2.0 12.8 ± 0.1 1971-2020 -23.8 ± 2.6 8.4 ± 0.2 -13.1 ± 2.1  65.1 ± 2.4
2000 174.5 ± 1.9 14.0 ± 0.2  1971-2000 -8.8 ± 2.6 1.2 ± 0.2 -4.8 ± 1.2 9.1 ± 1.3
2013 163.1 ± 1.8 19.2 ± 0.2 2000-2013 -11.5 ± 2.6 5.2 ± 0.2 -6.6 ± 1.0 36.9 ± 2.1
2016 161.6 ± 1.8 19.9 ± 0.2 2013-2016 -1.5 ± 2.6 0.7 ± 0.2 -0.9 ± 1.0 3.8 ± 1.2
2018 159.8 ± 1.8 20.9 ± 0.2 2016-2018 -1.7 ± 2.6 1.0 ± 0.2 -1.1 ± 1.6 4.9 ± 1.3
2020 159.6 ± 1.8 21.2 ± 0.2 2018-2020 -0.2 ± 0.1 0.3 ± 0.2 -0.1 ± 0.1 1.3 ± 0.5
(d) Bhaga Upper 
1971 27.4 ± 0.3 6.7 ± 0.1 1971-2020 -6.9 ± 0.3 2.3 ± 0.1 -25.1 ± 2.4  34.1 ± 1.2
2000 24.1 ± 0.3 7.7 ± 0.1 1971-2000 -3.3 ± 0.3 1.0 ± 0.1 -12.2 ± 2.1 14.7 ± 1.2
2013 21.6 ± 0.2 8.7 ± 0.1 2000-2013 -2.4 ± 0.3 1.0 ± 0.1 -10.1 ± 2.0 12.6 ± 1.2
2016 21.3 ± 0.2 8.8 ± 0.1 2013-2016 -0.4 ± 0.3 0.1 ± 0.1 -1.6 ± 1.5 1.2 ± 0.5
2018 20.9 ± 0.2 8.9 ± 0.1 2016-2018 -0.3 ± 0.3 0.1 ± 0.1 -1.4 ± 1.5 1.3 ± 0.5
2020 20.5 ± 0.2 9.0 ± 0.1 2018-2020 -0.4 ± 0.1 0.1 ± 0.1 -1.9 ± 1.5 1.1 ± 0.4
(e) Milang Valley 
1971 69.9 ± 0.8 19.2 ± 0.2 1971-2020 -8.8 ± 0.9 3.6 ± 0.1 -12.3 ± 1.5 18.7 ± 1.2
2000 65.6 ± 0.7 20.4 ± 0.2 1971-2000 -4.3 ± 0.9 1.2 ± 0.1 -6.2 ± 1.0 6.4 ± 0.5
2013 63.7 ± 0.7 21.1 ± 0.2 2000-2013 -1.9 ± 0.9 0.7 ± 0.1 -2.9 ± 0.9 3.4 ± 0.5
2016 62.8 ± 0.7 21.9 ± 0.2 2013-2016 -1.0 ± 0.9 0.8 ± 0.1 -1.5 ± 0.9 3.7 ± 0.5
2018 62.2 ± 0.7 22.3 ± 0.2 2016-2018 -0.5 ± 0.9 0.4 ± 0.1 -0.8 ± 0.5 1.6 ± 0.5
2020 61.1 ± 0.7 22.8 ± 0.2 2018-2020 -0.1 ± 0.1 0.5 ± 0.1 -0.2 ± 0.1 2.1 ± 0.6
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Appendix 14 Scatter plots between two glacier change indicators (area change and length change) and multiple 
topographic parameters in the Bhaga basin.  
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Appendix 15 Glacier changes in the Bhaga basin based on topographic parameters. A = Area, L = Length, ASL = 
Average strip line. 

Parameters Count 
Area change Length change
A1971 
(km²) 

A2020 
(km²) 

ΔA
(km²)

ΔA
(%) 

ΔA
(% yr¯¹)

L1971

(m) 
L2020

(m) 
ΔL 
(m) 

ΔL 
(m yr¯¹) 

ASL (ΔL)
(m yr¯¹)

Size class (km²) 
<0.5 116 25.32 18.99 -6.33 -25.00 -0.52 758.32 609.13 -149.19 -3.13 -3.05
0.5-1 48 33.52 28.96 -4.56 -13.60 -0.28 1619.63 1417.97 -201.66 -4.22 -4.25
1--5 52 103.72 94.86 -8.86 -8.54 -0.18 2771.87 2504.97 -266.92 -5.64 -5.56
5--10 10 73.16 68.19 -4.97 -6.79 -0.14 6355.07 5682.49 -672.58 -14.01 -9.95
>10 7 127.21 122.33 -4.88 -3.84 -0.08 10001.3 9008.31 -992.99 -20.72 -16.0
Elevation zones (m a.s.l) 
4600-4800 9 30.01 28.14 -1.86 -6.20 -0.13 3485.32 3181.30 -304.02 -6.33 -5.74
4800-5000 24 17.81 15.81 -2.00 -11.23 -0.23 1476.45 1280.69 -195.76 -4.08 -4.31
5000-5200 51 103.55 98.01 -5.54 -5.35 -0.11 1996.65 1746.17 -250.48 -5.22 -4.67
5200-5400 88 163.12 149.64 -13.48 -8.26 -0.17 2221.36 1956.03 -265.33 -5.53 -4.95
5400-5600 37 44.54 39.62 -4.88 -10.97 -0.23 1767.53 1531.91 -235.62 -4.91 -4.41
5600-5800 17 3.07 2.31 -0.76 -24.76 -0.52 621.20 518.23 -102.97 -2.15 -2.07
5800-6000 7 0.79 0.63 -0.16 -20.25 -0.42 478.80 399.66 -79.14 -1.65 -1.83
Slope class (degree) 
<15 5 11.71 10.95 -0.76 -6.49 -0.14 3117.64 2757.77 -359.87 -7.50 -6.92
15--20 77 272.37 255.51 -16.86 -6.19 -0.13 3340.83 2986.96 -353.87 -7.37 -6.46
20-25 65 51.04 44.42 -6.62 -12.97 -0.27 1493.25 1293.30 -199.95 -4.17 -4.19
25-30 53 19.76 16.71 -3.05 -15.44 -0.32 918.22 767.06 -151.16 -3.15 -2.88
>30 33 7.96 6.49 -1.47 -18.47 -0.38 752.86 619.36 -133.50 -2.78 -2.50
Aspect 
N 12 6.87 6.35 -0.52 -7.57 -0.16 1228.61 1021.34 -207.27 -4.32 -4.83
NE 57 76.56 70.1 -6.46 -8.44 -0.18 1891.91 1661.41 -230.50 -4.80 -4.74
E 31 46.27 41.84 -4.43 -9.57 -0.20 1714.85 1465.11 -249.74 -5.20 -4.65
SE 16 33.51 29.24 -4.27 -12.74 -0.27 1827.76 1497.94 -329.82 -6.87 -5.21
S 19 20.52 18.79 -1.73 -8.43 -0.18 1418.11 1227.40 -190.71 -3.97 -3.54
SW 13 17.41 15.53 -1.88 -10.80 -0.22 2077.61 1804.31 -273.30 -5.69 -4.81
W 32 53.37 49.86 -3.51 -6.58 -0.14 2110.52 1911.47 -199.05 -4.15 -3.85
NW 53 108.31 102.63 -5.68 -5.24 -0.11 2206.17 1972.76 -233.41 -4.86 -4.43
Debris category (%) 
Debris-free 90 53.61 45.27 -8.34 -15.56 -0.32 1099.49 935.01 -164.48 -3.36 -3.28
1-10 31 99.44 92.88 -6.56 -6.60 -0.14 2920.20 2608.30 -311.90 -6.37 -5.78
10--20 29 107.63 102.23 -5.403 -5.02 -0.10 3195.20 2780.35 -414.85 -8.47 -7.21
20--30 31 30.31 26.96 -3.35 -11.05 -0.23 1830.87 1603.1 -227.77 -4.65 -4.13
30--40 16 21.84 20.26 -1.58 -7.23 -0.15 2098.18 1909.23 -188.95 -3.86 -3.25
>40 36 50.01 46.47 -3.54 -7.08 -0.15 2045.97 1814.45 -231.52 -4.72 -4.34
Hypsometric class 
Very top-heavy 
(HI<‒1.5) 29 18.78 16.58 -2.27 -11.71 -0.24 1158.67 992.82 -165.78 -3.38 -3.12 

Top-heavy  
(‒1.5<HI<‒1.2) 27 58.127 55.39 -2.74 -4.72 -0.10 2020.77 1804.22 -216.55 -4.42 -4.23 

Equidimensional 
(‒1.2<HI<1.2) 83 127.471 117.23 -10.23 -8.04 -0.16 1855.56 1619.8 -235.76 -4.81 -4.48 

Bottom-heavy 
(1.2 < HI < 1.5) 56 92.45 83.31 -9.16 -9.85 -0.20 1958.97 1736.33 -222.64 -4.54 -4.51 

Very 
bottom-heavy 
(HI > 1.5) 

38 66.07 60.94 -5.15 -7.86 -0.16 2350.31 2096.27 -254.04 -5.18 -4.98 
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Appendix 16 Results of Mann-Kendall tests of temperature for the Bhaga basin for three different types of datasets. 

Months/seasons 
APHRODITE  
(1961-2015) 

NCEP/NCAR 
(1948-2018) 

University of Delaware 
(1901-2017) 

Test Z Signific. Sen slope Test Z Signific. Sen slope Test Z Signific. Sen slope
Jan 0.799  0.006 1.524 0.011 -0.459  -0.001
Feb 2.004 * 0.023 1.995 * 0.018 1.333  0.005
Mar 1.858  0.026 0.695 0.005 0.342  0.001
Apr 2.091 * 0.019 -1.023 -0.007 1.067  0.004
May 2.715 ** 0.031 -0.511 -0.004 0.071  0
Jun 0.900  0.007 -1.752 -0.012 -1.395  -0.003
Jul 4.472 *** 0.023 1.137 0.008 -0.669  0
Aug 5.474 *** 0.027 1.608 0.006 -0.327  0
Sep 4.007 *** 0.023 0.477 0.004 -0.118  0
Oct 3.107 ** 0.020 0.685 0.008 -0.210  0
Nov 4.022 *** 0.028 4.289 *** 0.043 1.208  0.003
Dec 3.775 *** 0.019 4.447 *** 0.035 0.978  0.003
Mean 5.358 *** 0.022 2.154 * 0.010 1.211  0.002
Mean summer (Apr-Sep) 5.096 *** 0.023 0.045 0.000 0.158  0.000
Mean winter (Oct-March) 4.211 *** 0.021 3.435 *** 0.020 1.274  0.002
Winter (Dec-Feb) 2.802 ** 0.016 3.658 *** 0.019 0.789  0.002
pre-melting (Mar-may) 2.846 ** 0.026 -0.099 -0.001 0.954  0.003
Summer (Jun-Aug) 4.109 *** 0.020 0.422 0.002 -1.237  -0.002
Post-melting (Sep-Nov) 5.372 *** 0.022 2.149 * 0.018 0.700  0.001

Note: Significance level: * P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001 

 

Appendix 17 Results of Mann-Kendall tests of precipitation for the Bhaga basin. 

Months/Seasons 
APHRODITE (1951-2007) NCEP/NCAR (1948-2008) University of Delaware 

(1900-2017) 
Test Z Signific. Sen slope Test Z Signific. Sen slope Test Z Signific. Sen slope

Jan -3.586 *** -1.010 -2.194 * -0.065 0.561  0.074
Feb -1.879 + -0.634 0.258 0.013 1.561  0.205
Mar -3.229 ** -1.232 -2.124 * -0.065 1.412  0.214
Apr -3.297 *** -0.852 -0.824 -0.031 1.772 + 0.194
May -3.270 ** -0.809 -2.938 ** -0.169 0.702  0.074
Jun 0.406  0.073 -2.144 * -0.179 1.844 + 0.163
Jul -1.026  -0.323 -1.549 -0.173 -0.547  -0.050
Aug 1.081  0.293 -1.603 -0.128 -1.407  -0.171
Sep -0.255  -0.074 -1.181 -0.111 1.735 + 0.260
Oct -2.327 * -0.237 -2.184 * -0.106 1.740 + 0.148
Nov -1.687 + -0.117 0.477 0.021 3.203 ** 0.087
Dec -2.230 * -0.331 -1.201 -0.033 1.312  0.107
Mean -4.812 *** -0.511 -2.943 ** -0.092 1.030  0.038
Mean summer (Apr-Sep) -2.430 * -0.349 -2.844 ** -0.141 0.053  0.003
Mean winter (Oct-March) -4.757 *** -0.743 -2.437 * -0.058 2.261 * 0.105
Winter (Dec-Feb) -4.454 *** -0.729 -2.556 * -0.043 1.314  0.084
pre-melting (Mar-may) -4.660 *** -1.023 -2.665 ** -0.087 1.170  0.098
Summer (Jun-Aug) 0.158  0.031 -2.199 * -0.171 -1.102  -0.092
Post-melting (Sep-Nov) -1.645 + -0.246 -1.171 -0.056 1.796 + 0.127

Note: Significance level: * P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001 
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Appendix 18 Glacier surface area change rate across the Himalaya.

Region/ 
Basin/ 
Sub-basin 

Glaciers Period Change 
(%) 

Change 
rate 
(% yr¯¹) 

Data used References

Western Himalaya 
Ravi basin 1971‒

2010/2013 
4.6 ± 4.1 0.1 ± 0.1 Corona, Landsat, Worldview, 

Aster 
Chand and Sharma 
2015 

Saraswati/Alaknanda 1968‒2006 4.6 ± 2.8 0.12 ± 0.07 Corona, Landsat, ASTER, 
LISS IV, Cartosat 

Bhambri et al. 2011
Bhagirathi 1968‒2006 5.7 ± 2.7 0.15 ± 0.7
Nanga Parbat massif 1934-2019 7 0.1 Topographical maps (1934), 

Corona, Hexagon, Landsat, 
Sentinel-2 

Nüsser and Schmidt 
2021 

Kang Yatze  1969‒2010 14.3 0.3 Corona, Landsat, Spot, 
Worldview 

Schmidt and Nüsser 
2012 Massif, Ladakh 

Central 
Ladakh 
Range 

Phutse 1969‒2016 6.3 0.4 Corona, Landsat, and field 
campaigns 

Schmidt and Nüsser 
2017 Nangtse 7.2 0.5

Stok Range 22.4 0.5
Kang Yatze Range 21.4 0.5
Lungser Range 17.7 0.4
Ladakh range 1991‒2014 12.8 0.6 Landsat TM, ETM+, OLI Chudley et al. 2017
Chenab basin 1962‒

2001/2004 
21.3 0.5 SOI Maps, LISS III Kulkarni et al. 2007

Parbati basin 22.4 0.52
Baspa basin 19.1 0.45
Goriganga basin 1962‒

2001/2004 
19.3 0.45 SOI Maps, LISS III Kulkarni et al. 2011

Bhagirathi basin 14.4 0.33
Chandra basin 20.1 0.48
Bhaga basin 30.2 0.71
Miyar basin 8.4 0.19
Bhut basin 10.3 0.24
Warwan basin 21.4 0.5
Zanskar basin 9.4 0.21
Bhaga basin Baralacha La 1971‒2011 16.37 ± 

3.74 
0.41 ± 
0.09 

Corona, Landsat, LISS IV, 
Cartosat 1 

Negi et al. 2013

Zanskar 
range 

Parkachik 1971‒2015 1.5 ± 0.09 0.03±
0.002 

Corona, Landsat, GE Mir and Majeed 
2016 

Zansar 
range 

Pensilungpa 1977‒2013 14.47 0.40 Landsat Shukla and Qadir 
2016 Durung-dru

ng 
12.67 0.35

Haskira 20.74 0.58
Kange 13.61 0.38
Hagshu 15.55 0.43

Chandrabhaga basin  
  

1980‒2010 2.5 0.08 Landsat, LISS III, AWiFS Pandey and 
Venkataraman 2013

Alaknanda 
basin 

Tipra 1962‒2008 ~18 0.39 SOI Maps, LISS III, Field 
observation 

Mehta et al. 2011

Kashmir 
Himalaya 

Kolahai 1962‒2014 22.99 ± 
2.3 

0.44 ± 0.04 SoI Maps, Landsat, Aster, 
LISS IV 

Shukla et al. 2017

Upper Tons basin 1962‒2010 5.4 0.11 SOI Maps, Landsat, LISS III, 
Field observation 

Mehta et al. 2012

Chandra 
basin 

Samudra 
Tapu 

1962‒2000 10.96 0.30 SoI Maps, IRS PAN and LISS 
III 

Kulkarni et al. 2006

Kashmir Himalaya  
  

1980‒2013 17.92 0.54 Landsat and Aster GDEM Murtaza and 
Romshoo 2016 

Upper 
Chandra 
 basin 

Sakchum  1993‒2014 3.7 0.18 Landsat, Terra ASTER, 
SRTM, Worldview 

Garg et al. 2017
Chhota 
Shigri  

1.26 0.06

Bara Shigri 0.92 0.04
Chenab basin 
(Warwan-Bhut region) 

1962‒
2001/02 

11 0.28 SoI maps, LISS III, AWiFS Brahmbhatt et al. 
2017 

Miyar basin 1989‒2014 9 ± 0.7 0.36 ± 0.01 Landsat and Aster GDEM Patel et al. 2018

(-To be continued-) 
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Appendix 18 Glacier surface area change rate across the Himalaya.(-Continued-)

Region/ 
Basin/ 
Sub-basin 

Glaciers Period Change (%) Change 
rate 
(% yr¯¹) 

Data used References

Bhaga basin 1971‒2018 7.48 ± 2.17 0.17 ± 0.05 Corona, Landsat, Sentinel 2A, 
ASTER GDEM v2 

Present Study

Central Himalaya 
Kumbhu Himalaya 1962‒2005 5.2 0.12 Corona KH- 4, Landsat, Aster Bolch et al. 2008
Sagarmanthan  1950‒1990 4.9 0.12 Based on topographic maps Salerno et al. 2008
National Park 
Mt. Everest region 1974‒2008 10.4 0.3 Landsat MSS/TM, ASTER, 

ALOS/AVNIR2 
Ye et al. 2009

Kanchenjunga–Sikkim 
area 

1962‒2000 19 ± 7 0.5 ± 0.2 Corona KH- 4, Landsat, 
ASTER, Quick bird, Worldview 

Racoviteanu et al. 
2015 

Imja valley, 
Nepal 

Nuptse 

1980‒2010 

27.3 0.91

Landsat 

Bajracharya et al. 
2015 West Lhotse 54.9 1.83

Lhotse 30.6 1.02
Imja 16.2 0.54
East 
Amadablam 

17.4 0.58

Amadablam 13 0.43
Duwo 5.3 0.18

Eastern Himalaya 
Sikkim Himalaya 1989/90‒

2010 
3.3 ± 0.8 0.2 ± 0.1 Landsat, LISS III Basnett et al. 2013

Bhutan Himalaya 1980‒2010 23.3 ± 0.9 0.8 ± 0.03 Landsat Bajracharya et al. 
2014 

Lunana 
area, 
Bhutan 

Bechung 1980‒2010 18.6 0.62 Landsat Bajracharya et al. 
2015 Raphstreng 29.3 0.98

Thorthormi 14.5 0.48
Lugge 21.2 0.71
Drukchang 8.2 0.27

 

 

Appendix 19 (a) Evolution of proglacial lakes at the terminus zone of the Mayar II Glacier in the Jankar Chhu 
watershed, Bhaga basin during 1971 and 2017. (b) Field photographs of lakes. Calving of ice is visible in one lake. 
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Appendix 20 Spatial extent of single NCEP/NCAR and APHRODITE grid. One NCEP/NCAR grid extent is 2.5° 
(~277 km² at ground resolution). On the other hand, the APHRODITE grid extent is 0.5° (~55 km² at ground 
resolution). In this study, the analyzed NCEP/NCAR grid (32.5°N and 77.5°E) covers a vast area spanning from 
monsoon-dominated Pir-Panjal to the arid trans-Himalayan range. In contrast, APHRODITE represents a smaller 
area with the same microclimatic region. 
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