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Foreword

Bhutan is highly vulnerable to the impacts of climate change. Bhutan is already facing the
impacts of climate change such as extreme weather and changing rainfall patterns. The Royal
Government of Bhutan (RGoB) recognizes the devastating impacts climate change can cause to
the country’s natural resources, livelihood of the people and the economy. Bhutan is committed
to addressing these challenges in the 12th Five Year Plan (2018-2023) through various
commitments, mitigation and adaption plans and actions on climate change at the international,
national, regional levels. Bhutan has also pledged to stay permanently carbon neutral at the
Conference of Parties (COP) Summit on climate change in Copenhagen.

Accurate, reliable and timely hydro-meteorological information underpins the understanding of
weather and climate change. The National Center for Hydrology and Meteorology (NCHM) is
the national focal agency responsible for studying, understanding and generating information and
providing services on weather, climate, water, water resources and the cryosphere. The service
provision of early warning information is one of the core mandates of NCHM that helps the
nation to protect lives and properties from the impacts of climate change.

The Strategic Program for Climate Resilience (SPCR) which is being implemented by Gross
National Happiness Commission (GNHC) focuses on four main pillars. The pillars are:

e Enhancing information base for hydro-met services and climate resilience
e Preparedness, food and water security
e Sustainable growth and resilient infrastructure

e Strengthening governance, institutional coordination and human resource capacity

NCHM is one of the four technical agencies under the SPCR and it is responsible for undertaking
a technical study under the Pillar 1- Enhancing Information Base Hydro-met Services and
Climate Resilience. The fundamental objective of the study is to improve hydro-met base
information and identify future investment plans. The list of studies carried out under the Pillar I
of SPCR are as follows:

e Analysis of historical climate and climate change projection for Bhutan.
¢ Re-assessment of potentially dangerous lakes of Bhutan
e Bhutan glacier inventory 2018

It has been about two decades since the publication of first glacier inventory of Bhutan by
ICIMOD in 2001. There were few inventories prepared and published in between by foreign
researchers on glaciers in Bhutan. Almost all those inventories were prepared using older base
materials such as topo maps of 1950s &1960s and coarser resolution satellite imageries. As a
part of this SPCR project, an attempt have made to prepared a new glacier inventory for Bhutan
using recent high resolution satellite imageries and more importantly by our own national
experts. The Bhutan glacier inventory 2018 will form the basis for all cryosphere related
activities in the future.

This report is submitted by NCHM to GNHC and the World Bank under the SPCR Project. The
findings from this study provide initial assessment of possible future changes of climate over



Bhutan. The report is an outcome of Pillar | of the SPCR Project implemented by NCHM. In this
regard, 1 would like to thank all the Divisions, the SPCR Management of NCHM who have

worked hard to bring out this report.

Kw’%

(Karma Dupchu)
Director



Acknowledgement

We express our sincere thanks to Dr. Akiko Sakai and the Geo-Spatial Solution team at ICIMOD
for providing us with the glacier polygon shape files of their earlier works. We are grateful to
Karma, Head of Division of CSD, NCHM for his initiative and guidance to come up with glacier
mapping of Bhutan and for his valuable comments and suggestions on the draft reports. We
would also like to express our thanks to SPCR (Strategic Programme for Climate Resilience)
Project for providing support in capacity building of the glacier mappers. Thanks to ESA
(European Space Agency) for making the Sentinel-2, image freely available on their webpage.
The SRTM elevation Model is courtesy of NASA’s Jet Propulsion Laboratory and further
processed by Group of Consultative Group for International Agriculture research (CGIAR).



Executive Summary

Glacier inventories are very informative dataset for studying and understanding spatial
distribution of glaciers. Although few glacier inventories of Bhutan Himalayas are available, the
need for an updated glacier inventory was felt necessary to understand the characteristics of
Bhutanese Glacier distribution for expansion of in-situ glacier mass balance measurement site.
Bhutan Glacier Inventory 2018 (BGI 2018) was updated using the latest available high-
resolution imagery i.e. Sentinel-2 MSI (Multispectral Instrument) of European Space Agency
(ESA) launched on 23 June 2015. Glacier outlines were delineated using cloud free Sentinel-2
MSI (October to November 2016) as base map. The raw Sentinel-2 MSI imageries were
processed using Sen2cor and Sentinel Application Platform (SNAP) tool. Glacier polygons of
2016 were obtained using supervised classification in the SNAP tool. The polygons were later
split and edited manually using Digital Elevation Model (DEM), 20 m interval contour, slope
and High-resolution Google Earth™ imagery as references. The new inventory 2018 includes
700 glaciers covering total area of 629.55+0.02 km? in the Northern Frontiers of Bhutan.
Glacier area covers 1.64% of the total land cover in Bhutan.

BGI 2018 represents lesser surface area than the earlier GAMDAM (Glacier Area Mapping for
Discharge in High Asia Mountains) inventory of 2015 (Nuimura et al. 2015) by 12%. However,
in comparison with the ICIMOD (International Center for Integrated Mountain Development)
inventory of 2014, the current inventory shows less surface area by 2%. Likely cause of
discrepancies could be due to the exclusion of glacier located in shadow-covered region, glacier
recession over time and inclusion of seasonal snow in the source data. Though it is difficult to
come up with concrete surface area for glaciers, this refined inventory of Bhutan glaciers would
provide new opportunities for reference in future.
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1. Introduction

Bhutan is located in the eastern Part of the Himalayas between Latitude 27.51° N and Longitude
of 90.43°E, with elevations ranging from few hundred meters to over 7000 m a.s.l. Glacierized
terrain occupies about 1.64% of the total land area of the country. Most of the major river
systems begins from glacier terminus ranging from 4075m a.s.l. (Punatshang Chhu basin) to
7361m a.s.l. (Manas Chhu basin). Glaciers of the Himalayan region are crucial for maintaining
atmospheric circulation, hydrological cycle, water resources availability and balancing the
ecosystem (Zemp 2012). Previous studies concluded that Bhutan’s glacier contribution to river
flow to be up to 76% at 4500 m a.s.l (approx.10 km from glacier), but still 31% at 3100 m a.s.|
elevation for a specific drainage basin in central Bhutan (Williams et al. 2016). Melt water from
snow and glaciers feeds major river systems in Bhutan (Wang Chhu, Punatsang Chhu, Manas
Chhu, Amo Chhu, and Nyere Ama Chhu). Glaciers feed all the rivers except Amo Chhu and
Nyere Ama Chhu. As glacier changes are key Indicator of Climate Change (Bajracharya and
Mool, 2009; Bolch et al.2012), their outlines are mandatory for any glacier related studies. This
database provides a basis for understanding rate of change of glacier, water resources planning
and mitigation of Glacial Lake Outburst Flood (GLOF) risk.

Though the status of glacier and glaciation in Bhutan is not well studied, but as reported by
Ageta and Iwata (1999) glacier in Bhutan like the Tarina Glacier retreated around 0.7 km (30 -
35m Year?) from 1967 to 1998. Raphstrang Glacier retreated about 0.5 km (35 m year™) during
the 14-year interval. While Luggye glacier retreated at a rate of 16m year™ from 1988 to 1993.
To have better understanding on the water resource reserve in glaciers for sustainable water
availability and risk assessment of glacier related hazards (Kaser et al., 2010) documentation of
variability of glaciers in due course of time is very important. In this context, to document
changes in glaciers, in-situ measurements on few accessible glaciers (Thana Glacier in the head
water of Chamkhar Chhu and Gangju La in the headwaters of Punatshang Chhu) has been
carried out for mass balance studies by erstwhile Department of Hydro-met Services (DHMS),
Department of Geology and Mines (DGM) in collaboration with Nagoya University, Japan and
other international agencies like ICIMOD. These assessments on accessible glaciers were only
for mass balance studies at the specific sites and do not represent the glacier status over the
region. Inherent inaccessibility of glaciers located in remote and isolated parts of the country
hampers the adequate number of in-situ measurements and those available in-situ measurement
data are from small number of accessible glaciers. Moreover, inventories using conventional
methods require extensive time and resources. Therefore, in recent times, monitoring of glaciers
using satellite imageries and aerial photographs have become a better option. The first glacier
inventory of Bhutan was prepared by ICIMOD in 2001 based on 1: 50,000 topographic maps
from the 1950s to 1970s by survey of India and print of Landsat thematic mapper images,
covering an area of nearly 1317km? (Mool et al. 2001). This approach of mapping is laborious
and time consuming.

To improve and incorporate shortcoming of all these problems, ICIMOD, has come up with a
more comprehensive methods to map the glaciers (Bajracharya et al. 2014) of the Hindu Kush-
Himalaya region in 2011 using semi-automatic delineation of glacier and glacial lake from
Landsat 7 ETM+ imageries (imagery date: 2002 to 2008). In the same year 2011 (Nuimura et al.,
2015) also mapped glaciers in Asian region targeting to study the contribution of glacier melt to
Asian river system. Mapping here was carried out using Landsat scene prior to 1999 along with
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SRTM DEM. Later in 2015, comparison and compiling of an inventory using high resolution
ALOS image (from 2007 till 2011) specifically for Bhutan was carried out (Nagai et al. 2016).

In 2018, the Cryosphere Services Division (CSD) under National Center for Hydrology and
Meteorology (NCHM) updated the glacier inventory using Sentinel-2A MSI 10 m resolution
scenes of the year 2016 focusing only on the glaciers within Bhutan. Basin wise details of
glaciers, methodology and procedure to delineate glaciers, comparison of the updated inventory
with previous inventories are discussed in this report.



2. Dataset
2.1 Data Used for Glacier Mapping

The earlier inventories were produced using Landsat imageries from late 1990°s to early 2000°s.
However, after decommissioning of Landsat Thematic Mapper(TM) sensor in 2012 after 27
years of operation, Sentinel-2A (S2A) was launched on 23 June 2015. The Sentinel-2A operates
with new Multispectral Instrument (MSI), Sentinel imagery has been made freely available to the
user through the European Space Agency (ESA) Copernicus Open Access Hub
(http://scihubcopernicus.eu), with improved spatial and temporal resolution. Eight scenes
covering all the glaciated area of Bhutan with least snow and cloud cover were downloaded for
glacier mapping. Among multiple scenes, scenes with least effect from seasonal snow and cloud
cover on date of acquisition were used. The imageries of late summer i.e. from October to
November 2016 were found to be suitable for glacier outline delineation as glacier boundaries
are more distinct from September to early November (Bajracharya et al. 2014)The imageries
obtained from Sentinel-2 satellites are subjected to atmospheric scattering and absorption, Top of
Atmospheric Reflectance (TOAR)(Figure 1(a). Such effects were corrected and brought to the
Bottom of Atmosphere Reflectance (BOAR) using an image correction program from Sentinel
toolbox (Sen2Cor) (Figure 1(b)) which assigns new values that gives less effect from shadow,
cloud cover and atmosphere intervention. Applying Sen2cor to raw (L1C) image that is
radiometric and geometric corrected will be converted and processed to (L2A) image that is
ready for post processing in SNAP tools.

Figure 1a: Sentinel- 2A(L1C Imagery) and 1b: Sentinel-2A (L2A Imagery) at Zanam Area, image acquired on 28™
October 2016


http://scihubcopernicus.eu/

Table 1: Characteristics of Sentinel scenes with its capture date.

Scene Satellite Sensor Sensing Date

1 Sentinel 2A MSI 28 October 2016

2 Sentinel 2A MSI 28 October 2016

3 Sentinel 2A MSI 28 October 2016

4 Sentinel 2A MSI 8 November 2016
5 Sentinel 2A MSI 16 November 2016
6 Sentinel 2A MSI 23 November 2016
7 Sentinel 2A MSI 23 November 2016
8 Sentinel 2A MSI 23 November 2016

To delineate glacier outlines more accurately, other reference resources like topographic maps,
Shuttle Radar Topography Mission (SRTM) DEM, which is freely available from NASA’s Earth
System Data and Information System (http://reverb.echo.nasa.qgov/) were used. Previously
SRTM DEM data for region outside USA were available at 90 m resolution, but in 2015 SRTM
version 3.0 (SRTMV3) with 30 m resolution was made available for Asia region. This 30 m
resolution DEM was used to extract slope and contour information for image topography
verification.

2.2 Other Reference Data

Other data used as reference and to compare this inventory were glacier shape files of
GAMDAM glacier inventory (GGI, Nuimura et al., 2015) which were mapped from LANDSAT
level 1 -Terrain corrected (L1T) imageries acquired from 1999 to 2003. The other reference data
used was the glacier shape files of inventory of Glaciers by ICIMOD (Bajracharya et al. 2014)
which were mapped from orthorectified LANDSAT 7 ETM + L1G imageries from 2002 till
2008. Dr. Akiko Sakai, Nagoya University, provided data for the GGI for Bhutan region on
request. The glacier polygon data of ICIMOD was downloaded from
http://apps.geoportal.icimod.org/HKHGIacicer/. The inventory of Glaciers and Glacial Lakes of
Bhutan, 2001( Mool et al. 2001) by ICIMOD was also referred but the glacier shape files were
not available so only a brief comparison in terms of numbers and area with the 2001 inventory
by ICIMOD was done. Henceforth in this report, the inventory of Glaciers and Glacial Lakes of
Bhutan, 2001 will be referred as ICIMOD 2001, the GAMDAM Inventory will be mentioned as
GGl 2015 and the updated ICIMOD Inventory as ICIMOD 2014 taking into consideration the
year of publication of the papers.



http://reverb.echo.nasa.gov/
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3. Methodology:
3.1 Automatic delineation

For Bhutan Glacier Inventory 2018 (BGI 2018), Sentinel-2 images were used for mapping the
glacier polygons.

The processed image from Sen2cor was fed into Sentinel Application platform (SNAP) for
classification. The processed images contain 13 bands (Table 2) of different spatial resolution
(Band 2, 3,4,8=10m, Band 5, 6, 7, 8a, 11, 12 =20 m and Band 1, 9, 10 = 60 m). The bands 5,
6,7, 8a, 11, 12, 1, 9, 10 were resampled to 10 m resolution using Sen2cor for the ease of further
processing in the SNAP tool. Images obtained were then visualized in false color combination
(band 8, 4 and 3, corresponding to red, green, and blue respectively) (Figure 2a & 2b). Image
classification was done using supervised classification in the SNAP tool. For classification,
training samples assigned were clean ice, debris glacier, barren land, lake, and vegetation. As
clean glacier ice have high reflectivity in visible (VIS) to near- infrared (NIR) wavelengths (0.4-
1.2um) and low reflectivity in SWIR wavelength region (1.4-2.5um) it was easier to classify
clean ice glacier. A statistical tool in SNAP, Principle Component Analysis (PCA) was used for
image processing followed by Random Forest classification using training sample and whole of
the scene were classified as shown in figure 3.

AR 4{
Figure 2 a: Example of False Colour Composite (FCC) (band 8, 4, and 3 as RGB) composite for Sentinel Imagery,

taken on 8 November 2016. & 2b: True Colour Composite (band 4, 3, and 2 as RGB) FCC gives clearer image for
mapping a glacier.
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Figure 3: Example of image classified by SNAP tool using Random Forest Classification, where clean ice and
Water bodies (Lake) are classified distinctively but barren land and debris glacier are still classified under same
group. (Location: Pho Chhu Basin, image acquired on 28th October 2016)

Here, automated supervised classification for clean ice glacier mapping was done. This approach
of classification includes both clean ice and snow under same group irrespective of topographic,
area feature. Classified image object was merged, and then product was exported in GIS format.
Close visualization of sentinel image in false color composites (FCC) shows high contrast for
glacier than surrounding snow (Figure.3). However, this distinction is difficult where the glacier
is continuous in stretch and shadow is prominent on the glacier, so we have to analyze multiple
imageries of different time/season for the same scene.

However, Bhutan being a mountainous country, mountain glaciers are dominant compared to
valley glaciers. As mountain glaciers are mostly associated with compound basin in the form of
hanging glaciers (Mool et al., 2001), they are considered to be of different types due to their
significant size, shape, form and ice thickness. Consideration of slope threshold would
compromise mountain and hanging glacier. Though ALOS-derived, GGI, ICIMOD and Global
Land and Ice Measurement from space (GLIMS)(Racoviteanu et al. 2015); Raup et al. 2007),
have excluded high steep slopes as glaciers on steep rock walls ultimately nourish the low lying
glaciers. Moreover, steep headwall glaciers have no change in surface elevation and glacier mass
fluctuations due to uncertainty of glacial action on steep slope. However, this current inventory
incorporates all steep gradient glaciers as glacier, mapping here is intended to see number of
glacier variation within Bhutan to carryout future glacier and hydrological related studies.



Delineation of glaciers along ridges was done laying contour, slope and Google Earth™ imagery
Further, the glacier polygons of ICIMOD and GGI were overlaid on Sentinel Image to validate

mapping.

Figure 4: Example of distinction of snow and glacier in Manas Basin. The background is False Color Composite
(Band 8, Band 4, and Band 3 as RGB composite Sentinel-2 Image taken on 23 November 2016, 27° 51°N, and 91°
35°E). The Glacier outline is much distinctive.

Table 2: Spectral bands of Sentinel-2 with Central wavelength (um) and spectral resolution (in m) used for Glacier
mapping.

Band Band Number | Central Resolution(m)
Wavelength(um)
Coastal aerosol Band 1 0.443 60
Blue Band 2 0.490 10
Green Band 3 0.560 10
Red Band 4 0.665 10
Vegetation Red Edge Band 5 0.705 20
Vegetation Red Edge Band 6 0.740 20
Vegetation Red Edge Band 7 0.783 20
Near Infrared(NIR) Band 8 0.842 10
Vegetation Red Edge Band 8A 0.865 20
Water Vapour Band 9 0.945 60
SWIR-Cirrus Band 10 1.375 60
Short Wave Infrared(SWIR) | Band 11 1.610 20
SWIR Band 12 2.190 20




3.2 Manual Delineation

One of the major challenges in mapping glaciers is the presence of debris. As debris-covered
glaciers have similar spectral characteristic to surrounding moraines, spectral information alone
is not sufficient for mapping debris-covered glaciers, therefore manual digitization was applied.
Since manual digitization and automatic mapping like band-ratio technique for mapping debris
covered glacier gives less disparity (2%), (Alifu et al. 2015), we used similar method as Bhutan
has few debris covered glaciers. For the manual delineation, data management and editing
glacier polygons were carried out using ArcGIS. Further to have improved consistency in result,
four operators (Figure 5a & 5b) mapped all of the debris-covered glaciers. Manual delineation
was carried out by overlaying contour as reference on sentinel image. Contour lines are sparsely
distributed on glacier surface as glaciers being gentle, while neighboring rock walls have dense
distribution of contour lines. This junction represents the edge of glaciers, separating it from
surrounding rock walls (Fig. 6). Contours were also used to delineate terminus of glacier and
separate glacier boundary along the ridgeline. Manual delineation was also carried out by
comparing with high resolution Google Earth™ and data of previously mapped inventory of
ICIMOD and GAMDAM.

i

500 1,000 m // 0 500 1,000 m

Figure 5: 5a& 5b shows example of glacier outline delineated by different operators (line in different colours) on
the same background image (Sentinel-2 image in False colour composite, band 8,4 & 3 as RBG). Image location:
Gangkar Puensum Area and the image was acquired on 28™ October 2016.

3.3 Area threshold criteria

Depending upon individual’s research interest, there are various criteria for area thresholding.
For instance, Randolph Glacier Inventory (RGI) (Pfeiffer et al. 2017) considered glaciers with

8



area above or equal to 0.05 km?, whereas other latest inventories like GGI and ICIMOD
inventories considered glaciers with areas above or equal to 0.01 km? and 0.02 km? respectively.

For BGI 2018, we have considered glaciers with area above or equal to 0.01 km? which
corresponds to about 1000 grids of 10 m resolution. This area threshold includes all small glacier
that is more susceptible to changes in the future. However, area of 0.02 km? has been considered
just to compare with ICIMOD inventory. Further, after delineating all the glaciers according to
the set threshold, glacier polygons were smoothened to have regular polygonal shape.

Figure 6: Outline of glacier generated using contour lines at 20 m intervals. The extent of glacier outline from the
surrounding features can be identified overlaying contour on Sentinel image. Background imageries is in false
colour (bands 8, 4 and 3 as RGB) .Image location: Right of Lunana Complex and image acquired on 8" November
2016.

3.4 Attribute data

Attribute for each glacier were assigned according to the protocol set by Global Land Ice
Measurement from Space (GLIMS) community (Racoviteanu et al. 2009; Raup et al. 2007) in
ArcGIS. Other attributes like area, elevation range, slope range, mean aspect of the individual
glaciers were created. To assign local ID of the glacier, we followed WGI guidelines (Cogley
2009), which assigns glacier ID by numbering glaciers starting from the mouth of major stream
and proceeds clockwise round the basin through each and every small tributaries.



3.5 Hypsometry

Hypsography of Glaciers in Bhutan Hypsography of Glaciers in Bhutan
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Figure 7:7a shows the hypsometry of glaciers of Bhutan & 7b shows hypsometry comparison of BGI 2018, ICIMOD
2014 & GGI 2015

For the hypsometry, Advanced Land Observation Satellite (ALOS) DEM (10 m) was clipped
using polygons of BGI 2018. The clipped DEM was reclassified into 100 m elevation interval.
The area in each elevation interval was calculated by counting the number of pixels multiplied
by the length of each pixel (DEM resolution). The area was then plotted against elevation (Figure
7a). The hypsometry of other two inventories were also extracted using their glacier polygons
and ALOS DEM. Our final hypsometry is then compared with other two inventories (Figure 7Db).
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4. Accuracy

Accuracy of glacier polygon outlines depends mainly on image resolution, seasonal snow cover,
shadow and the contrast as seen in satellite imageries between the glacier and its surroundings.
Previous studies suggest the use of high-resolution imagery as an accurate way to assess glacier
outlines (Paul et.al. 2013). Hence, for this study, high resolution Sentinel-2 imagery was used.
Eight scenes covering all the glaciated area of Bhutan with least snow and cloud cover were
used.

The delineated glacier boundaries were affected mainly by shadow and cloud cover. For this
study, glacier area uncertainties were estimated by calculating the variation of glacier area from
the delineated glacier polygon and the pixel-based area calculation. The pixel-based area is
calculated as the product of the total number of pixels bounded by the glacier boundary and the
image resolution (Bajracharya et al. 2014). The total uncertainty of the glacier area was
calculated as:

2?:1(‘11' — a,)?

n

Where

a; is the area of the glacier from the glacier polygon
a, is the pixel based calculated area

n is the number of glaciers.

The total uncertainty of glacier area in this study is calculated at £0.003 %. The uncertainty
estimated in the present study was very minimum compared to previous studies carried out by
ICIMOD and Randolph Glacier Inventory, which has estimated errors in the range of 2.3% - 3%
(Pfeiffer et. al 2017). The higher precision in the present work can be attributed to the use of
high-resolution satellite imageries with minimum cloud and shadow cover.
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5. Results

A total of 700 glaciers with an area of 629.55+0.02 km? were mapped from the eight scenes of
cloud free Sentinel images and considering the area threshold of 0.01 km?. The Punatsang Chhu
basin has the highest number of glaciers (341) with an area of 361.07+0.008 km? and the Wang
Chhu Basin has the lowest number of glaciers (47) with an area of 33.38+0.001 km? The largest
glacier MMagr16_482, (G090443E28024N) in the Mangde Chhu sub basin covers an area of
45.85 km? and length of 15.56 km. Terminal glacier elevation ranges from 4075 m a.s.l. in the
Punatsang Chhu sub basin to 7361m a.s.l. in the Mangde Chhu basin.

Figure 8 and 9 shows that BGI inventory (2018) has lesser area and number than that of
ICIMOD and GGl inventory. In terms of glacier number, it shows decreasing trend from 2014
till 2016. Number of glaciers is little more for the GGI inventory, while glacier area remains
consistent for BGI and ICIMOD 2014. In terms of glacier area, maximum glacier is distributed at
the elevation of approximately 5000 - 5750 m a.s.I. Comparing the results, the glacier area
change between 2014 (ICIMOD) and 2018 (BGI) is around -2% but the maximum area disparity
is shown between 2015 (GAMDAM) and 2018 (BGI) of -12%, within the elevation range of
approximately 5300 - 5500 m a.s.l. and 5600 - 6500 m a.s.l. Figure 10 shows the basin wise
comparison with regard to glacier numbers and area of each basin of current BGI 2018 to
earlier inventories.

Comparison based on Glacier Number

= ICIMOD 2001

H ICIMOD 2014
GGl 2015

m BGI 2018
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o A | | |

Number of Glaciers

Figure 8: Comparison of different inventories based on glacier numbers.
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Figure 9: Comparison of different inventories based on glacier area.
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Figure 10: Glacier number and area of glacier in each basin compared to ICIMOD and GGl inventories.

Details of the glaciers in each sub basins are provided in the following sections.

5.1 Wang Chhu Basin

Wang Chhu basin constitutes Pa Chhu, Ha Chhu and Thim Chhu sub basins. The Pa Chhu, Thim
Chhu, and Ha Chhu has a total of 31, 13 and 3 glaciers respectively. While Pa Chhu has highest
glacier area (28.39 km?) and Ha Chhu has the smallest (0.27 km?). Glacier in this region are
mostly mountain glacier and few of ice apron and valley glacier having aspect to various
direction. The Largest glacier of Wang Chhu covers an area of 9.24 km? under Pa Chhu sub
basin and the smallest glacier under Wang Chhu sub basin is 0.02 km?. Glacier tongue elevation
ranges from 4799 to 6862 m a.s.l.

5.2 Punatsang Chhu Basin

Punatshang Chhu basin consists of three sub basins namely Pho Chhu, Mo Chhu and Dang Chhu
sub basin. The Pho Chhu sub basin in the east and Mo Chhu in the west are the major tributaries
of Punatshang Chhu River that converges near Punakha Dzong. Dang Chhu sub basin has no
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glacier contributing to the river system, while other two combined has the highest number of
glaciers in Bhutan than any other river basins.

5.2.1 Mo Chhu sub basin

Mo Chhu is the westernmost branch of the Punatshang Chhu. It consists of two tributaries one
originating from Masang Gang region in the East and the other from Gangchen Tag region in the
west. This sub basin has 135 glaciers covering an area of 104.69 km2.The largest glacier,
PMogr16_158 has an area of 10.07 km? located at latitude 28.1N and longitude of 89.84E at an
altitude of 5435 m a.s.l. Mountain glaciers are much dominant in terms of number.

5.2.2 Pho Chhu sub basin

Similar to the Mo Chhu sub Basin, Pho Chhu sub basin has two major tributaries, one originating
from Tarina region in the west and the other one from Lunana region in the east. The total
number of glaciers in this basin is 206 covering an area of 269.65 km?. The Largest glacier in
western branch of pho Chhu is Wachay glacier (PPhgrl6_273) with length of around 15.89 km
covering an area of 28.9 km?. Eastern Lunana region drains through wide inhabited valley of
Thanza. The glacier activity in this region feeds several potentially dangerous glacial
lake(PDGL)such as , Raphstrang Lake (Pho_gl209), Thorthormi Lake (Pho_gIXXX), and
Luggye Lake (Pho_gl210) (Mool et al 2001) as shown in Figure 11. The largest glacier, Tshoju
Glacier (PPhgrl6 293) is also located in this region at latitude of 28.14N and longitude of
90.15E at elevation of 4018 m a.s.l. (tongue elevation).

Figure 11: Glacier in Lunana region feeding potentially dangerous glacial lakes(a) Bechung
glacier(PPhgr16_297)feeding(1) Bechung glacial lake.(b) Raphtshreng glacier (PPhgrl6_298) feeding (2).(c)
Thorthomi glacier (PPhgrl6_299) feeding (3) Thorthomi glacial lake.(d) Luggye-1 (PPhgrl6_301)feeding Luggye
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glacier lake .(e) Luggye-2 (PPhgrl6_302) feeding Luggye glacial lake & (f)Druk Chhung glacier(PPhgr16_304.).
Image acquisition date: 28" October 2016.

5.3 Manas Basin

The Manas Basin is the easternmost basin consisting of Mangde Chhu sub basin, Chamkhar
Chhu sub basin, Kuri Chhu sub basin, and Drangme Chhu Sub- basin.

5.3.1 Mangde Chhu sub Basin

The Mangde Chhu Basin is the westernmost part of the Manas basin flowing through the gorges
of Trongsa valley. This basin comprises of 111 glaciers covering a total area of 108.25 km?. The
largest glacier (MMagrl6_482) in this sub basin measures 15.56 km with an area of 45.85 km? at
elevation of 4630 m a.s.l. (glacier tongue elevation).

5.3.2 Chamkhar Chhu sub Basin

Chamkhar Chhu consists of three major tributaries, one in the western part from glacier in the
Gangkar Puensum region and two from glaciers in the Monla KarChhung region. It consists of
90 glaciers covering an area of 68.277km? .The largest Glacier in western branch of Chamkhar
Chhu is MChgrl16_519 located at an elevation of 4689 m a.s.l. (glacier tongue elevation) with an
area of 15.432 km? and is 7.69km long. The largest glacier in the eastern branch is the Chhubda
glacier (8.78 km?) (MChgr16_562) sloping southwest at an elevation of 4912 m a.s.l.

5.3.3 Kuri Chhu sub basin

The kuri Chhu originates from Tibet and it drains through Bhutan. Within Bhutan Bahilung
Chhu and Khoma Chhu further, add upon it. This trans-boundary river has its headwater in Tibet
and there are 90 glaciers identified within Bhutan occupying an area of 55.29km?. Mountain
glaciers are the dominant type of glaciers in this basin.

5.3.4 Drangme Chhu sub Basin

This sub basin has only 21 glaciers covering a total area of 3.28 km?2. The largest glacier
MDagr16_691 has maximum area of 0.56 km? and length of 1.37 km. Glaciers in this basin have
been studied only through remote sensing and satellite imageries due to non-availability of
topographic maps for this region. Majority of the glaciers in this basin are also mountain glaciers
and the glaciers are oriented towards east.
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6. Discussion

The current Bhutan glacier inventory 2018 shows little variation in number and area compared to
the existing inventories. In this section, results on such variations comparing to existing
inventories are discussed.

6.1 Distribution of Glacier

The updated BGI 2018 includes 700 glaciers with a total area of 629.55 kme. Debris covered
glacier are numerous and more extensive than clean ice glacier, representing 100% of glacier >
10km: in area (Nagai et al., 2016). For the current BGI 2018, clean and debris covered glaciers
were not segregated. Nyere Ama Chhu and Amo Chhu basin have no glaciers. Majority of
glaciers in Bhutan fall into primary classification of mountain glacier with simple basin and with
major source of recharge from snow and avalanches (Mool et al 2001). Glaciers in Bhutan
generally occurs from elevation of 4075m exhibiting a size distribution of low-altitude region
(Nagai et al., 2016).

Among the basins, Wang Chhu Basin has the least number of glaciers (47 glaciers), while
Punatsang Chhu has the highest number of glaciers (341 glaciers) which makes up
approximately 48.71% of Bhutan’s total glacier. Distribution of glaciers in Bhutan is shown in
figure 12.
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Figure 12: Distribution of glacier in the sub-basins of Bhutan in 2018.
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6.2 Inconsistency in glacier mapping
6.2.1 Comparison with ICIMOD Inventory 2014

ICIMOD Inventory (Bajracharya et al. 2014) in HKH region was generated using Landsat-5/-7
imagery from 2002 to 2008 with semi-automatic classification while we have performed
supervised classification in SNAP for clean ice mapping and manual delineation for debris
glacier. ICIMOD has filtered using slope (>60° for clean ice and >25° for Debris covered
glacier) using SRTM3 DEM. For consistency while comparing, BGI 2018 considered similar
area threshold (>=0.02km?). The total number of glaciers mapped using this threshold was 696,
which is 21.4% lower than that mapped by the ICIMOD Inventory (Table 3). The area extend of
glacier shows a difference of 2%. Such variations in glacier number could be attributed to the
following reasons:

1) Splitting of glacier polygons along the ridgelines and terminals while mapping.
2) Inclusion of ice bodies/snow cover on steep slope as separate glacier

3) Use of satellite imageries with improved spatial resolutions

4) Inclusion of seasonal snow cover/ lakes (Figure 13 & 14).

Bhutan Administrative Boundary

[_leci 2018
[ licimop 2014

N P
Goo li&arth
I ,z.g‘.;:v »5

Figure 13: The difference in glacier numbers between 2014 and 2018 in Kuri Chhu Basin of Bhutan. The
background image is Google Earth, extra glacier polygons drawn is the example of (A).Image acquisition date: 23"
November 2016.
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Figure 14: The difference in glacier area between 2014, 2015 and 2018 in Lunana area of Bhutan. The background
image is Sentinel-2A after converting to L2A. There is vast difference between 2014 and 2018 area because 2015
has included a part of lake as glacier, example as shown by (A). Image acquisition date: 28" October 2016.

Table 3: Glacier number and area data from the BGI 2018, GGI 2015, ICIMOD 2001 (for comparison, glacier
number and area of Northern basin has been excluded) and ICIMOD 2014 in Bhutan.

BGI 2018 GGl 2015 ICIMOD 2014 ICIMOD 2001
Number 700 864 886 618
Area (Km?) 629.55 714.86 642.07 928.97

6.2.2 Comparison with GAMDAM inventory (2015)

Though the two inventories use different types of satellite imageries, area threshold of (+=) 0.01
km? was considered uniformly. GGI was mapped covering almost all Himalayan region, while
the present work have restricted the task to mapping glaciers within Bhutan boundary. For
comparison, only glacier polygons within Bhutan's boundary had been considered. Total number
of glaciers mapped by BGI was 700 which is 19% lower than that of GGI (Table 3) whereas
areal extend shows a disparity of 12 %. GGI shows relatively higher glacier number and area as
compared to BGI. This difference could likely be due to:

1) Splitting of glacier polygons along the ridgelines and terminals while mapping.
2) Mapping of ice bodies on the slopes as separate glacier

3) Inclusion of bare slopes along with ice patches as glaciers

4) Use of satellite imageries with improved spatial resolutions

5) Inclusion of seasonal snow cover/ lakes (Figure 15).
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Figure 15:Example of discrepancy in glacier number due to glacier ridgeline that has been considered one for GGI
while BGI has further subdivided ( denoted A in fig) the overlaying contour and Google Earth to the image. Image
acquisition date: 8" November 2016.

6.2.3 Comparison with ICIMOD inventory (2001)

Glacier shape files of ICIMOD Glacier inventory 2001 were not available and this comparison
was done based on the total number of Glaciers and the area as reported ( Mool et al. 2001). The
2001 ICIMOD Inventory mapped a total number of 618 glaciers, which is 11.7% lower than the
current BGI (Table 3). The areal extent shows a difference of 32.2%.The huge disparity in area
extent may be due to usage of very coarse resolution satellite imageries and topographic maps in
the earlier inventory.
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7. Conclusion

In the current work, glaciers of Bhutan were mapped using freely available Sentinel-2 imageries
(10x10 m). Although ground work on glacier mapping for Bhutan was initiated by ICIMOD in
the Hindu Kush Himalayan Region starting from early 1990°s and supplemented later by GGl
and ALOS derived inventory (UKita et al. 2011),this updated BGI 2018 is focused entirely on the
glaciers within Bhutan . While the area of interest remains the same for all available inventories,
the data sources used were different (Landsat/ALOS/Sentinel-2) and the methodologies
(Manual/Semi-automatic/Automatic) adopted were different. The new BGI 2018 consists of 700
glaciers with an area of 629.55 km2 showing an area disparity of 2% and 12% compared to
earlier ICIMOD 2014 and GGl inventories respectively.

The updated Bhutan glacier inventory 2018 aims to provide more accurate information on
glaciers for future water resource assessment and climate change impacts on glaciers.
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8. Recommendation.

Considering the dynamic nature of glaciers in the phase of changing climate, the Cryosphere
Services Division would like to recommend the following:

Regular updating of glacier inventory (every 5 years) so that the time series glacier
changes are monitored and recorded. Also with many high resolution satellite imageries
which are being distributed free of cost, updating the glacier inventory at regular interval
would prove to give precise and accurate information.

Disseminate information on updated inventory to end-users for further researches
pertaining to glacier changes, water resource studies and related studies.

Distribute the final product to decision and policy makers for plans related to freshwater
resources, hydropower, irrigation and disaster prevention for providing information for
study of climatic processes and for monitoring climate change.

Strengthen human resource capacity as well as institutional capacity to further
enhancement of the existing capacity and explore other glacier inventories, such as
glacier thickness, snow line and debris-covered glacier that are envisaged as essential
parameters in understanding the overall behavior of ice through consolidated approach.

Within the scope of dissemination, include other stakeholders and academia, such as
Ugyen Wangchuck Institute for Conservation and Environment, Royal University of
Bhutan (Sherubtse College, CNR, CST) and other researchers to avoid the duplication of
work.
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