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BEFORE THE HON'BLE NATIONAL GREEN TRIBUNAL
PRINCIPAL BENCH, NEW DELHI

Original Application No0.533/2024

IN THE MATTER OF:
News item titled '""Ganges Brahmaputra basins to feel impact of climate

change: Report'" appearing in the Millenium Post dated 21.03.2024

REPLY AFFIDAVIT ON BEHALF OF SECRETRAY,
DEPARTMENT OF WATER RESOURCES, RIVER
DEVELOPMENT AND GANGA REJUVENATION, MINISTRY OF
JAL SHAKTI, GOVERNMENT OF INDIA (RESPONDENT NO 2)

I, O P Gupta S/o Sh. P C Gupta Aged 52 Years presently posted as
Senior Joint Commissioner (PP), Department of Water Resources,
River Development and Ganga Rejuvenation, Ministry of Jal Shakti,
Shram Shakti Bhawan, Rafi Marg, New Delhi-110001, has been duly

authorized and hereby solemnly affirm and declare as under: -

1. That, I have been authorized by the competent authority, Department
of Water Resources, River Development and Ganga Rejuvenation,
Ministry of Jal Shakti, Govt. of India to file the present reply. I have
gone through the relevant files and records of the present case

maintained in our office.

2. That, in the aforementioned matter, the Hon'ble NGT has taken suo-

Halal
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dated 21.03.2024 titled “Ganges Brahmaputra basins to feel impact of

climate change: Report”.

3. That the Hon'ble Tribunal, vide order dated 22.06.2024, has
impleaded the following as respondents and directed to filling their

response at least one week before the next date of hearing:

i.  Central Pollution Control Board through its Member Secretary,
Parivesh Bhawan, East Arjun Nagar, Delhi-110032.

ii. Secretary, Ministry of Jal Shakti, Shram Shakti Bhawan, Rafi Marg,
New Delhi-110001.

iii. Secretary, Ministry of Forest Environment and Climate Change,

Indira Pryavaran Bhawan, Jorbagh Road, New Delhi-110003.

4. That, Hon’ble NGT vide order dated 15.05.2024 issued notice to all
the Respondents. Thereby, the reply is made in succeeding paragraphs
on behalf of Secretary, Department of Water Resources, River

Development and Ganga Rejuvenation, Ministry of Jal Shakti, Shram
Shakti Bhawan, Rafi Marg, New Delhi-110001.

5. That, the concerns raised in the news article referred in Hon’ble NGT
order dated 15.05.2024 are regarding alarming impact of climate

change on South Asia’s major river basins, including the Ganges,
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severely polluted the water posing significant risks to both human
health and the environment. It also claims that the monsoon season
critical for replenishing water resources, now brings devastating
floods while dry seasons worsen water scarcity and expresses in this
regard that climate-related hazards disproportionately affect
vulnerable groups, including women, people with disabilities and

marginalized communities.

6. That, the rivers serve as the lifeblood of the nation and are vibrant
ecological entities. They are a source of sustenance for our lives and
are deeply embedded in our socio-cultural identity. Rivers provide
essential ecosystem services, support rich aquatic biodiversity, and
offer significant benefits for human well-being. However, over the
years, rapid urbanization, industrialization, and population growth
have posed increasing threats to river ecosystems. River conservation
has thus become one of the government’s most critical and

challenging priorities.

7. That, it is humbly submitted that, the Government of India (Gol)
launched the Namami Gange Programme (NGP) in 2014-15 for the
rejuvenation of river Ganga and its tributaries with a budgetary outlay
of 20,000 crore, for five years, up to March 2021 and has been further
extended to March 2026 with a budgetary outlay of T 22,500 crore.
Under the Namami Gange Programme, a diverse and holistic set of
interventions for cleaning and rejuvenation of river Ganga have been
taken up that includes wastewater treatment, solid waste management,

riverfrwxiagement (ghats and crematoria), ensuring
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conservation, all encapsulated within the new paradigm of people’s
participation and community engagement. Till June 2024, a total of
467 projects falling within the thematic areas as stated above, have
been taken up at an estimated cost of T 39,080.70 Crore, out of which

292 projects have already been completed and made operational.

. That, it is humbly submitted that, out of the total sanctioned projects,
200 sewerage infrastructure projects have been taken up with a cost of
X 32,071 crore for creation & rehabilitatior. of 6,217 million litres per
day (MLD) of sewage treatment plant (STP) capacity and laying of
around 5,282 km sewerage network. Among these, 120 sewerage
projects have been completed and made operational, resulting in the
creation & rehabilitation of treatment capacity of 3241.55 MLD and
4,528 km of laid down sewerage network. State-wise completed

details are as under:

State-wise STPs Summary under the Namami Gange

Programme

Completed [Total Treatment
Projects (in |capacity created (in
SI No. [State 1nos.) MILD)

Uttarakhand 36 164.5
Uttar Pradesh 42 1,045.76
Bihar 15 303.5
Jharkhand 2 15.5 |
West Bengal 14 465.57

1
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6  [Delhi 8 1,064
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7 Haryana 2 145

8  [Himachal Pradesh 1 1.72

9  [Rajasthan 0 36
Total 120 3,241.55

9. That, it is humbly submitted that, the other steps and projects taken by

the National Mission for Clean Ganga (NMCG) under Namami Gange

Programme (NGP) to make the Ganga and its tributaries pollution-

free with sustainable cleanliness are as follows;

a) Under the Namami Gange

Programme (NGP), Sewerage

Infrastructure projects have been sanctioned with a 5 year to 15 year

terms of operation and maintenance contract condition to ensure long

term sustainable operations and Maintenance to meeting the

prescribed water quality norms.

b) For abatement of industrial pollution, 5 nos. of Common Effluent

Treatment Plants (CETPs) have been sanctioned, i.e., Jajmau CETP
(20 MLD), Banther CETP (4.5 MLD), Unnao CETP (2.65 MLD),
Mathura CETP (6.25 MLD) and Gorakhpur CETP (7.5 MLD). Two
projects- Mathura CETP (6.5 MLD) and Jajmau CETP (20 MLD)

have been completed;

2,¢) Annual Inspection of Grossly Polluting Industries (GPIs) operating

in Ganga main stem states and its tributaries have been undertaken
since 2017. The formulation and implementation of a charter aimed

at adopting cleaner technology, waste minimization practices, and

water conservation through reuse/recycle have been undertaken \¢
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across five major industrial sectors like Pulp & paper (2012, 2015 &
2024), sugar (2018 & 2024), distillery (in 2018), textile (2019) and
tannery (2022). These efforts have resulted in increase in compliance
status of GPIs from 39% in 2017 to 82% in 2023, reduction in
effluent generation from 349 (Million Litre per Day) MLD in 2017 to
249.31 MLD in 2023 (28.6%) and reduction in BOD Load from 26
(Tonnes Per Day) TPD in 2017 to 13.73 TFD in 2023 (47.2%).

d) At the NMCG headquarter, an on-line dashboard Platform for
Real-time Analysis of Yamuna, Ganga (PRAYAG) has been
operationalized for continuous monitoring of river water quality; the
performance of Sewage Treatment Plants (STPs); etc. on the Ganga

and Yamuna River;

e) A total no. of 139 District Ganga Committees (DGC) have been
constituted which conducts 4M (Monthly, Mandated, Minuted, and
Monitored) meetings regularly. As of June, 2024, more than 3,032

such meetings have been conducted;

f) In coordination with the selected DGCs, District Ganga Plans for 4
districts in Ramganga Basin, i.e., Udham Singh Nagar in
Uttarakhand; & Shahjahanpur, Moradabad and Bareilly in Uttar
Pradesh have been prepared to foster decentralized planning and

better participation of people in river basin management;

g) For the conservation of wetlands (which cften acts as sponges in the
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main river channel), 5 projects have been sanctioned in the States of

Uttar Pradesh, Bihar & Jharkhand at a cost of % 30.54 crore;

State - Project Status of
SIL
Implementing | Name of Project cost (Rs. | the
No.
Agency in Cr.) Project
Conserving and 4.16
Uttar Pradesh | Sustainably
State  Forest | Managing Gangetic
1 Completed
Department, | Floodplain
Uttar Pradesh | Wetlands of Uttar
Pradesh
UP-SFD: 5.37
Conserving and
sustainably
managing three
priority wetlands in
Kalewala Jheel,
Uttar Pradesh
Muzaffarnagar
State  Forest Under
2 District, Numaiya
Department, Progress
Dahi Jheel -
Uttar Pradesh
1 Kheduva Taal,
Prayagraj  District
and Dahtal Reoti
wetland, Ballia
District of Uttar
Pradesh
N
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Conserving and 2.51
Bihar State
sustainably Draft
Forest
3 managing Gangetic Report
Department,
floodplain wetlands Received
Bihar
of Bihar
Conserving and 0.50
sustainably
Jharkhand _
managing Udhwa
State  Forest
4 Lake Bird Completed
Department,
Sanctuary,
Jharkhand
Sahibganj,
Jharkhand
Integrated 18.00
Management Plan
Jharkhand (IMP) for Udhwa
Phase I-
State  Forest | Lake Bird |
5 - Work
Department, Sanctuary, f w
Imitated

Jharkhand Sahibganj,
Jharkhand, 2024-
2026

Total cost 30.54

h) NMCG through the State Forest Department has implemented a
forestry intervention project along the main stem of river Ganga.
33,024 Hectares area have been afforested with indigenous plant

species.with an expenditure of about 398.5 crore;
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State-wise plantation data (Year 2016-17 to 2023-24)
Achievement
State Actual Expenditure (Rs. In
Area in ha. Cr)
Uttarakhand 12306 141.85
Uttar 9166 77.22
Pradesh

Bihar 8554 121.80
Jharkhand 884 27.81
West Bengal 2115 29.82
Total 33024 398.5

i) A total of 105 lakhs of Indian Major Carp (IMC) fingerlings have
been ranched in the Ganga since 2017 to conserve fish biodiversity
and prey base for apex predator the Gangetic Dolphins, and ensure
the livelihood of fishers in the Ganga basin under the special project

implemented by Central Inland Fisheries Research Institute (CIFRI);

j) Science-based species restoration programme, rescue, and
rehabilitation programme for aquatic species like Dolphins, Otters,
Hilsa, Turtles, and Ghariyal in collaboration with Wild Life Institute
of India (WII), Dehradun and State Forest Department have shown
marked improvements in these faunal biodiversity with increased

sightings of Dolphins, Otters, Hilsa, Turtles, and other riverine
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k) Ganga Task Force (GTF) was raised in the state of Uttar Pradesh to
assist NMCG in carrying out its mandated task such as {(a) Plantation
of trees to check soil erosion, (b) Management of Public Awareness /
Participation Campaigns, (c) Patrolling of Sensitive Rivers Areas for

Biodiversity Protection, (d) Patrolling of Ghats, etc;

1) A cadre of Ganga Doots (45,000 Nos), Ganga Praharis (2600 Nos)
and Ganga Mitra (700 nos) are involvec in public participatory

activities;

m) Construction of independent household toilets in 4,507 identified
villages in the five River Ganga states has been completed. All these
Ganga bank villages have now been declared open defecation-free

(ODF).

10.That, it is humbly submitted that, the Department of Water
Resources, River Development and Ganga Rejuvenation, Ministry of
Jal Shakti has issued Gazette Notification [S.0.5195(FE) dated
09.10.2018] specifying the minimum environmental flows to be
maintained in river Ganga in the identified stretches. Copy of the
said Gazette Notification is attached as Annexure —R1.

11. That, it is humbly submitted that, conservation of river is a
continuous process. Government of India is supplementing the
efforts of the State Governments/UTs in addressing the challenges of
«pollution of rivers by providing financial and technical assistance.

M;Aﬁﬁi&aglce is provided to State Governments / UTs for abatement of

ol -~

o,

»“"‘;f)'q_;It}t«iQﬁ?'f‘}a\hjdentiﬁed stretches of various polluted rivers (excluding

anga’.and its tributaries) under the Centrally Sponsored

11
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Scheme of National River Conservation Plan (NRCP) on cost
sharing basis between the Central &State Governments/UTs for
taking up various pollution abatement works relating to interception
& diversion of raw domestic sewage, construction of sewerage
systems, setting up of sewage treatment plants, low cost sanitation,
effective management of sludge coming out from septic tanks,
development and renovation of river front/bathing ghats, etc.

12.That, it is humbly submitted that, schemes taken-up under NRCP
programme are primarily aimed at reduction in pollution load in
rivers. Apart from improvement of water quality of rivers leading to
better public health and ecology of the river systems, the pollution
abatement works taken up under NRCP help to improve the
aesthetics & sanitation in the towns and in maintaining a cleaner
environment. Presently, polluted river stretches (excluding Ganga
and its tributaries) of 57 rivers spread over 17 States/UTs are covered
under NRCP at a sanctioned cost of Rs.8931.49 crore. An amount of
Rs.3766.81 crore toward Central share has been released to various
State Governments/UTs for implementation of various pollution
abatement schemes and inter-alia a treatment capacity of 2941.03
Million Litres per Day (MLD) has been created under NRCP (as on
31.10.2024).

13.That, it is humbly submitted that, Central Water Commission (CWC)
is monitoring water quality at 782 river sites/locations across various
river basins (including Brahmaputra Basin and Ganga basin) of the

country (as on January, 2023). Details of Basin-wise Water Quality

r Central Water Commission are given as Annexure-R2.
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14.That, it is humbly submitted that, flcods are natural phenomenon

worldwide. Monsoon driven India is not an exception to it. The
frequent occurrence of floods can be attributed to wvarious factors,
including wide variations in rainfall both in time and space with
frequent departures from the normal pattern, inadequate carrying
capacities of rivers, river bank erosion and silting of river beds,
landslides, poor natural drainage in flood prone areas, glacial lake
outbursts, etc. The country faces the problem of flcod and erosion in
varying degrees in different parts. Erosion. movement and deposition
of sediment in river are natural regulating functions of a river. Rivers
tend to maintain a balance between the silt load carried & silt load
deposited, maintaining a river regime. due to temporal and spatial

variation in rainfall.

15.That, it is humbly submitted that, flood management including erosion

control falls within the purview of the States. Flood management and
anti-erosion schemes are formulated ard implemented by concerned
State Governments as per their priority. The Union Government
supplements the efforts of the States by providing technical guidance
and also promotional financial assistance for management of floods in
critical areas. To strengthen the structural measures of flood
management, Union Government had implemented Flood
Managerent Programme (FMP) during XI & XII Plans for providing
central assistance to States for works releted to flood control, anti-
erosion, drainage development, anti-sea erosion, etc. which
subsequently continued as a component of "Flood Management and

Border Areas Programme" (FMBAP) for the periocd from 2017-18 to

%,

%’@gOQl and was further extended up to 2026. Total 427 projects
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under FMP component of FMBAP have been completed in various
States which give protection to an area of around 5.04 Mha and
protected a population of about 53.69 million. Total central assistance
amounting to Rs. 7106.47 crore has been released under FMP

component to various states upto March 2024.

16.That, it is humbly submitted that, as a non-structural measures,
Central water Commission (CWC) has a wide network of flood
forecasting stations which contributes significantly towards flood
damage reduction and reservoir operation regulation. Presently, CWC
issues flood forecasts for 340 flood forecasting stations (200 river
level forecast stations & 140 dam/ barrage inflow forecast stations) all

over country.

17.That, it is humbly submitted that, Department of Water Resources,
River Development and Ganga Rejuvenation, Ministry of Jal Shakti,
has established a “Centre for Cryosphere and Climate Change
Studies” at National Institute of Hydrology (NIH), Roorkee to
facilitate effective management of snow and glaciers in India. NIH
Roorkee has conducted a study “Snow and glacier changes and their
impacts on melt runoff iﬁ Himalayan Basin. Baspa river is a major
tributary of Satluj river, and out of the total basin, around 18-20% area
is covered by glaciers and permanent snow covers. As per the findings

of the study, the contribution from glacier melt runoff has been found

to reduce from 18 to 12% while snowmelt contribution has increased

from 58 to 64% from 2000 to 2018. On the basis of analysis of the 17

sheds (i.e. dominated by snow and glaciers) out of 30 watersheds
e,

@féﬁt"qd‘ijﬁ”*ﬂ;;the Baspa basin, the glacier melt runoff in glacier
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dominated watersheds is increasing while in other watersheds, it is
reducing due to reduced glacier cover. On an average, glacier melt
runoff has decreased 14% and 44%, snow melt increased 24 and 42%
and rainfall runoff 31 and 40% for the year 2011 to 2018 with respect
to the year 2003 from these 17 watersheds. Copy of the study report is

attached as Annexure —R3

18.That, it is humbly submitted that, that India is having a well
functional bilateral mechanism with Bangladesh under the Joint
Rivers Commission frame:won;ll(:{ India has been sharing the flood
related data with Bangladesh on trans-boundary rivers for the purpose
of flood forecasting in their territory which has helped Bangladesh
immensely in timely taking precautionary measures. The Ganges
Water Sharing Treaty of 1996 has been implemented successfully for
sharing the dry weather flows between the two countries since 1997.
Similarly, India is having a well functional bilateral mechanism with
Nepal for cooperation in water sector on trans-boundary rivers. The
bilateral matters like Mahakali Treaty (with Nepal) and Sharing of
Ganga Water Treaty (with Bangladesh) are being deliberated /
implemented by Ministry of Jal Shakti.

19.That, it is humbly submitted that, there are three institutional
mechanisms between India and Bhutan on flood related issues which
are: Joint Group of Experts (JGE) on Flood Management; Joint

Technical Team (JTT) on Flood management and Joint Experts Team

R
Shram Shak:i Bhawan, New Delh;.1 " 0001
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20.That, it is humbly submitted that, India and China have set up the
Joint Expert Level Mechanism (ELM) through a Joint Declaration by
both the countries to discuss interaction and cooperation on provision
of flood season hydrological data, emergency management and other

issues regarding trans-border Rivers.

21.That the Ministry of Jal Shakti is committed to take approriate
measures for the protection and rejuvenation of the rivers with the
various programmes envisaged by the Government of India and

providing able assistance technically, financially etc. to the State

Govemments
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kngwfe;age and belief and nothing material has been concealed there

S '
. 2’/

O P GUPTA

18zt Ccmm«»monet ]

Ty T W3 51T
R: Devﬂmrﬂ)rni

d
Deptt. of W E
and Gan

R /
y
. ﬂé%;!rfﬁaim

7



85 €

ANNEXURE — R4
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MINISTRY OF WATER RE

SOERC RIVER DEVELOPMENT AND GANGA REJUVE
INATIONAL MISSHON FOR CLEAN GANGA
ORDER

New Dethy, the Gty October, 2818

SOSTOMEL —Wherzas, the River Gu
and the Ganga river basin is the la
the country's land ma

ra s the

ost sgered and deeply revered by the prople of this country

ssand supporting abour halx bithon population

whereas, River Ganga is unique as having special properties. feaures snd importance. holding reasons that are

satcal, geomorphological. histerical, socio-cultural and economical with significart semporal and spatial flow

ol

And whereas,
basin for irel
including domestic wis

River Ganga has been given stas of ¢ Nattonal river and the ever increasing demand for water in the
ation, domestic, Industria] snd other purposes coupled with po i s from different sources
- industrial waste, Into dver system s affecting the health of the said fver for Jong:

o

the Centrad Covernment is commitied to restore and mainzain the whaolesomene
appropriate enviroament flows and simuhaneously preventing the pollution ingress into the sai

And whereas, it is considered necessary 10 ensure that uninterrupted flows of water ae mamntained throughout its length
atull simwes i River Ganga to

And whereas

¢ of the pivers ensuring
d river:

il

ersure continuiey of flows in the river without altering the seazonaf variations:

Ldated the 77 Getober, 2006 under the Fnvironment
9 of 1986) hay constiluled an authority. namelv, the National Mission tor Clean Ganga for

sin for the followiag purposes, namely -

And wheress the Cenural Gavernment vide notfication S0, 31870
(Protection) Act, 1984
Rejuvenation, Prowction and Management of River Gang

i3
(o

(at 1 de

wine the magnitude of ecoloyd

i flow wn the River Ganga and its tributaries reguired o be matmained
different points in differenl areas at all tmes with the aim of

saning water gquality and envinmmentuily

striver basin i India in erms of catchment srea. constituting twenty six per cent of

20
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and notifying the same

sustainable re

wvenation. prowetion and management of River Gangs and s tribat
and take nr Jireet afl sucl measures nevessiry to maintain adeguate ecologic

o specify the average Dow of wazer al specified pomts throu
Ganga:

Canga and s tributaries;

to devise a svstem for continuous monitoriag of fow of water i the R

s in the River Gun

And whersas the Centeal Government has deaded @ deternune certain flov
mibutaries,

. U .
seciten (3 ol wetion

Now. therelore, in exercise of the powers cc

I3t 107 86 and read with sub pa ) rraps 2 and itemih)
parsgraph of the River Ganga {Rejuven oection and Management A
Central Governzent herehy notilies the following minimum

HCIUIES OF Projects mesat ersion of
ad industrial and other requirements, nar

tained at 1
stion, fvde

ervironmenzal flows w he v

CGanga River Basin Streteh sanming fron: ostginating glaciers and dhuough respective con

finally nweeting a Devaprayue up 2o Haridwan
) g RS

(%) Percem
. onthly Ave
Scuson Months C
observed dunn;
preceding 10-daly peried
i Dry Noventber @ March 24
2 October, April and Nay 25
3 Tune to Septe mber M7

730G of momhly fow of High Now season,

Stredeh of madn stenn of River Ganga feom Haridwar, Uttrakhand 1o Unnae, Uttar Pradesh

fhonw releases T

Min: flow releases Minin
imed durensire i prmme v downstream of
hartuges barrages
S N Locaton of ) .
A Barrooe i Cuasnvesy iy Lumeess
Noponsson Monston
tQcieher ta May plember)
il Bhimgoda 36 &7
(Haridwars
(2% Bisnor 2 48
(3 Narora . 24 48
) Kunpur 24 4%

Cumer -~ Cubie Meter per second.

T:

cal flovs are subject (o the following, numelh-

above said eeol

i the complivnee of minlnum envirenawnd How bs apobcalle o all existng. under-cons
projects:
{11 isting projects, which carrently do act meet the norms of these eavironmental Sows, shall

and ensure that the desired envivorments wonorms are complied within a perod of three

vears from the date of issue of this order;
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iviin

supd has been
GEUCSRATY  PrOVISIONs

which s at different stages of construction. wherwe p
initizted and made wnd reporied w0 appropriae authority shall
malrdain the stipulated environmental flow befere and sfter commissioning of the project

i

i the min and micro projects which do not alter the ow charsctenstics o the river or sueam
signtficantly are exempted from these snvironmentad flows:

3 o ensure the release of desired guantities of water 1o maintain envirenmenial tlows, flow conditions in
these river reaches shall he monitored o houely intervals from ame o tme

vy the Central Water Comemission shall be the destprated authorily ad the ¢

informadion
sjoms wbaout
sbhmil ow

soulation of flows wnd upunn
peired and also authorised
The Centeal Warer Compsizsinn shall s
5 10 Nattonal Misston for Clean Ganea:

for, Moo

ponsible for sepervi
o the approprizie authorn and when
the waler SIOrage nOrmR I Case 0f any emergency
monitaring-cum-campliznce reporl on quarterly i

vity  the concerned project developers or authorities shall install sutomatie data acquisition and data

o log

Lrangmi
spectfied by the Cenmal Waer Conen
installution, celibration, mainenasnce of flow menitoring fucibyy »

¥ hadl submil the X

on feoilities of required necessary infrostructure 8t project siles st approp
o within $is moaths from the dawe of thiz order. The
3l be the rexponsibibity of the
Central Water Commission from

ase of additona

The cande rned Central and Stare suthorities shall implement demand side management plans o reduce
water withdrawsal from River Ganga by adopiing zood wand sclentific practices such as efficiont method of
i von, pense and reevele of water incleding monttoriay and regulation of ground water ‘.‘ﬂzhdg‘;;
VANIOUY PUFRLEES.

This Order shall come imo Yorce on the date of its publication in the Official Gazette

This Order shail
respective conlleences of its hec

r5 oand thr
ar and the muin

o the wpper Gangs River Basin stagting from onginating
d wributaries fnally meeting al Devapravag up o Haridw
esh

st of River Genga up o Unnao districr of Yiar Prad

-PHETINMCG: Vol 11

RAJIV K[ F. Executive Dirsctori Admm

Uploaded by Die. of Printing
anid Publ
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MINISTRY OF JAL SHAKTI
Department of Water Resources, River Development and Ganga Rejovenation:
(NATIONAL MISSION FOR CLEAN GaNGA,
ORDER
New Dethi. the [4th Sepember., 2010

8.8 32860 2L —Whereas, the river Ganga s the most sacred and mc; by revered by the people of

this country and 18 fiver busin is the largest river busin in Indiy in wrms of cachment area and the over
mereasing demand for water in the basin for brigation, domestic. mdustrial and other purposes coupled with

pollution ingress from difforent sources including domestic waste, industrial waste, Ino river system is
affecting the health of the said river for long:

And whereas, the Central Government is co 'xdmd neces
water are maintained throughout ies length at all times in river Ge
river without altering the seasonal variations;

Vv o ensure that uninterrupted flows of
anga to ensure condnuity of flows in the

And whereas, vide notification number $.0. 3187 Es dated the 7% October, 2016 published in the
Gazette of India, Part 11, Section 3, Sub-section
Water Resources. River Development and Ganga Rejuvenation made the River Gange (Rejuvenation.
Praweton and Management Authorities Order, 2016, bwer alig, cq‘)n.\'ul.utmg an author iy, namely, the
National Mission [or Clean Ganga for Rejuvenation, Protection and Management of River Ganga basin for
variogs purposes specified therein in the sald notification:

And whereas the Central Government issued an Order vide notfication number S.0O0 3195k dated
Jetober, 2008 tihe said Ordery specifying the minimum environmental fows o be maintained in river
Ganga in the identified sweiches;

And whereas. w Central Water Comnussion in s capacily as the designated Authonty for
supervision. regulation of fTows and rwg‘u"n‘tilw on quarterly basis to the National Mission for Clean Gunga
subimitted a report dated £17 July. 2019 recommending that all the existing projects have provision for
releasing the mandated e-flow nu.usgh controlled  gated spillways or water ways, and  swuctural
madifications in the body of the project may not be required for the same:

And wheress, the sud recormmendations of the Central Water Commisston have been considered by
the Central Governnwent:

And whereas, the Central Goverament is of the view that the time period of three vears wlowed w
the existing projects to ensure proper compliance of the mandated environmenial flows .xpL.qima i the said
Ovder, Is excessive and nol necessary:

Now. therefore, In cxercise of the powers conferred by sub-secton 13y of section 3 of Uw
Environment (Protection) Act. 1986 read with sub-paragraph 37 of paragraph 39 and lem ¢hy of
NAZEmenL

sub-paragraph (2) of paragraph 41 of the River Ganga {Rejuvenation. Protection and Ma

. mc Government of h\‘ ta in the erstwhile Ministry of

24
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Authorities Osder, 2016, the Central Government hereby muskes the following amendments in the said Order
number S0 3195¢E, dated the 97 October, 2018, namely: —

In the said Order. in paragraph 2, in sub-paragraph HL in ftem (i), for the words “within a perind

A
af three vears from the date of lssae of this Order”. the words, Jetiers and figures “before 5% Devember,
20197 shall be substituted.

[ No. 0546/ 2017 -Hyd (NE)Y

RAJV KISEORE. Esecutive Birecior {Admn)

Nate : The principal Order was published vide notification number S.0. 3195(E). dated the §7 Qctobar,
2018 in the Gazetwe of India, Extraordinary, Part i1, Section 3, Sub-section 1), dated 10" Qctober,
2018,

ury. New Dxelhi- | Hnd

Uptoadad by Ihe
SRR IREN
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ANNEXURE — K2

Annexure-R2

Table - Details Basin-wise Water Quality Sites under Central Water

Commission
Grand
S.No. Basins GDQ GDSQ GQ | wWQss Total
1 Mahanadi Basin 1 22 15 38
2 Barak and Others Basin 6 18 7 31
3 Brahmani and Baitarni Basin 11 1 15 27
4 Brahmaputra Basin 34 44 76 7 163
5 Cauvery Basin 17 24 41
EFR between Pennar and
6 Cauvery 8 4 12
EFR between Krishna and
7 Pennar 1 1
EFR between Mahanadi and
8 Godavari 4 5 9
9 EFR South of Cauvery 2 4 6
10 | Ganga Basin 48 115 6 | 56 223
11 | Godavari Basin 19 26 4 6 55
12 ! Indus (Up to border) Basin 3 8 11
13 Krishna Basin 14 27 3 44
14 | Mahi Basin 2 3 5
15 Narmada Basin 8 11 4 11 34
16 Pennar Basin 4 4 8
River draining into
17 Bangladesh Basin 1 1
River draining into Myanmar
18 | Basin 2 2
19 | Sabarmati Basin 1 1 1 3
20 | Subarnarekha Basin 1 6 8 15
21 | TapiBasin 1 3 4
WEFR of Kutch and Saurashtra
22 | including Luni Basin 2 3 5
23 | WFR South of Tapi 11 31 1 1 44
Grand Total 182 373 102 125 782

Note: GQ = Gauge & Water Quality; GDQ= Gauge, Discharge & Water Quality; GDSQ=
Gauge, Discharge, Sediment & Water Quality, WQSS = Water Quality Sampling Station
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ONNEXURE - K3

Annexure-R3

A PROGJECT REPORT ON

SNOW AND GLACIER CHANGES AND THEIR
IMPACTS ON MELT RUNOFF IN HIMALAYAN BASINS

{(NIH Internal Study)

THE STUDY TEAM

Dr. Viskal Singh. S¢ D7

Dr. Sanjay K. Jadn, Se 07 (Reted)

NATIONAL INSTITUTE OF HYDROLOGY
JAL VIGYAN BHAVAN
ROOQRKEE - 247 667 (INDIA)

MARCH 2022
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ABSTRACT

weiers and thew mpact on melt runotf 1s significant w assess th

Iym o~ ] LT
tie &.2‘831};:.5 11 QiR

Monitorig
ed with

coupl

degree-day factors

availability ¢
vas mearporated with variable

Hydrology {SPHY) model

remperature index mode! in the Baspa River basin, a major tributary of Sarlyj Raver. located
Western Hunalava, The temporal glacier maps derived from the LANDSAT sateliite sensors
Specrroradiometer {MODISY derived snow-coversd area

and Moderate Reseolution Imaging
{SCA) maps have besn used 1o compute the snow and glacier melt runoff separas
model were found comparable to the MODIS denved STCA msps

maps genersted through the
2008, Model smulation results showed thar SPHY based computed

and
Sangla gauge was found satisfacrory when compared to the obsearved

vears 2000

for the

at the outlet12. S

discharge

discharge and R° computed » 0.7. The contnibution from glacier melt runoff has been found w

38 1o G4%; from 2

ontribution mereased fron

wilitle snowmels

01‘::_,

LS

be reduced from
of the 17 watersheds (i.e. dominated by snow and glacier

basis of analysis
sin, the glacier melr runoff m glacier

to 2018, On the
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e to reduced glacier

out of 30 watersheds
watersheds 15 wereasing while i other watersheds 11 is reducing du
On an average. glacier melt runedf has decreased 14% and 44%6. snow melt increased 24 and
2018 with respect to the vear 2003

20K

A <

vo and ramifall yuneft 31 and 4026 for the
fe. As per SPHY. comresponding 1o glaczer map of the year 2
while for the glacter map of 2618

470

watershed

front these 17
glacier ice volunme has been computed around 13.41 k',
Ias been reduced arcund 10,99 kin®
CMIPS model scenarios. the comparative

2, modsrate

Considermg the chmare change impacrs throngh
ssessatent of snow cover and runoff components under historical. SSP24S (ie
{z.e. high emission scemaric) scensrios reveals notewarl

Cr

" SPEES

LAY

wn

srssion scenario} awd
orical time period (1951-2014) shows relatively stable snow cover and ot
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a gradual decline 1o snow

ptribuning raore

glacial m

ad 44,45% m the near and far

future, respectively. while glacial melt and rantall ineresse anbstant . The scenario refiecss

W but eready rransition from swow-driven  ram and glacier~driten nmo

rzoniarly

after 2050, In contrast. $SSPAES. with hugher exnissions. shows much more drastic changss.

Suow cover and snowmelt decline sharply. w

redustion i snowmal

more extreme total runoff fluctuations.,

o
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CHAPTER 1

INTRODBUCTION

Cryosphere is 3 significant comuponent of Earth's svstems, The glacier-relared feedback
;

mechanisis govern atmospheric, hvdrospheric and lithospherie response {Bush. 2000: Shyoder

wiluenced repearedly

(b

. The earth’s surface has

and Bishop. 2000: Merer and Walw, 200
sver the past three nullion vears by long periods of glaciations. separated by short warm

Hon sq. kin avea of the earth was covered by glasiers

interglacial periods, Approxinately 471

during peak glaciations, wlich 15 esumated 1o be three mmes more than the present 1we cover

24 s

over the earth (Price. 1973). On planet Earth, there is abour 26 million ki’ of ice ar present.

contributing almost 10% 1o the world's Iand areal coverage. In the Hunalava, spproximately

Y with a rotal number

33.000 km® area i3 oc the glacters {Dvargerov and Meier

aciers in the Indian Himalava {Raina and Srivastava. 20081 which is one of the

ons of glacier-stored water sfter the Polar Regions (Kulkarmi and Buch

1991y Humalavan glacters are an importast source of water of the North Indian Rivers during
erifieal sumamer months, Water discharge from Himalayvan glaciers contributes 1o the overall

river runoff {Immerzeel et ab. 20107 and water discharge from Himalayan glaciers 1s imporrant
for irrigation and hydropower generation {Singh et al, 20087,
Glaciers are vonsdersd a kev indicator of climatre as they often react sensitively to

chimate change (Oearlemans. 1894) Widespread glacier retwear in many parts of the world

Schneider et al.. 2007 Pan et al. 20110 Alpme glaczers are

supports this (Bokeh et al. 24

also thought 1o be wery sensinve o climate change within the Himalaya. due o the alumde

It s therefore. necessary o map

ze and the variability in debris cover {Nakawo et al.

and momtor alpme glacial fluctuntions from the perception of chmate-change {Bishop et al..

10
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of the H:

alavan glaciers are shiinking

Like m many other parts of ik

{Kadota et al.. 2000: Ren =t al.. 2006 W

1 a general state of recession (Mavewshi a

the past few decades. an mereased receding wend has been exhibited by Himalavan glaciers a3

Eolek et al.. 2008 Chayjar

depiered by seversl past s Kukamnt et al.,

k3

2008, Mehta et 2l 20110 Appromimately. reuwear of 2 kilometre has been shown by the

Himalavan glacters since the Littls lee A nultaneons

20th century. the Earth’s surface temperature has sisen dramaticaily (Solomon et al. 2007

From the north-western Hunalayan region. the cords have depieted an tnerease

of about 1.7 °C in temperature over the past centwry and o decreasing trend in monsooun

precipitation | Bhutivant ot al.. 20

satellite data are also usad

ivenrories of the glaciers. Now. remote-sensing techaigues v

- (Bishop et all. crie and Jagus

for monitoring glacisr extent 4

Strozzi et al. 2008: Bhambri ev al. 2011). and for establishing datbases to assess these

gional and global scale (Kollmeyer, 1980: Bishop and

2007, Bolch =1 al. 20105 In addition. for improving owr

climare change. rvegular monitonng of s large number of 1S unpertant

s However, due ro the rugged and maccessible servain and also larger

including the Himalas

number of glacters, the

nonnally difficult, Some field-based records have been mwade at s walavan glaciers

This may not provide a complete and represeniative scenario of glacial reweat, Mulutemporal

and multispeetral satetlite data provide abundant potential for mappmg and monitormg e

large spanal coverage of glaciers at regular temporal intervals, as thev allow sem-avtomated

giacier mapplng (Paul et al. 2009: Racoviteanu et al.. 2 Boleheral, 20147

A
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As mentioned. several mapping and monitoring studies exist for the Himalavan glaciers

ies have also been published on the mappug and varability of the Baspa basin

{e.z. Kulkarni et al.. 2002 and 2003: Raina and Srivastava, 2008}, The presens study

aspa River basin over the past 40 years and

examines mountain glacier
comparatively evaluates air temperature. snow water squivalent and precipitation wends,
Changes i areal extent and volumes are used as wndices 1o measure glacier changes. Survey of
India (SOT: topographical maps and Landsar Enhanced Thematuc Mapper Plus (ETM-;
datgsers have been nsed to map these changes.
1.1 Characteristics of glacier and climate change

During recems decades. the climate change impact studies associated with global

warning has been given ample attention worldwide, As per the IPCC, (20071 by the end of

this cemrvay. the tepzperatures are mostly likely expected fo increase by 1.8-4°C (3.2-72°

After the indusirial revelution of the developed world, the continuous increase 1 Global

remperaiures since 17505, has fuelled the notion that the Earth's warming is most likely due to

ar. (20063, has reported thar the trend of clunate

the anthropogenic acivities. In India. Gangw

=1
&

changs has shown a sudden accelerarion i pace after 1971, Eleven af the warm

recorded since 1999, with 2008 as the warmest on record (ICIMOD, 20073, Like otherr

the most obviows aid clear impact of climate change. 5 certainly the widespresd melung and

retrear of Hinialavan glaciers (Scherler et al, 20117, The glaciers respond more sensitively

climatie varianons than most other 1ce bodies on surface of the Earth (Kaab <r al. 2007

owsidered the key wdicators of climate

[$]

Tlherefore. the glaciers especially mountain glaciers are<

change partzenlarly inx remote areas {IPCC 1. However. the wide spread debris-covered

Himalaven glacters exinubit different patterns of dynamics (Scherler 27 2l 20110

The retreat may be identified through the observation and demareation of lateral and

cal extents of glaciers. In

terminal moraines which generally mdicate the wide spread lusto

12
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addition. the recent ter fluctuations are easily observad throu,

Gl

arealength sud variable positions of the snout of the glaciers, However, the areaslength changes

¢ a filterad signal of the climate change as the glacier requires te the changing

15-60

esponse thine for glaciers in a temperate elimate having a <

o chmate fluchuations 1s a

vears {Balr et al. 3 Nosmellv, the response of ¢

complex phenomenon. The response of glacters also depends on e von-climaric factors suel
as the ice dynanucs. glacier hyvpsomenry and ropographic parameters,

out the

Basteally. the mass balance o the kev and tmportant parameter 10 observe

¢ direct and sensurve signal of clinates fuctaarions. The mass

- and the distribution o sprace and

ES

e (Paterson, 19%:0) Under warnung conditions,

e posative mass balance of glaciers may

if the wanming Cmonths due o the

s

aoler adv

alurude where:

occurrence of more solid precipitation. Over a one hvds

aty -

accunulation balances abladeon s known as the equilibrium

an important characterisue feamre of & glacier and ou an anm a
combinatzon of climate varables, particularly s temperanure a

ter may advancee or retrear even if the ner mass balance 15 zero, If the ner balance squals

Another npieal

s detemnuned to be moa s

acier 15 13 motion which can be distmguished as glacter flow and basal

morion. Overall the motion depends on the topographic condifions, mass gain and the climate.

=

However, i 1s imferesting o pode that some glaciers. advence suddsnly with much higher

Wwier surge,

velocities leading to a phenomenon, called as

39
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1.2 Impacts of climate change

In the high mowntain areas of the world. the role of snow and tog as an unpertans source

=e2

of freshwater has been highlighted by several ealier smdies {e.g. Kaser eval.. 2010: Imumerzeel

chimate changes and acuve

(¢l
-
e
L#)
o
bt
jach
o
&
=

wlaciers are the most sensiiy

geomorphic agents in shaping the landforms of glaciared regions. The glacial landfonms are the
direct fmuprinre of past glaciations. providing veliable proof of the evolution of the past

tion on clinzare variables as well There are serious

ervosphere and contain important mforni

concems about the poteritial tmpacts of reduction of snow and glacter under warming chmare

dro-

ll;

Adelove s

on the socia conomic development (Barry, 204

ecological consequences o swrounding communities (Kehm

2008 and wide unplicatons for decision makers (Adeloye. 2013y The chmate change

sy

also fts miluenee on the funcuonality of dams and reservoir characteristies (Soundharzjan e

al.. 2013 Importantly, the loss i Alpine glaciers mayv have a severs wpact on the regional

1

water supphies {Kaser et al. 20101 contribution to sea level rise (Kaser et al, 200

. and

mereased related hazards such as outburst floods from moraine-damnzed lakes (Duetal. 2
These abrupt-onse: floods symbolize high-magnimde. low-frequency catastrophic phenoniena

and have massive potential for geomorphological rewomking along the channels and floodplain

emvironments {Wornt et al. 2012 Westoby et al.. 2014).

1.3 Scope of the study
Snow and glacters 1n the Himalaya and Trans- Himalayan Mountain belt are nearest to

Tropic of Cancer and hence. heat up more than the Arcric and Antaretic ice sheers or other

temperate glaciers, Thus. theses glaciers provide a distinetive oppormunity to understand the

related

changes in area. thickness. mass balance. their consequences on warer resourees a

hazards. changes m length and <

out flucmations that can be modeled for different ropes of

climatic regimes. However. dus to the lack of comprehensive ground-based ohservalions

14
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(Wianger et ol 20087 detatled knowledge on snow and glacters behavior under differens
clamane patterns s hmited {Wagnon et al.. assessinents of

the differeny hydrologic components and thelr relative ¢

03 Kumar =t al., 200

are rare and melude large wneertamties (Sigh and Jam.

recent advances in glaciologieal and hydrologieal research diar are based on tne series of high-

{

arul

resohution remete sensmg datz thar account for the high sparial heter
sweface » get 2 brief comprelension (Molotch

ents of Iajor g

and hydrologieal components are vitally lmyportant, becawse they define the boundary

condirions and thus result in an outcome of any » g study addressing elunare change

wrpacts m the Himalava {Akhus L2610,

nats Ch‘ﬂ; with it .11'1}&\.1*«

To understand and prediet the response of glaciers to ¢

on sea level change. watershed livdrology and glacier-related hazards, continuens monitoring

of glacter chenges 15 an important aspect. Futhermore, the chimatic sanons i the altimde of

glaciers are rare and the climate-glacier refation needs 1o be b 3 i order o fully

ulerstand the glaciers fee

et and miitigate the SOCIO-2COBOLILE Hnpats

dback. Similarty. to prec

seessment and guanttfication of inks existing between the glacier,

snow cover. chimate and livdrology 14 very amperanve. In additzon. his

of remote

assessment and monuoring of potentially hazardous glacial lakes

sensing. especially in high mountalnons areas due to maccessibibity and lack of feld survevs

{Quimcey et al. 2005). The Geomfonuatics provides the pragmatic ap

2011 Yusofers

all kinds of genenvironmental studies (Pirasteh e 2011y and offer mrem

oppormunities in the Himalava and in arvess lacking maditional feld-b

methods, Although, i the Indian Himalaya, the munber of glacmal lakes present are naot as

cand ¢ tmnzz rate

welldmown currently, Bur the glacial lakes are developing at an incre

@0y
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1 response o contmuous glacier recession and henece. can be disasmwous 1w near fururs {Bean

et al. 20013 Thus. in the Indian part of Huualaya. a large rescarch gap exists m modelmg

potential hazards related to existing and future glacial lakes.

16
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CHAPTER 2
THE STUDY AREA AND DATA SOURCES
2.1. Baspa Basin

e7 i

Baspa River i3 8 major tributary of the great siver Satly) which origmates fro

reat Hunalavan Mountaim Range at an eleve

A few km downstrean of

¢ Indo-China barder Satin 1 LIVEr MeeTs 1T

joining source close 10

the Spiti Rive Sathy from a north-westerly direetion and having »

Kunjamla. After the confiuence with Spati river. Sathy rver takes a some 70 kan mn thro

Kinnar in a South-Westerly confluence with its sezond major mibutary. Ba

river, which joins if from Seuth-Eastern direction.

india Map Elevation Zongs

—

Elesaton Lones
3

Figure 1: Showimg locanon, study area.

Himalavan Baspa River basin {up to Sangla gauge

[ors
~d
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Several nallas and khmds conwibuie ro its flows, Promiuvent among these are Arssomang,

Maosu. Janapa. Rimdarang. Shusang. Sigan. hurba and Hania. Nunerous glaciers also dram

w1t most wnportant bemg Saroo glacier on the right bank. and Hania and Billare glaciers on

the left bank. After flowing for a tengh of 66 km. the Baspa vltmately jous the Satlyy. Gross
elevarion difference froni the origm of the river up to irs confluence with the Satly

*‘*‘1
ﬂ

Such a considerable drop within a shert distance o very favourable cond
bydropowsr development, Carchment area of the river Baspa ar the proposed barrage site at

Sangla 15 ~1100 sq ki The catclunent is clongared and leaf shaped,

The Baspa River basin {3 focated m Kinnawr Distrier. Himachal Pradesh. India and

stretches between 317 03 10 31° 30" N lattude and 78° 00" 1o 787 50' E longitude. The Basps
River i3 a major wibutary of the Satluf River. which drains eastern part of the Himachal Pradesiy

The river originates at Arsomang and Baspa Bamak giaciers and wavels 72 ki through the

valiey befors jomning the Satly) River at Karcham. The location map of the Baspa basuy is

e

shown in Figurs 1. The basm 1s comprised of vailey gl

comy

s of varyiag sizes. The basin is hig

alurude range. aud is west flowing with most of the glaciers located 1 the northern slope of the

q11

w Pangal Mowtaim range, The main glaciers of the Baspa valley are Baspa Bamak. and
Garang. Jova Garang and Karu. Due o Ingh alumde. the stream flow 15 mostly generated from
snow and glaciers melt runoif, In secio-economic terms. the Baspa Basin 15 ireportant as niony

nunt and micro-vdropower stations are bemg planned in this basin. Therefore. it 1s important

to monitor the varmtions m glaclers for the Baspa Basin,

Table 1: Characteristics of the Himzlavan Baspa River Basin,

. Characteristics Baspa Basin

Selected Study Area aIs_u i 1106

o |

Mean Elevation {

Mazximum Elevanon (1) G442

Ve

18
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E1 MMmupum Elevanon ()

2 Wumber of Glaciers

& Glacier Area (RGS.O)

7 - Area Delinzated 1w Different Years
8 - Area (%) covered with Clean Ize

9 s Area (Yo coversd with Debris

10

11 Averaze Saow Cover Area MaxMin 8871 1Janpdd 47 {Iulx
12 Annual Preciprmanon (mm) 300mm - 140000
13 Sverage Aunnual MinMax Temperanue °C) DRSNS
14 Annual Averaze Glacier Melt Flow at 34
15 Annual Average Snowmelr Flow ar Ourlet (
14 Armual Average Ram Flow at Outler ni‘s?
17 Anoual Ave Base Flow at Outlet {m3<} 326
u@ Annual Average Towl Flow a1 Oy 45

2.2 Data Used in the Study
In this sudy. 0 semwp the SPHY model various themate data

landuselandeover {LULCY wmap. seil map. digital elevation suode] (DEM

covers. glacter maps and nieteorokogical parawmeters such as daily precipitztion. d

and maximu

remperature teniperatire have been uwsed. The GlobCever

moderare resolunion LU ws been utilized. The Globeover dataser

1 GeoTIFF Format i the World

1s available for

mj spang

. & highwresolunon <

wion (hitp: dueesmnzsaantpage globroverphpr In this swd

wmap of hvdranlic properties {HiHydroSoil verston 1.2, 2016) based soil may

1. The details about the soil map and thew war are given

1 { SRTM) based DEA with

30 m spatial resolution has been wiilized for the extracuon of apphite parsmieters

{hitps:

a
[l
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For the metecrological datasers. Indian Meteorological Department {IMD) mudded

datasers {0.25%:0.25%) and Clinare Hazards Group InfraRed Precipiraton with Site dara
(CHIRPS} available at 0.05% resolution seale have been utilized (Gupta ev al.. 2019 Prakash.

2019 Both the datasers have been arterpolated at the same seale {0,05%-0.057) and then the

quansile regression based on enmulative density function (CDF L & bias correction methad. has

been applied 1o correet the CHIRP precipitation with refersnce to IMD precipitatzon datas
As per previous studies, the quantile mapping method has been found the best method for the

bias correction of the precipitatzon datasers {Singh and Niaosheng, 2019 Canunon ez al. 20151

‘..
v

The reliability of CHIPS precipitanon daa lias already been evaluated by few researchen
across India and they resnlted that CHIRPS performed superzor among other global
precipitation datasets. especially in capturing precipitation extremes (Gupia et al. 201%:
Praleash. 2019} Total 15 precipitanion grids have been found closer to the srudy area and hence
utthized. For re-zridding and bias correction. python programauing based Xamay and NumPy

modules have been wilized (Byers ot al.. 2018} Daily muminmmm. maxiun aud average

temperature data was obfained from DMD has been utilized for the analvsss. For model

cabbration. the observed discharge (2003-2018) available at Sangla gauge has been unlized.
For the preparation of glacier maps. Landsar MSS T ETM~ TM and Landsar &

sarellite sensors-based dataset have been wilized. Formunately. for the vear 2006, the selecred

study area was i the center of ETM~ scene. alinost not affected by scan line errors (SLEY OMir

etal. 2017 For snow overs extractzon. MODIS (MOD LOAZ} having 300 m spatial resolution
datasers from: 2003 to 2018 were downloaded (hups:y nudeorg dataMOD1I0AZ] and

processad 10 EX{PACT snow ov a8 previously used by

4’[)

red area by adopting the methodole

Shukla et al. {20173, The snow-covered area (SCA) evaluation has been doue on the monthiv

L

H~,

scale and therefore MODIS S-daily scenes were processed and then aggrezated at the monthly

seale (Hall and Riggs. 20161
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Table 2: Data avaslable ar NASA s GLCT for the study aren.

Sensorp tvpe Resoluticn | Path- Row Acquisition Date | Availability

WSS 187038 01121870 Snew covered
™ 146-038 10.21.1980

146-0G38 22.10.196% Available

0% 19,20 Avalable

23 08,2006 Available

]
g
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CHAPTER3

LITERATURE REVIEW

referved 1o

The Hunalaya s unique and highest mounain chain of the world. It is often
as the “third pole™ (Schild. 2008) and the “water tower of Asg” (Xu et al. 2009 The
Himalavan region affects. directly or indirectly. the iiving of over 300 mullion people of the

Indian subcontiment {Schild. 2008} The region controls flow o the three mwajor river svstens

i esseniial role 1o the

the Ganges. the Brahmaputra. and the Indus. These river svstems play

economy of many countries meluding India which depends greatly on 1t for hydropower, svaser

hly prone

supply. agriculiure. and tourism. However. these delicate Himalavan resources are hy
to natural hazards. leading to serious comeemns especially abour curremt and future chmare
change unpacts on the water stored in snow and glaciers {Cruz et al.. 2007 In the region. the
clamare change concerns are multifacered encompassing. suow cover changes. glacier refreat,
sxpansion of glacter lakes and glacier lake vutburst floods. droughts. landshides, flash fldeds.

{Barmert et al.. 20050 agneulnre velibood. nunan health, biodiversity, and food securiry {(Nu

3055 Thus, regular monttonag

08 Pirasteh et al., 2010: Nakhapakorn and Tripathi. 2

o5

of Himalayvan cryvosphers (snow glaciers is important for improving our kuowledge of its

figatons are highly suggested,

response o chmate changs. For this purpess. 2

However, keeping in view the time and logistical constraints m such a remote and rugged
Himalayan region. only a Bmired number of glaciers can be monitored. Therefore, rechniques

of Geolnformatics along with lunited field checks appear 1o be the only means of mapping and

gion {Pankay etal.. 2012)

moniforing aryospherie flucartions in this r

erated due fonzelt 15 having an mporiam

Ve
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role i the hydrology of glaciated basin. The Hiumalaye plavs a prominent role in the

o

precipitation and spattalitemperal distribution of runeff through thelr orographic effect and
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stems as well as ground water

weier §

water storage 1 the form of seasonal snow and g

fononw acoumuiates and i

{Imeerzeel eral. 2009}, Contrary 1o glaciers, season

mamly within ene annual cyele. The Himalava hss vast resovrces of suen

provides water 10 the population living in the Indus. Ganges and Brahmaputra basins (Kumar

etal. 2018 Kulakeni, 2012 Xu et gl 2009 Singh and Jain. 2002} In comparison o the Janga

andd the Brahmapusea, the Indus basin 1s more dependent on upstrean: water resolrees,

ipifation regimes and large

ofits very arzd downsmean: chmase, westerly wfluenced prec

systents (Lutz e al, 2014 lmmerzeel and Bierkens, 2012 Schaner et al., 2012%

As reported. the glacier and snow changes are taking place mainly 1n respoase 1

climatic change. Therefors. in the pre
vartables was carrted out, The study also wvelves the glacier mapping sud change derection

studies nsing geo-spanal fechuigues, However, the uneven changes in glaciers are anesbuared 1o

the local topographic and morphomerric factors of the

perspeciive. the present chapter gives a review of the previous studies carried our within the

Hunalavan reg

w0 periamung to climars change whch mehides glacter and wow

Lpansion

b

changes m climatic variables vis a vis changes in stream flow and glae

associated with outburst floods (GLOF).  Befors tlus. a’ brief deseription of use of
Geomnformatics for ervospheric studies 15 also presented,

3.1 Glacier and snow changes

In the Himalayan region. 1t is reported that the glacier retrear begun witl moere gradual climeate
warnnng sines the Lutle Iee Age (LIA which occvrred approxamately from 1630 to 18350

{Qerlemans. 2005, But during recent decades. the new and obivion

the rate of that change (Zemp et al.. 2008) and most of the glaciers are

151, Majoraty of the earlier stu

pext 40 vears (Chamlmg, 2

iers are dunmishmg and have be
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~e

Jeschlee, 1976 Bahuguna et al,. 201

s with the noticeable exception of the Karakorum region

where some glaciers are advancmg and is known as Karakorum anomaly (Hewir 2

117} has reported a retreatmg trend of 26 glaciers m the westemn

Recently. Pandey er al., |

Inidian Hanalava fre

¥7 based on satellite data analyss, Smularlv, Scherler et al.,
{20113 carried ons an analysis of satellire data for the mwonitoring of 286 mountain placiers from:

the Hindu Kush, Karakorum. western Indian Himalava, Tibetan Plareau. West Kunlun Shan.,

and southern central Hanala depal. Bhutan, Sikkinn. Unarakhand. and Hmnachal) during

crers under

the peried berveen 2000-2008. After analysis. they observed that 58% of studied gl
the westerlies-mnfluenced Karakorum region are stable and slowly advancing: winle more than
63% of glaciers under the monscon-mitluenced regons are receding along s

debris~coversd with gentle rerminus slope glaciers being stable. Interestingly. they

z higher concentration of receding glaciers {79%) in the western Indian Hi

in the nosthern cenwal Humalava and West Kuntun Shan (36% ) where dominanthy

g berwveen -9,10=5.87 and -14.¢

The glacier changes studied during 1962-2001 m few parts of the Zanskar wallev, westain

with the spout retreat rate varving from S 23 m a

Himalava indicated an area loss of 18,

* (Nathswar @t al. 2008), In a recent study over the Kashmir Himalayan region. locared in

western Hinalava, Murtaza and Romshoo, (2015} reported a 1796 loss 1 area of glaciers. In

Zauskar Himalavan Range. (Pandey et al. 2011} has noted 3 werminns retreas rate of 332 ma”

and up o 88 m a’l of 26 glaciers during the period from 1975-1989 and 19§9-2

rsudy, carried out by Nathawat et al

respeatively. A simil {2008) 1o the parts of Doda Valley,

Zanskar mountain range reported a retreat rate of 6—33 ma™! berween the vears 1962-2001 based

on anabysis of 13 glaciers. In the same regron. Kamp et al., { jin a curvent study. reporred

8

a retreat rate of 23 ma” and 10-55 ma! during —2003 and 2 velyl In e

f[v

24
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Himalavan region, the revveat of glacters will have a large impeer. a
role in river renoft {Huss and Hock. 26187

Ly the Himachal Himalava. Northwest Himalayan region, the glaciers considered

g rate of 0,832 87, &

during the vears from 186222001 in the Chenab basin has re

~ulkarn: e

Parbati at a rate of 0,56% a™' and in Baspa at rate 0.43% a™!

Chenab Basin. the Samudra rapu glacier’s snout has receded by about 736 m during 1963-2004

=

Shulkla et al. 20091 Temporal varnabilizy

and the rotal glacier area was reduced by 13,7 km {

15 abserved m the Gangow Glacier, a well-monitorsd Indian glacier. (Kargel 2t al.. 20

Khumbu Hiualava. an average glacier area loss of about 5% Las been reported betwesn ths

A 19% glacier loss is reported in Warwan be

i

Suntlarly, the

¢ past few decades with an

average retraatiare of 5.5-8.7 ma™ ¢ Indian Himalaya, st

S10UT recession nrass balanee carrted out on a few glaciers have revealed

ron et al. 20

. Kulkarni, 2007 Kuomar ¢t al.. 20

J007. Bolchietall, 2011 M et al, 201

Pithan. 201 1; Berthier, &

ate mass balance of Himalavan glaciers as been reported ne

’IQ

4

with the exceptions of glaciers 1 higher Karakoram m

= carried out on few

messurements of glacier mass

~19951997-2000 and 20

~present’ and Chorabari Glaczer {2003—present) n

the Garlwal Himalava (Dobhal. 2009: Dobhal and Mehta, 20107 Chhow Shigei Glacier m

ah glacier in Spit basin {Waguon et al. 20071, The overallmass

b
it

Himachal Himalayva and Ha

mwe & and

halance of Chhota Shign ¢ iz about -0.67 mwe a7, Dokitam glacier is -

that of Hamut lacier is -1.60 mwe a”l (Dobhal and Meliza, 201031 Based on satellite data

I

Nullarnt eral. {

S glacrers studizd in 11 basins
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of the Indian Himalaya. They reported an overall reduction in glacier area of 16% ranging from

7

1. The changes in glacier

02 {F:

feren: basins studied durmyg 1962-2

-20% anion

 are also likely to influence the muneff wends i the 21% century ie. runoff could nerease

i34+

i the tuval decades and then decrease or cease due ro substantial decrease 1w
{BRliss ez al, 2014: Lutzer al.. 2014: Bolch eral 2012

Depending upon the topographic and other local factors of the glaciers. a heterogensous

pattern of glacier loss in different areas and basins of the Himalavan rezon has besn reported:
and thereby. wnderstanding the influence of the local factors on glacier changes has received
an ample attenton during last vear’s {Basnetr et al.. 2013: Thakurt et al. 2014} Amoeng the
srartous notable factors, the glacier size. debris cover and topographic variables {altitude, slope.

and aspect) are the most imporiant variables i determining the vanable rates of glacier

changes. A number of earlier studies have fonnd an loverse relationship between the glacier

7. Mark and Selzer, 2005 Chusea ¢t al., 2007

size and rates of loss (e.g.. Kulkarmi eval. 2
Mur et al. 20132} I othey words. the smaller glaciers have experience general

of loss than large glaciers. A similar partern has been reported front Garhwal (Bhambrt et al.

cently. The tendency of larger glaciers w

2011 and Hunachal Himalava {Deota eral..
less loss has also been reporred by many other studies {e.g.. Racovizzanu ez al. 2008 Salerno

08: Lotblet al.. 2014} In general. a loss of 38% of smuall glaciers {1 k- and 2% of

aq

ers has heen reported In Western Himalava bevween 1562-2001 by a study carried

our by Kulkarni ez al.. {2003). Similarly. the higher elevarions of glaciers significandy reduce

of glacter loss (Kulkam t al. 2007 Racoviteanu ¢t al.

smaller altimdinal range along with median alutudes closer {in altizude) to heir maximu

alutudes are losmg more of their area (Ye et al., 2 Mark and Selrzer, 20¢

slope is another topographic variable and plavs a significast role i detenminin

a9

90
o
4
I

acler changes

e, the steeper the glacier, the larger the loss. The similar anfluence of slope on glacier has

[
T
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acoviteanu et al.

el

been observed front the Khumbu area {Salerno et al.. 2008:

controls the zlacier changes. The

orienzation or the aspect of the

losing maxurum area are gensrally oriented southwards and southwe
Bhambri et al, 20110 Mir et al. 20132}, The simular pettens have Teen reported from the
Alaknanda ard Tiungkhad basins (Nainvwal er al.. 20085 Mir er al. 2013, Furthermore, the

presence of supra-glacial debris cover has a dominant erfec

cover with thickness exceeding a few cenmnerers leads 10 a considerable reduction

loss {Martson et 4k, 1993; Scherler v al. 2011} The glaciers which are heavily covered wath

710 climatie changes than glaciers with thinner debris

a thick debris cover respond more slov

cover or ¢lean glaciers {Singh et al,, 2000: Scherler er al. 20115 T addinon. the debris cover 1s

o

also an important factor for mass balance and glacier dynanues because the debris thickness

determines the ive mel rate (Mattson et al 19930 Zhang et al. 20113 Inthe Hunalay

acter shymbkage and mass loss has

cover {Bolch et sl 2611 Nunmura ¢ al., 201

ohal studies on long termi snow cover

Sunilarly, o

raser and Schoeenel, 2

changes (¢.g.. Brovwn

2003: Bednorz, 20047 Significant reductions i snow depth have been reported in western

s observed wends m snowitall

3. I another study. Ke ¢

Canada {Brown, 1996 & 199

1 Qinghat. China, In the northern Hemusphere the snow cover varanon and ins relationship to

temperaturs have been smdied by Fred and Robmson. . Sinularky. Dicleson, {1984 and

Clark et al. {1999 have studizd and reported the elimaus effect of Euresian snow cover

varzations on the Indian monscon rainfall, Sinlarly. the significant recent changes 1o glscial

and snow cover extent a1 re ““1011 foo ! e E. )

GoNie et b, 20100 Kulkarny et al, 20100 My e al,

et al 20

o Himaslava,

2

studied snovfall variability n response 1o temiperature 1 Satiyg B

27

53



121
63

Indis, The changes in snow cover and glaciers are mostly

‘4

attributed to changing pattern of

suowitall and remperarure { 013bY. Mir et

that the insignifcans decline iz snowfall has resulted 1 a siguificant decline m snow covered

ea (SCA)Y studied benveen the vears from 2000-200% i the Sarhuj basin. Thus, the vanations
Iz su0v cover are also considered and cired as useful indicators of climatic fluctuations (Bany.
1985 Chang et al.. 1990 Goodison and Walker Derksen et ah. 2000 Serreze et al.,
200073
] i i — i i 5

30®
250
75°E 80°E 85°E 90°E 95°E
Figure 2; Map showing die Joss in glaciers (3s) witlun different basin of the Himalava region

from 1960-2000. based on sarellite mmages, The various sub-basms e

wde 1. Bhur 2. Zansker.

3. 4 Warwan, 8. Miyar. & Bhaga. 7. SamudraTapn. & arban
19. Baspa. 11, Boluiani. 12, Bhagirathi. 13, Alaknanda. 14, Naunona'nvi region. 15 Mt

17. Sagarmath national partk. 18, Tista. 19 Bhuran Himalava

3.2 Climatic fluctuations

A aualysis of the temperature data over the Himalavan region has immenselv revealed

a warmning partern. albeit at drverse rates dunng datferent periods depending on the seasons and

28
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regions. In the tune of the other regions {Reds et 2l 20130, b Diodato e all 20115 recently

Resgarch Unit’

Brohan et al.. (2008}, vsmg Clin Freconstusted temper

reported a higher rate of warming 1o the Himalayan and Tibetan Platean regions dwing last

5 in annual

few decades, For example. Brolan 2t al., (2006). cbserved & warming of

I\}

average maxim reraperature {Tax 1 durir ng 1271 34 yi‘lll}?filld 5

durt 01-1966. Sunddardy. another study by Dash et al {2007 in the Ind

Himnalava reported a warmang and rise of 0.9 °C over a study

1

Duonrg and Dash, (2011

o reported 3 g patern m fer
Himalava. They reported a greatest

to February} monthiy e

{2008y found mereasing wends i Thyy and seasonal average of dasly T

monscoi. In additon. the wends of seasonal and monthly mean remperatures between the vears

1994-2003 indicated a shift in the peak summer and winter seasons w the Northwesem

Himalava (Koul and Ganjoo. 20101, Mir et al. |

015a. ¢

eported an Lereas:

Froant rise in Tain froan 198322008 in Indian part ¢

-
=
i

e

inter T

locatad s in another smdy, inereasing trends of the
studied over upper Indus basin has been also reported by Khartale er i, (20110 In general. an

increass of 1.0 and 3,470 10 Thar and T studzed over a period from the vears 1988-20080ver

the Himalavan region has been reported by (She

over the Nepalese Himalava also wimessed a wannig pattern during last century ¢

ilarly. the Everest {Qomolangmay region in China also exhibit wanming pattzm

1971-2004 Yang

25
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winter season than other seasons in most parts of the Himalavan region such as the Chinese.

northwest Indian. and Nepalese Himalayas (Bltivani et al.. 2010: Shrestha and Devloota, 2010

Mir et al. 20154} Thus. later quarters of the 21st cennuy and recent decades are recognzzed 1o
otk

e warmer than earlier perieds along with the warming rate higher n winter season than other

SEALONS ACTIOSS The regin,

Contrary o warning pattern. e precipitation in the Himalavan region lack

ol

spatially consistent long-tenu frends. In a recent study. Recentlv. Blunvant et al.. (20107 based

’

on analysis of data of three stations. suggested a statistically significant negative trend {at

i monsoon and average snnual rawnfall assessed from 1866-2006 m

Indian northwest Himalavan region. A similar but nsignificant n

a period from I960-2006 over the Western Indian Himalava regio

Dinwi and Dash. (2011} recognized a aignificant decline m winter precipization (Deceniber-

van reglon during 19752006 and the partern lacked spatially consistens

Februaryy in the Hun

phasss among stattons, During 1903-2003. Guhathakurta and Rajeevan. (2008} also reported &

significant downward pattern in winter precipitation over the states of Jammu & Kashmir and
Untarakhand. Sanilarlv. an insignificans deelining trend has been reported from the years 1970-

1 week rising trend i rainfall m the Smlyy basin. western Himalava Qvlir

2008 1n snowtall witk

et al. 201%a) Mir et al. {20134, b &) reporied the decline wm snowfall i response w rising

temperature. parteuiarly Twm. They suggested that the 1w

P

resulred 10 a sigoaficant decline in snow coversg d between 1
2009 in the basin. However. during 1961-1999 in the upper Indus Basin (Pakistan). statstically
significant increasing trends are ohserved 1o winter precipitation (Archer and Fowler. 20604

wler and Archer. 20057 but no wend is observed during the longer period considered in the

study (1893-199%}, Interestngly fn the Himalavan region, Dimin and Dash, {2010, 20127 and

Shelkhar. {20107 have reported that the nezative rends in the precipitation are associated with

30
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i

\a~.

a reduction i total seasonal spowiall The merense in temperature i3 oneg

% Dunar

factors responsible for reducrion in snowfall (Thavven et al.. 2

¥

Blmtan Himalavan region. previous reports on fhe precipitation wends have sug

ragdom fluctuations and the absence of trend on annual or seasonal basis (Tre-ring, 200

Sunilarly. Shrestha et al. (20007 did not find any significant long-rerm wends i precipitation

data (1958 Nepalese Himalava, In general. the precipitation 15 deereasing 1o the

fr

Western Indian Himalava with the dechine i winter precipitation as well but with intra-regiona

differences.

The changes in stream tlow partern are generally dependent on the landvse and climate

che

5. While observing the stream flow partern of river in northwestern Indian Himalay

on during last three decades. Bhurvan et al. it rise in the

Sa} reported a continuous

pumber of high-maguitude flood events i the area,

and ificant decline in stream flow of Satly river basin located in western Himalava

oy

arg 1963-2¢

ﬂ

between the ve - Sinularly, Khartak er 20115 has reported an mereasing trend

i the winter and spring stream flow pattern in the upper Indus Basin, Pakisran, Hewever, it is

mmportant 1o pote that the Nepalese swesm flow wends showed ambiguows spatal paerns

studied during 19651985 {Gantan and Achar er the Tibetan Plateau. Yao et sl

cial meltn

Jawrotia et al. (2012
Clienab basin. Western Huualaya and 1eported 2 dechmng pan

f discharge data of rivers for the period between the

Himalava, based on the trend anal

(13
P4
o
o

ve discharge wends during winter

with the falling conmibnion of

dis

charge and their gradual disappearance. In response to wammung temperatures. the morsased

e

contribution to siream flow of glacial and smowimelt are noted as causes for the upward trend

31
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i stream fow in low flow periods and i areas of low precipitation e.g. Tibetan Plarean and
Indus basin (Mukhopadhway., 2014: Mukhopadhyay et al. 20143 Smularly. over the
nortiiwestern Himalavan region. Fowler and Archer. (2006) analvzed temperature dara during

the period between the vears 1961-2000 and connected a decrease of 20% 1n summer muoff in

the rivers Shvok and Hunza to the observed 185C drop m mean sununer temyperature sinee 1961

and growth of Karakoram Glacier.

Tine series analysis of observational records {Burger et al. 2018) is a useful ool o

establish general data wends buf is of limited use when observations are scarce in space and

which processes dive observed chauges. Additonally

nme and cannot provide ins
while satellite-based glacter invenrories (Barcaza et al.. 2017 Malnwros et al. 2016: Falaschi
et al. 2013} aided the establishment of baseline areal changes. they do not generally assess
mzass balance or vohunes change and cannot be wsed 10 explain the causes of observed changes.

Theretere. there 1s & need for an integrated approach o understand the midtenn and long-term

Hunalay

changes 1n glaciers and glacier runoff i the high-elevanon carchunents of

Keeping in view the above concern, our miain aims are 1o estimate the corresponding

0o
S

acrer contriburion to runotf and impact assessment of snovw/glacier change on ronoff in the
recent past. These aims are addressed through application of & physically oriented and fullv

distributed glacio-hydrological model. in situ data. and glacier change estimares for & basin
located in Western Himalaya, Therefore. in this study. SPHY model has been sumulated in nve

times: {13 2003-2010 and (i) 2011-2018 wiilizing variable degree-day factors 1o highlight the

effect of snow and zlacier changes on runoff.
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CHEAPTER 4
METHODOLOGY
4.1 Spow covered areas and glacier mapping

<

For suow mapping. MODIS (MODI0AZY S-daidy satellite derived suow cover areas

have been unlized for the vear 204

2018 The MODIOAL snow cover data products contam

data frelds for maximum snow cover extent over an ¢ight-day compostting peried. The MODIS

(MODLIOAZS consists of 1200 ke by 1200 ko tiles that employs 3 Normalized Differsnce
Snow Index INDSI and other eritenia tests {Shukla et all 2017} (Tigure 43 To highlight the

elevation wise amiiarities in the dismibution of wnow covers.

vanow zones wers computed on the monthly 2

corresponding to nuil

dertved snow covers and MODIS derved snow covers. Shukla et al (2017 carvied out a stndy

for Sathy basin i which all the maps were gensrated. The snow cover areas maps tor Baspa

st MODIS snow

basin have been exmracted from these maps. Therefors. the S-daily =2

regated at monthly seales to compare with the SPHY derived sno

©
<
]
o
iy
133
o
i
i ln

Caunber of glaclers were mapped m

As per the study of Mir et al. ¢
hasin for vears 1966, 1999, 2000 and 2006, In dis study. Landsar data sertes-basad <arellire

sgenes have been vnlized for the vear 2018, For the Landsat & ETR+ and T data images. the

glaciers were delumited using band ratins of near infrared and shortwave infrared bands

2018 Shnkda et al., 207

and Goyal

generated in the binary image utilizing threshold wvalues

misclassidi

vers converted from binary to vestor dama layers.

zv has been emploved previously by Mir e al de glacier

methodo

ges comesponding to each elevanon zone the spatial aualyst module of Avef

w
(95}
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elevarion. the

utiized. To find out the correlanon between glacier ¢cha
variation i glac as highlighted with respect to elevation in the progressive manner from
2000 to 2018, The changes in glaciers with respect to elevation have been analyzed to highlight

the elevation dependent warming and its impact on glacier mass changes

Glazier
Classification
Landsat 7 o Rentined LSS 34
- v ‘ ) GRS piints :
Co Pra’,—wocessing&' L X o # Field oo
Ao . Image Enhancemant - Plotaprathy :
G RRUREIRUE : ¥ Bigh Reli s
iFrent Bans : : e
‘Z ite raﬂnt B.qm <Gt Slenmtures : :
Combinations :
: L asline Learning S
Arnaige Classification - ¢ M Learning > SV
: ; Methods # Rangom Foress
. ) o ndaximunm
Aegirecy o Eeluation o Gladier - kpdihond :
Assessmant Featires ¥ pecision Tree :

Qebris Chearine
Loverad Glaciir =BG Glacier
= _— Inventory
. version 6.1
Befined Glagier {atabose!
Bruntarg -

Figure 3: Showing the comptatton methodology of snow cover and glacier maps,

4.2, Snowmelt and glacier melt hydrology of SPHY Model

SPHY is 5 spanally distribured and can be applied on s grid-by-grid basis (Terink ¢f al.
2015) SPHY works in a pythou-based enviromuent using PC Raster and 115 source codes are
freely available (hrpr/Avww.sphy.nl/). In SPHY. each grid value s represenied average over

Le grid. In SPHY model. for glaciers. a sub-prid variability exists, and & grid can be defined

as glacier free. complerely covered by glacier or partially covered by glacier. The glacier free

gridifraction of grid can be defined as snow covered or snow free. The gridiarea whicl i3 free

from snow can be defined by vegetation, open water. and bare soil (Terink et al, 2015}, The
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st columu structure of SPHY model ¢ quite sunalar 1o W ‘erink et al. 201353

mcluding rvo upper seil and third groundwater storages. The three dramage componenty;

a4

surface runoff. lateral flow and baseflow can be defined i SPHY model.

cach gnd preapustion i the form of snow or rain. depending or
;

H< mperature vaiue.

Precipitation that falls on the ground can be witerce ration and some amouat

or whale can be evaporated. In SPYHY. the snow storage i1s updated with snow accumul

and’or snowmelt, Surface runoff s a part of liquid precipitazion. whereas the rest infilirates mto

the sodl. In SPHY. the resulting soil motstuge 1s subject 10 evapoiransy

depended on the soil properties and fracuonal vegetation cover, whereas

streamflow {or discharze) by means of the base hie groandswater zone and

lateral flow from the first soil fayer. In SPHY. the modified Hargreaves equation t

function of tewperature only has been used for the ET computation (Ten

frer studies. 1t was observed thar Hargreaves method performed well cver Hunalava,

P

]

while i the absence of large amount of the datasers (Singh and Goval, I017: Amold et al.

20123 The grd-spectfic yunoff that s available for rounmg, can be comribured by wurface

reneff. lateral flow, baseflow, snowinelr and glacier melr,

SPHY wmodel requires physicalthenzatic data mputs such as digital elevaton model

(DEM:. landuselancdwover (LZULCY map. glacier map hi

"

debris glaciers. soil parameters such a3 root depth.

; " -
groundwater parameters such  as baseflow. groundwater depth. sguifer

meteorological datasets such as temperanurs. precipitation. radiation is 1 2y required o

setup the model, The snow-coverad area [SCA)Y can be utilized for the validation of SPHY

generared snow cover. The SPHY meoedel provides all watershed componenrs such as roral

61
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sunoff, snowmel runoff. baseflow. ET. groundwarer runefll groundwater level glacier melt

runoff. and rawfall-ruioff m dadly. monthly. and annual basis (Terink et al.. 2013}

slores the snow and glacier melt runedf characteristics of the

This study mainly

selected Baspa River Hunalayan basin and therefore. the focus of this stady has been given o

wdrology has been described below in further sections.

snow-glacier melt runo

4.2.1 Snowfall and rainfall

In SPHY. the dynamic snowifall mass balancing can be performed at & daily tme step.

Using a temperature threshold. the falling precipitation can be defined as a snow

form} and rain (hquid form) The snow accumulation {or snowpack or snowfall)

culated as (eq. 1)

©

P = {Pﬁ'i{{ Tavge = Terie)
L 04f Tavge = Torss )

Where, P, (mm} is the suowiall on the dav 7. P () can be defined as the effseinve

precipitation on day . Tove - (+C} 15 the mean eir remperature on day 7. and Tow (°C is a calibrated

temperature threshold for precipitation o fall as snow. Whereas. the precipitation falls as iquad

precipitation can be computed as {(eq. 2

P, (liquid precipitation) =

gpet if Tm:g,t > cr{!‘} fay
(' 0 ?'f Tasﬂg.t =t Tcrit A

4.2.2 Snowmelt storage and runoff

SPHY model uses a degree-day approach using temperanue mdex model for the

calculation of snowmelt (Terink et al. 2015). The application of degree-dav models is
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for 2409

t 15 based on an empinieal relatonship between melt

widespread in crvosphenic models th

and alr remperature (Termk et al. 20135 Based on

snowmelt can be caleulated as {eq. 30

avg.t

.“_1;.

E'T LW DDF jjf Tﬂtr‘g,t = 01
Lo ‘ 2 0

)
=
S”’i
&
A

with Apers ) is defined as the potential snowmelt on day £ and DDTs (r’C7H day™) &

tor for snow. The actual snowmelr can be lmited by the

P

)

denowed as a calibrated degree-day fa

s10w storage at the end

Agore = MIN(Appr e SSeos ) 4

Here. dgerr fmun) 18 defined as the actnal snowmelt on day «. and $5

b

snow storage on dayv 1. After thar the snow storage from dav 1 is updared 1o the precent

day 7. utidizing the acwal snowmels {da ) and the solud precipitation (P, W2

-

falis belovw the melting pownt, then the melovater (that is frozen? i the snowpack dusiag rime

1 will be added o the snew storage as ieqg. 52

g‘SS.. 1 PopF SSWe_ if Tappr < 01 ‘
- P".* - Aactt E')f Tm.rg.? 2 Oj

Here. 88, 1+ defined as the snow storage on day 1. 88,4 16 described as the saon

dav 1. P, 1s the solid precipitation on day £ Ag., 15 the sotual snowmelt on dav v and

7 1. The unizs for all remms are nun, The

SSWe_, s the amount of frozen :

i

SWmax (nuny) is thus bired by the thickness of the

maxinnun of meltwater that can freeze (¢

of the swow

erink et al. 2013), The total snow siorage T} cons:

tas feq. 6

SST, = (85, + SSW,) X (L — GlacF)....(&)

37
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131 %%,

Py

Where, (1 — GlacF) is defined as the fracrional grid thar 13 not covered by glaciers. In SPEY

meadel snow el and snow accumulation ¢an only be calevlated when grid fraction determmned

as the land surface. Tn SPHY. the runoff from snow {SRo {mum)) can be calenlared when the aw
temperature reaches above the melting point {Terink et al.. 2015), The change in melnvater

stared in the snow can be accounted as (eq. 7)

ASSW = SSW, — SSW,_, ....{

4.2.3 Glacier process and runoff

1 SPHY. glaciers are considered meling surfaces which can partly or complerely cover
the grid cell. Glacier melt 13 also calculated by the degree-day approach and the melt rates of

debris covered and debris free glaciers vary (Terink et al.. 2015). The melt from the debris free

glaciers ean be computed as {eq. §

..... (S

Ve

4 {Tm:g,f X DDF X Fep T, vt O'}
cre = -
O I\f Tm}g,(’ <0

- . -1 S5 e - - N ~ o
Where. DDFy; (anu °C7 day™) 15 a degree-day factor for debris free glaciers sud can be

calibrated for the given arca’grid. Fey (—) 15 the fraction of debris-free glacters within a grid,

an be calcula

—
it
poey
149
e
£
ok
o
et
<
o]
]
b
e
ey
ol
O
ﬁ
il
L1
)
Cie
&
b
=
s
e
13
[
<
qi
-
o
[
15
s
Pl
s
N4
o
i
7Y
2]

Tavgt % DDFor X Fpp if Tage » 0y
‘4Df,t = { - }Qi
O if Tavge =0

acters and can he

Where, DDFpe {mm °C dav') is s degree-day factor for debris-covered
calibrated for the given area grich Fpe (=) is the fracuon of debris-covered glaciers within a
1. The toral glacier melt. dgpyer (e swmmung the mek water from debris-free and debris-

covered glaciers) can be acconnted as (eg. 10%
;" N e -
)’ng‘\Ac)g = {\AEI,T + ‘455,1\'",} Pl G{,a("F(lUJ
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From the toral melr from glaciers. a fraction of the glacier mels pereclates 1o the 3

ity

and the remaming fractions rum off. Funally, the generated runoff GRo (mm)y from glasier mislt

s defined as {eq. 11

o

GR,. = Agpacr X (1 — GlacROF)....(eq. i1

e

3
LA

4.2.4 Surface runoff. total runoff, and routing

-

I SPHY. soil water processes ean be determined by the three soil lavers such as root

zone. sub zone and groundwarer Iaver. The equarions related to soil processes are previously

~ V’ ’1 Cl"'LU‘lf,

deseribed by Terink et all (20097 and therefore not discussed i

R
e gl

model and therefore the SPHY only accounts for stresses regarding wa

HY uvses an ET seduction parameter (ETredwer) that has 7 value i soil saturatsd

o
0isn S

condition and etrerwise 1 {Terink et al., PHY uses the ssturaton excess overland flow

ce runoff (RO {Tart

process (Le, Hewlettian runetf) 10 comp

S

Herve, SV, {mum} i3 the water coutent m the first so

saturated water content of the first soil laver. In SPHY.

. the lateral ow

capacity bas been used for lateral flow {Terink et al. 2015), SPHY s

aty. saturated condue satuared content

rravel tme to be dependent on the field cap:

{Termbc et
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Figure 4: Schewate and methods of SPHY wadeling framework.

In SPHY. water can percolate frons the first soil laver ro the second soil layer. and from

the szeond fo the third sonl layer, In SPHY. water only percolates when the water content will

excesd the field capacity of that laver (Tennk et al.. 20161 SPHY uulizes exponennal decay

inetion {Termk et al. 20135 1o the preciputanion groundwarer response model

sunilar to SWAT mode! {Amold et al. 2912}, For baseflow compuation. SPHY uses steady-
state response of groundwsater flow and water table fluctuations which can be resulted by the

3 o~

ron-steady response of the groundwater flow (Arnold et 2l 20123 In dus model baseflow can

only be occurred when the amount of water stored 1 the third soil laver exceeds
threshold. For nmoff routing. SPHY computes for each grid the accumulated amouat of warer

tizat Hows our of the grid o its neighbouring downstream zrid through the accuflux PCRaster

40
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4

which computes runoff at each grad fromt 17s upstre

buii-in function

the runoff amount that 15 generated withon the grid stself (Terink et al.. 20157 (Figure 53

4.3, Model Calibration

In SPHY. both manual and auto-calibration can be performed. In this studv. mostly real

time. observed and measured darasers and other paramerters ‘coefficients have been used. T

the pracucal paramenic response, the manual calibrarion based on wial-and-srror basis was

referred. Sometimes. 1t has been seen thar the auto calibration does not

[
]

‘ed {Terink &

estrmates of modeling parameters when lorge numbers of parameters are invok

o

al.. 2015y, Dwringz modeling. the best fined valve of the paramerer has been caleulated s par

trial-and-errer method. The o ¢ discharge 1s available from 2003 w0 2

k1

utilized for the present study. For manual calibration. parameters such as temperanué threshold

to fall as suow (Tert). des

day factor for debris-free glaciers {DDFgih

glaczers (DDFped. and threchold for baseflow to ocour (BFars) have been taken into

consideration.

NMODIS based snow cover area have been extracted to compare i

caver on the monthly seale for the vear 2010 and 2018 so that snow paramerers requured torun

1 can be accurately defined in the model and wodeling accuss

the miodel. whiel v oean be
inproved, In this study. the real tme digitized glacier maps. charactenzing by debris-free

s and debris-coverad glaclers. were used o define the glacter properties over the basin

Other paramerers (e.z. related 10 soil and LULC) values are set based on the Litsramare survey

ested by SPHY model { Terimk exal.. 207

{Termnk eral. 20187 and standard global values su

which has 1 developed spearfically for the Hunalavan conditions.
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Utlizing farge nuntber of datasess and parameters as an input to the SPHY model. the
model kas been setup for the rwo-time durations {(L.e, 2003-20G10 and 2011-2018) ro understand

as simnulated at the da

the snow melt and glacier melt runoff varianons. The SPHY mod
tme step at 230 m spanal resolution scale and SPHY re-gradded all data mputs at the same

cale {Termk et al. 201%), Hox . the modeling variables can be computed on a daily.
monthly. and vearly scales. as per the vser’s choice. The modeling outcomes have been

evaluated at the cutlet and site scale.

'\(

Table 3: SPHY model paramieters used for the simulation during both rime senes 12 2

2010 and 2011-2018,

ST Name of the | Description (Unif) Parameer Fitted
XNo. Parameter Ranges (min- | Value
max}

i RootDepthFlat Rootzone depth {1} 300-1000 500

2 SubDepthFlat Thickness of subsoil (umyy | 1000-2 1500
Manimnue capillary rise
o subsail to rootzone

3 CapRiseMax (ran day 2o 10 5
Thickness of groundwater

4 TrwDepth laver (nuwl 1000-4000 3600
Saturated water content m

B GwiSat groundwater zone {mm) 300-3000 ~00a
Baseflow groundwater

alplaGw raEge 0.1-1.0 0.085
Glacter clean ice degree-dav

7 DDFG factor (nun degree-l dav-13 | 2.0-8.40 5.8
Glacier debris  degree-day

8 DDEDG factor (mum degree-1 day-1% | 2.0-8.6 3.9
Crizeal  temperature  for
11& iprration to fall as snow

9 Terit {degrees Celsius) -0.3-8.( 3.0
Supow  degree-day  factor

10 DDFS {mm degree-1 day-1) 2.0-8.0 6.0
Recession  cosfficient  of

i1 kx routng (-} 0.5-1.0 0,95

Note: The parameters ranges {min-max} used i the above Table 3 have been <elecied based

on the standard values as suggested by SPHY and Literature survey.
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4.4 Snowmelt glacier melt and glacier aven changes

Fors

vzing the changes in snowmelt and glacier melt runoff. the whole timsz series
{2003-2018) was divided in two-time series (TS} setsr {33 TST 2003-2010 and (1) TS2 2011

REY

18, The main purpose of the dividing time series 213 in twe durati

sons | along with

fo1 varia

fleet varying climate conditions (such as temperatmre and precy

( T

abserved glacier mass changes on the resuitant glacier melt runoff parison of

both pertod glacier maps {t.e. 2000 and 2011y a significant mass reduction was ohsert

Therefore. while setup the SPHY I the glacier map prepered for

the vear 2000 was vulized: whereas. durimy T82 setup i SPHY. the glacter niap prepared for

osnpared 1o the corresponding

the vear 2011 was utilized. The changes n glact

elevarions 1o find ow the elevation dependent warming and their impacts

meltunof v few srudies lughlighred that femperarure and precipitation 15 ht;

QanEes. A Ve

varying over Hinalava and showed the clevation dependent warming. =3

Shukia and Govall 2020: Rem et al.

vears they recorded the maxy

e

and Goval. 20165

The mawn warer balance componsats such as simulared suneff {(Q. mm,

spow Q (mni} and zlacier Q {fmm) have been compured ar the owd

37

watersheds conssdering 30 sites {shown m Figure 1)

veated. Dut of 30 sites. 17 mdependens sizes locatad on the wiburaries were chosen dorninated
snow and glaciers. whieh have been used to explore the snow melt and glacier melr 1runo

at the exmeme

. Glaciers are sit

arzas coversdd by snow situated at the moderate elevation zoues These snow melr and glacter
melt changes have been analvzed on the monthly. seasonal, and annual basis during both

dand 2011 usad

110 and 2611-2018). Iy addition to

durations

for the per:od of TS1 and TSZ, 2018 glacter map has alsa been vsed for TS2

4

wr
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CHAPTERS
RESULTS AND DISCUSSION

5.1 Snow and glacier mapping

On the basis of glacier maps. 3 significant reduction has been computed in the g

areas from 2000 o 2018 (Fig. 5% A significant variaton m spow coversd areas (S

5is

observed by previous studies (Shukda et al. 2017: Miretal. 2017). have identified in different

these snow and glac

portions of the basin. Therefore, 10 highli

variations, different glacier maps {e.g. 2000, 2006, 2011 and 2018} were used so the effecy of

glacier avens reduction can be asily incorporated in the medeling outcomes,

1 ¢ g
glacie

vear maps,

44
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The aceuracy of SPHY derived snow covers has been tested with reference to the

MODIS derived snow covers for the wvear 2010 and 2018 (Figs, ¢. 7 and §). The visual

comparison of SPHY and MODIS derived snow-coversd areas {SCA} can be seen | 5. In

Fig. 6.

see that most of months have shown sinutlar pattern

Snowe Cover {2010 — computed in SFHY

My Sap

,

Mo

Dec

Sanw G
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Snow Cover (2018}~
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computed in SPHY
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Seow Cover (018~ computed in MODIS

ay

Sep

Figure 6: Highlighting sumilarities and vanatio

between MODIS denved snow

(b) SCAs for the year 2018

The regression plots between SPHY and MODIS deriv

and the corresponding R

covers and SPHY derived snow covers: {

.
R~ wvalues have shown in Fig,

around T8% correlation existed during 2010

15 found quite satisfactory, espe

cially over the Himalayan basin, In Figs.

1 the monthly

ed SCAs (®

and 92% correlation existed during

A per the regression plots (Fig

Ta and Th. ex¢

snow-covered areas (SCA}L

o) have been drawn

2018, which

ept hune
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to August months, where SPHEY dentved SCAs show sligltly oversstimared. «
months showed a good mateh between SPHY and MODIS derived SCAs. Several articles
already discussed about the inconsistency existed i the MODIS

produets {Zhao et al. 2019 Werdinger et al.. 2018} due ro the presence of clounds. The &

snow covers based on the 10 elevation zones have been derived for the vear 2010 o compare
the SPHY denved fractional spow-covered area (%) with the MODIS dersved snow-zovered

areas (Fig. 8,

@

most of

S0 7 MODIS-2010  » SPHY-2010 10 B MODS- 2018 0 SPHY-2018
T2 : ¥ eo

vy g =

@ gp § 2 20 g

= & §
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{c) SPHY SCA 2010 19%) {d} SPHY SCA 2018 (%)

Figures 7: {a) time series plots between MODIS derived montht

Y

E.i

comparison between abserved snow and medelled snow-covered areas (%) durmg 20190, an

(L

{d) regression plots showing comparison between observed snow and modelied snow-covere

areas {%] during 2018,
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Figure 8: Comparison of SCAs (%) between SPHY and MODIS corresponding to each

elevarion zone (EZ) during 201G,

Spow cover variations with respect to elevation zones have also been compared.

Elevation zones {10 n0s.) have computed from DEM (Fig. 1), whic

48
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the snow-covered areas (%) with respeet 1o 10 elevation zones

300myL EZ4w EX

Fig. 1. EZ1 10 EZ3 corresponded to lower elevations {180

citly moderate elevation areas and EZ7

113} corresponded

extreme high ¢levanon areas,

Fig. § {a-) illusrates the monthly comparison of SCA (%) diswibution between SPHY

and MODIS based on the vear 2010, In Fiz. 9. 1t can be observed that as per the me

A4 mcreases, In lower EZs

EZs. the dismbution of

of SCA can be ohserved only for January. February ang
10 extrense high EZs > EZ4 most of months <how @ significant awoun: of distribution of SCA.
except ablarion period {1.e Mayv o August) {(Fig. 8} When compared the EZ wise distribution

3

of SCA berween MODIS and SPHY. a good comrelation has been observed (around

except few EZs where 5% to 10% differences in SCAs (%

en recorded. Overail both

datasers have shown a good agreainent berweesn SPHY and MODIS derived SCAs Based on
the abave abservations. This elevation rone wise comparison of SPHY 4 ars

with MODIS dats showed a good matel with the real mune MODIS derived snow cover ¢

and observed dischargs data. The derivaton of fractional snow covers also ha

aramerer i cw\.ﬁblhi?}g RIVERRES

the fracuonal snow parametey in SPHY, whech 15 s mmportans

nelt runotf volune.

5.2 Assessment of water balance components

rameter vakhies

The model parameters have manually adjusted and modeling fitted

detail have been given in the Table 3. The calibration surength of the modeling framewarlk 2as

2017

been tested using coefficient of determinaten {R7) (Singh and Goy . The seatter plots

are shown

between obeerved Q and simulated Q. afrer paramieters adiustiment. at Sangle

. @b and 2d. The tine sertes plots (Fig. o and Je) show dhar
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outier of the catchument significantly captured high and low flow values as per the observed
values. The R? values are computed as 0.62 and 0.86 for TS1 (i.e. 2003-2010) and TS2

2011-2018). respectively, The computed R? values on a daily scale are found satisfacrory as
compared to the previcus studiss (Singh and Goyal, 2017: Tamn et al. 2010) The modeling

accuracy of snow-glacter areas will miajorly depend on how snow and glacier parameters are

accurately input to the wodel {Abbaspour et al., 2013).

Eo )

Ghserved Q —-Computed Q

Daily Q {cumec)

)

Daily O {camet)

(C) ¢ A : i Chserved Q {cumed)

Figure 10: Tune series and regression plots showing the comparison between simulared

streamflow (1ncluding snowmelt and glacier melt) agains: observed streamiflow at Sangla gauge

during: (a, b) 2003-2010 and (e. d) 20112018,

The water balance cowponents such as sumulated munoff (Sun Q. cwnec). rain nuoff

{Rain Q. sumec). snow melt runof

{Snow Q. cumec). glacier melt runoff {Glacier Q. cumec)

and baseflow (Base Q) have been computed at the outlet L.e. Sangla gauge (Fig. 103, which

shows an average annual distribution of cach component during the vears 2
e series sets {Le. TS1: 2003-2010 and TSZ: 2071-2018 (rotal 16 years)), In Figs. (10a-10b).
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15 more fhan glacier

it 15 clearly seen tiat snowmelt contribution (varies from around 30%-5.

melt {varies from arcund 12%-14%) against the toral flow, The contribation of runcff from

baseflow 15 also touad significant during M

&0
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< |
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=

Figure 10: Average annual scenarios of mam water balance componenss such as simulated

runoff {(Sim Q% Glacier melt runoff {Glacier Q). Snowmelr runoff (Snow Q). rawcfall induced

runoft {Ram Q) and runotf from the baseflow {Base Q) sumnulared by SPHY

2010 and (b} 2011-2018,



145

AT

{o]

e G (] ey oo St {4 e Rain  --—dase G

Figure 11: Annual variations in Sim Q. Ram Q. Suow Q. Glacier Q and Base Q compured in

5

during 2003-2018

8.3 Changes in snow melt, glacier melt and rainfall runoif

The conmibutions of different runoff components {e.g. snow Q. glaczer Q. vain Q and

base Q) from upstream to downstreant heve been analyzed. For this purpose. six watersheds

ot

viz. Sub 1. Sub 2, Sub 3 Sub 7. Sub 17 and Sub 30 have been selected. In Figure 9. the

distribution and amount of runoff components viz, snow Q. glacier Q. rain Q and base Q vary

from upstream watersheds to downsireamn watersheds, Here, the waters!

suow and glaciers such as Subl. Sub2 and Sub 3 corresponded 1o 7

voun snow-glaciers

)

1.e, 32% from snow and 23% from glaciers), 6.

2% from snow-glacters (e 42% from snow and 309% from

and 41% from glaciers). and 723

glacizrs). respectively. Though, the downstream watersheds such as Sub 30 (22% Q from Rawn

52
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from glaciersy and Sub 17 (6% from rain and 16% from g the izl water

13

and 10%

contributians from glaciers reducs and the Q from rain 15 acconnted,

Sub 3 Sub 30

v Q. glasier

rain @ and base Q va

533
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Scenario ran with Glacier Scenario ran with Glacier
Map of 2000 ' Map of 2018
2003-2010 2011-2018

Baspa
(at Sangla)

Figure 13: Shows decadal changes in different runoff components atr Sangla,

Table 4: Faction (%) of different runoff components at Sangla in Baspa bastn.

Runoff Components Baspa Basin

, a . ; TR oo
Annual Average Glacier Melt Flow at Qutlet {mn™/s) 9.78%
Annual Average Snowmelt Flow at Outler {m’'s) 36.24%

Annual Average Rainfall Flow at Outlez m3 ‘s

Annual Average Base Flow at Quilet { m" 11.69%

iz the above Figure {12} and Table (4). various runoff components contribute to the

hydrological regime, reflecting the region’s diverse climatic and geographica

melr accounts for approximately 9.78% of the total annual flow at the basin outlet, signifying

a modest ver critical contribution, particularly during the warmer months, Snowmels flow, at

56.24%, 15 the donunant component. highlighting the significant influence of snowpack and
seasonal meltn driving runoff, which supports streamtlow during the spring and early summer.

80
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\&

. especially durtng the

. to the annual flow. a substanial port

Ramfall conmibuies 2

monsoon season. which boosts water avalalaliny in the basun, Baseflow. reg

groundwater conmibutions. makes up 11.68% of the total flowe, providing a steady release of

water that sustains river discharge during dev pertods. Together. these components reflect the

complex mrerplay of g Losnow. and rainfail-driven processes thar characterize

hvdrology of the Baspa Basin. each plaving a viral role in 115 water dynamies.

Fig. 11 shows disir e maln water balanee components such as S O

{cumiec). Snow O {enmec). Glacier Q foumes). Ram Q {cumec’ and Base Q {cwmec) an an

M~,

atnual basis. which highlight the timing of ¢ach component throughour the vear, As per the

Getober {

antual plots. the potenual snovw melung starts from April and 11 continues

myan Snow O

11y, however the amount of Saow Q vartes from

computed between late May to July (Fig, 11). The amual torl maximun one-day fHow

ens. other CTANNONEnts

vecorded around 200 cumee. especially during monsoon season, Whe
such as Snow Q {cumec) Glacier @ {cumec), Rain Q {cuniec) and Base @ (ewmmnec

Vary one-

dav maxinuun up o 120 cumes. 40 cumec. 70 cumec. 20 cumed. respectively. To find ow

changes mn the four main water balance componens

Q1. the aversged of the water balance components of b

oth TS has bezen computed and

compared through the box plots (Fig. 141, As per the Sun Q scenaries, a

been observed from J003-2010 to 2011-2018. however i case of TS2 (Le.

extreme cases were inerensed and can be seen in box plots {Fig. 141

(%3]
W
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i

£
H
i
i

Grateve 31200

Figure 14: Variations in Sim Q {a). Glacier Q (1), 8

o) and Rain Q (d) computed during

two thnes e, 2003-2010 and 2011-20:8.

In case of Glacier Q. both tine series have shown almost same median {~12 cumec],

but in case of TS2 a slight decrease is recorded i upper quantiles {Fig. 14} As per Snow Q

observation {Fig. 141 TSI have shown higher values 1 upper quantile ranges than TSZ, but

median 1s recorded almost similar for both TS durations. In case of Rem Q (Fig. 14). except
upper guanitles. no significant variability was detected. Based on the above observation. no
significant conclusion can be made. however, an enormous variability I upper quaniile among

ali the water balance components can be observed.

(5
[&1]
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o

sets 2003-2010 (a c.e, g) and 201 1-2018 (b, d. £ b

outiet of the basin {i.e. Sangla gauge) These plots highlight a vem

menthly averaged componenss, In ease of Sun Q (Figs. 135a

been recorded from June fo September months (mainly in the monsoon mor
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u the @ during monsoon {i.e. from June to Seprember) months revealed the existed varsabilivy
in precipitation and temperature observed m recent past vear (Rao et sl 2018 Singh and

Goyal. 2017). Similar observations can be notified for Snow Q during Mar to Mav. For

example, as per Figs, {15¢ ro 1541, durmg 208 1-2014 the maxumun Saow Q (120 cumec) was
vecorded for the year 2014, wlile vears recorded maximunn Suow Q berween 60 cumee

to 100 cumee, In case of Glacier G {Figs. 13¢ and 13d) vo significant variability Lias been

recorded. howsver, the month wise change can be observed in the glacier amount. In case of

Rain Q {Fig. 13z 10 15h). the maxunum variability {e g extreme high and low peaks) during

3

monseon months can be clearly observed.

As discussed above. it was obierved that there are changes uiwater balance components

because of changes in precipitation and temperatures. As per the studies carried out earlier in
Himalays region average temperature kas besn ereased over the Hinalaya {~17C) {Dimri &1
al. 2018 Samjay et al.. 2017} and the precipitation significantdy varied over swesteim Hunalayva.
especially in recent past vears {Sharna and Goval. 2020: Shatig et al.. 2016: Singh and Goval.

20163 Therefore. a dews] sualysis of change has been paformed by doing the monthly

sment of the mam four warer balance componenis {1e. Sim Q. Suow Q. Ram Q and

Pl
7
o
[¢0
o
S

Glacier 0. To find out the changes during both the TS durations (i.e. 2003-2010 and 2011-

i
bt
Ca
b}

2018} mmong all four water balance components. the monthly scenarios (Figs. 16a anc

M
[
5
o}
a
o

een generated and & comparative assessment has been done between TSI {ie 2003-

2010 and TS2 {2011-2018). As per San Q (Fig. 16a) 15 found hughly variable threughow

the vear. As per December to March. Tuly and July treuds (Fig. 163}, Sim Q is ingreased during
both TS, During April. May. Auvgust, September and Ocrober (Fig, 16b) S Q s slightly
decreassd. In Ocrober and Seprember. Sim Q scenarios from 2003-2010 showed an increase.

whele 20112018

84
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Table 5: & 11§ howatershed under different

Qe

v the changes in different sunoff compon

SCEnHrios,

2011-2018 vus with Glacier map of

2003-2010 - Tun with Glacier mwap of 2000 2018

Stations

Sim Glaciey Snow | Rain Base Sim Glaxier Snow Rain Bagse
flow wmelr melt flow flow flow melt melt flow fow

1 16023 | 2970 4271 149 2739 10673

s 12863 | S06.5 37 |63 4806 13178 | BI85 S9 5773
3 3.0 1902 23131 |20 1736 6865 2673 2848 i1 1932
Gp2.3 2673 3834 |60 2448 o780 2223 497 sS4
8 564 1428 303 119 1311 5449 3 23

9 i 1148 5460 |93 19390 x84 46 684,35 2.0 323

11 S43.5 1513 2488 1449 1384

Wi
L
wh
afy

12 8453 2240 4374 6.2 W74 %41 353 6825

18 g2g 243.1 238 278 G558 2444 4304 38.8 2333
1% 12724 | 4357 2281 4038 3144 128 31

il 15434 13242 8140 | 1977 | 30856 144 10678 | 232.0 1 1306
21 22123 | 6053 0727 | e 3745 18800 1283 13226 1911 2833
23 21274 | 7034 7483 138 §57.0 17182 13832 1334

24 Jeodn | 9320 8209 387 §732 18262 | 1832 13301 788

25 22800 | 2810 G128 2223 | 3840 17516 | B2e 12557 | 3048 | 085
24 4844 427 11303 | 23571 844 4 800.3

e hias been observed v, during

I case of TS2. Januvary to Mmel. an e

Getober to March as per TSI, Rain Q has been decreased. while mn TS2, February and Mageh

showed an inerease in Ram Q. But as per TS2, during Januvary, February. March, August and

wed that Ram

LI majoriry of plots sh

Seprember. it hos been inersased (Fig. 16a),

). during O

er Glacier Q plots (Fi

been slightly inereass during

59
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December, a slight decrease mn Glacier Q has been reported during 2011-2018. while an
inerease 1s reported as per 2003-2010, Howsever. from January ro September. most of the plots
showed an increase in Glacter € in both TS, except April (in case of both TS} (Fig. 16bj and

1tlv decreased (Fig. 16 Snow Q13

September {11z case of TS2 only ). where Glacier Q was

found highly variable in both TS (1.e 3-2010 and 2011-2018) from October to Seprembe

Snow Q trends showed that it is decreased during October. November. March and Apnl (m
case of both TS durations). Whereas. it is significantly inereassd in December. January.
February. May. June and July, mostly in case of TS2 i1.e. 2011-2018} {Figs. 16b). During April

o Seprember (Fig. 16d1. it is decreased in most of months., especially in case of TSI (Le. 2003-

m,

20115 Overstl, plots elartfied that with vespect to T

Stow Q m total runoff has been mereased dunng 2011 10 2018,

Based on the above observation, the three most conclusive observaricns can be made:
{1} Ram O is found highly variable during 2003-2018. because the most of months during 2003-

(R

2010 have shown a decrease m Ramn Q and during TS2 {te. 201 1-2018) with respect to TSI it

15 inereased during January, Febmary. Mareh. August

Suow Q was mereased while comparing TST vs TS2 (Table 53 However, becaunse of an

mereasing remperanre over the Hunalava. as reported in previous studies {Shafiq et al. 2015
Singh and Goyal. 2018} the ratio of precipifation to snow and rain is changing. Therefore. due
1o less amount of precipitation (i form of snowfally, the melt contriburion from Snow has been

decreased in some months (mosly i non-glaciated areas] and therefore Rain O was increased

4 reduenon wothe

during January, Febouary and March, Due to the increasing remperatire

glaczer mass over Himalaya. the contribution from Glacier Q was decreased duning TS2 as
compared to the TS1 (Table 53 Table 5§ showed the cbservations from 17 stations, which are

3

found glacter dominared,

60

(t.e. 2003-2010% the conmbution of

86
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Figure 16: Month wise variations and trends in Sim Q. Ram Q. Glacier Q and Snow Q: (a)

varanons in Swn Q and Ram Q. {b) vanations in Glacier Q and Snew Q.
5.4 Effect of glacier avea reduction in glacier melt runoff

For effective monitoring the changes n snow and glacser melt munoff around 30

watersheds were drawn in the basin taking, out of these 17 sites dominated with glaciers and

snow-covered areas as shown in Fig. 1 and then the annual time series trends were estimated

i

during 2003-2018 (Fig. 11). In this analysis. one more glacier map of 2018 was used in addition

41

to 2011 for the duration TSZ,
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The glacier melt runoff conmwibution ar the outlet during 2003-2010 compured as <13

%o (as per glacier map of 2000, 1t computed ~13

nd 1t recorded arcud ~10% during 2611-2018 (as per glacer map of 2018). due 10
reduction i glacier mass. Sinularly, the snow melt ranoff contribution was found 1o be 50.52

and 56% and rainfall munoff 19, 21 and 22% and base flow conmibuiion 16.14 and 12%

corresponding to the maps 000, 2011 and 2018, This base flow 15 delaved runoff

comes throngh recharge from rain. snow and glamer melt. If it 1s dismibuted i same proportion

then ronoil comes out to be 18.15.12% dus o glacier melt. 58.61.64% due to snovwaelt for the

vears 2000, 2011 and 2918 and rainfall runctf 24% for all the vears.

\
b
)
i
i
=

e

warersheds are having different wwow glacier therefore the total contiburion of

water from snow covered areas and glavier aveas varies at sach site level The conmbusion

mels

from: each warershed is shown in Fig. 17 and given in Table 5. The glacier melt runoff varies

~

from arowaxd 200 nuw {corresponded o Sire 91 to 1300 mm (corresponded to Site 267 across all
stations, Sunilar plots have been made for snow melt runeff (1.2, Snow Q) which vartes from

around 40 nun (corresponded w Sites § and §) to 350 mum {correspanded to Site 26 In Fig

17, among 17 sites {mosthy dommated with glaciers). most of sites showed an increase in Snow

Q durig 2003 1o 2018,

From Table 3. it can be seen that glacier melt runoff has micreased in case of watersheds

2 aud 3 while decreased for other watersheds. The reason belind this that the watersheds 2 and

(%)

are heavily glaciated and also not mueh change m glacier cover have been found m these

watersheds. The watershed such as 8. ¢ aud 12 locared on northern side i high altmde areas

.

1ave lost mueh glaciers as compared o watersheds locared on Southern side. Therefore. miore

425

reduction m runoff in watersheds of northern side was observed. The wartersheds 21,
and 26 located on lower altitudes have lost much glacier area and therefore contributon in
these warershieds have been found to be much less in the vear 2018, However. contriburion of

62

> during 2011-2018 {as per glacier map of

88
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change of SCA and rainfall also have been studied. The snow melr runoff from all the

watersheds have increased.

Figure 17: Annual vaniations and trends tn Snow Q and Glacier @ seress 17 stations out of 30

stattons domnated with snow and glaciers during 2003-2018.

the month wise comparisen of glacier melt

and snow mielt runoff {Snow Q) between TSI (L. 2003-20i0 and T

d by snow-covered areas and glaciers. The computation of monthly diswibution

<

sites donuns
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of amount of Snow Q and Glacter Q at Site level has been found Lelpiul to undersrand the

behavier of total . while analysing the vanability of Glacier Q and v Qi roral runodt. In
Baspa basm. the Glacier melting mostly starts from May and the majority of contribution from
Glacier @ is recorded nll November (#10 mum). Similardy. m ease of Suoew Q. the major
contribution 13 recorded from late April wo October (710 mun}. Therefore. the box plows have

shown the monthly ccenarios of Glacter Q and Snow Q from May to Ocrober months ondy. The
Box plots highlighred the sratistical behaviour of different grouped periods, As per Figs. 18, m
case of Glacier Q. it can be seen thar maximum amount is recorded during July to Sepiember.

When compared to TS ve TS2. a shift in Glacier Q can be observed. In most of the stations a

-2018 agams1 2002-2010

stight reduction tu the amonnt of Glacier Q was observed during 20

As per the glacier maps of different time periods. 1t can be seen that the small size glaciers were

found more sensitive m reducing their niass. This explores the monthly fluctustions on
vearty basis in Snow @ and Glacier (0 and also provides the idess abowur the Suow @ donuinant

season and Glacier Q dominant season throughout the yvear,

ey

Fig. 18 also displavs the changes in monthly Snow Q during 2003-2018 for 17 sies

dominated with szow and glaciers. As per the comparison of grouped time series sets (t.¢

aid TS2Y most of months found highly variable in case of Snow . Overall. most months
showed inerease m Suow Q during 2011-2018 with respect to TS2 {1.e. 2003-2010) {Fig. 1§
anxd Table 3}, The moerease w1 Snow Q over glaciated areas can be directly correlated with the

reducton of Snowiall over the basin due o mereasing rate of temperamre over Hunalavan

ciers. As temperature mcreases. snowfall contribution decreases and rainfall contribution

1mcreases.
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Figure 18: Mounthly variations in {a) Glacier Q and (b} Snow Q across 17 stations dominared

with snow and glaciers during 2603-2018,
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In Fig. 19 {a to d3 a significanr amonnt of glacier aren reduction lias been compured.
Fig. 1% shows the hypsomeny of glaciers in different temporal fimes, Here, hypsomeny of
giaciers has been caleulsted to determine the cumulative percentage of glacier ares between
the elevation zones. Tomal six elevation zones, at 300-m mterval. have been caleulated. The

hypsometry of all glacier maps clearfy shows that a sgnificant reduetion 1w

e

U m ranges,

reduction in the glacier areas can culy be observed. especially between 60

However, there 15 2 large gap can be observed at lower 1o moderate elevation zongs (e

o

3000 m) in the glacier maps of 2011 and 2018 vis a vis glacier map of 2000, These changes

1

1 of clevanon dependent warming. as also discussed previously in some

could be a

Himalayan based studies (Duri et al.. 2018 Singh and Goval. 2016), This analysis gives an

Table 6: Changes 1n glacier areas m different imes in the Baspa River basin

Si Year | Aggregate | Glacier Glacier - Glaeler

No. area kuy” Loss from | Glacier Volume, Volume.,
2000 (in | Loss from | k' (as lem’ per
Km® Ayen) | 2000 {in | per Prasad et SPHY

Ko~ Areay | al. 2019 modeled)
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The glacier ice volume has been compured to verity the reduction in the glaciers 1ce
volume a3 per the changes in zlacter maps with respect to tine. To conpare the reduction in

glacier 1ee volume due to melting, SPHY based glacier ice vohune compared with the glacier

2019%, Prasad et

iee volune compured based on the power equation suggested bv Prasad

al. (2019} developed a volume-arsa relationship considering 29§ glaciers. which are mostly

ded to Satlui river basin. The glacier ice veohune has been computed for the four

ANBOE

acier maps (L.e. 2000, 2006, 2011 and 201 &)

ming above two methods and

given in Table 6. In 2000 the rotal glacier ice volume was recorded around 13.09-13.41 K’

while 1 20180 11 was significantly reduced (recorded as 13.47-10
comparison. SPHY has found comparable m the caleulation of glacier e v

to the glacier ice volume compured through the volunie-ares equation.

Table 7: Shows the changes m different sizes of glaciers in the randomiy selected warersheds,

Large Size

Basins | Size Small Size Glacters {<=30 km?) Glaciers (>30 km®)
aciers (30 km~)

Sub 8 Sub 2 Sub 3
o 7.54 33
jned ) N
= G.3 234

Tabie 7 shows the area change in the selecred warersheds, In Table 7. it is observed that
the snall size glaciers have ugnificantly reduced thew size in the different decadal rimes as
compared 1o large size zlaciers m the Baspa basin. Figures 19 and 20 show the change in glacier
areas for the selected watersheds mn and daily wean glacier Q@ fm’ 33 with respect w each

watershed. Here. the Sub 3 and Sub 1 show noticeable reduction w1 the glacter Q and the same

change can be visualized m Figure 20, which shows significant reducnions in the

'k

for Sub 5, it varies from 30% 1o 23% and for Subh 1. it varies from 30% to 23%% and base Q

fie. from 27% 0 21% and 27% 1o 2

S

while the snow Q shows enhancewent (1.2, 42% o
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cler melt runoff (glacier Q. daily wean m w53 changes

Figare 20: Glacier area ¢

selected watersheds comprises with lTarge size and small size glaciers 12 BRB.

5.5 Long-tera Changes in Snow Cover iu Baspa Basin

The Figure 21 sHustares the long 12000 1 SNoW COVer percentage o

to 2014 wm a historzeal context, The snow cover exiubits a clear cyelical patrern. with regular
peaks and troughs reflecting seasonal variations n snow aceusaulation and mel. The overall

sod, This g

end shows a general decline in snow cover percentage over the studied pe

decrease is highlighted by the red line. indicating a downward wend, which could be auril

to the long-term effects of climate change. such as rising empe

ratires and altersd precipatation
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patterns. The amplitude of the cyeles remains relatively consistent. anplying that while

seasonal variab persists, the baseline snow cover is steadily decreasing. This decline

suggests poteniial impacts on water resources. particularly i regions dependent on snownelt
for river flow. such as high-altinude basins, The reduction in snow cover could also affect the
timing and velume of runcff. potentiaily exacerbaring ssues like water scarcity or changmg

flood regimes. Overall. this data underscores the lmportance of monitoring snow cover rrends.

smificant hydrological and

mdicators of broader ciimaric changes and have s

as they are erities

ervironmental nuplications {Fig, 210

Historical

Stiovs cover {%)
E
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Figare 21: Shows ihe long-term change in snow cover %) in the Historical time during 1831-

2014,

The progecred change in spow cover percentage from 2013 o 2100 under the CMIPS
SSP245 scenario shows a significant and consistent decline, SSP248 represenss 2 "middie-of-
the-road” scenario. where some nutigation efforrs are made bus emsssions and @nperanue rise

continge at moderare levels (Fig, 22). As per the projections. saow cover percentages steadily

Q
I
s}
o
o
&
s
&
)
<
[11
g
—_
=
rn
o

enmry. reflecting hie mcreasing influence of temperature chianges {increase]

inr the Baspa basin. The reduction in snow cover 1s particularly noticeable after nuzd-century,

with the rate of declme aceelerating. This is likely dus 1o rising remperanues. which reducs

duration and extent of wnow accumulation. especially at fower elevations and 1 mid-latitude
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red loss of snow ¢over can have profound uup

regi

ons of the Baspa basin, The proj

NENe

river flo

s+ 1m the Baspa basin, particularly in soow-fed regions, as snowmelt plavs a crueial

roke i sustaining sireamilow during dry menths,

55P245
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Figure 22: Shows the long-rerm change in snow cover (%5) durmg 301521

& as per {{MIPE

fodelsy SSP24S,

The Fig. 23 showing the long-terni change m snow cover pere

under the CMIPS SSPISS scenario presents a significant downnward tre

a lugh-emission seenano where himited efforts are made to mitigate greeniionse gas Smissions,

leading to substantial global swarming, The snow cover persmitage sieadily dec:

throughout the century. with sharper declines observed m the later

LIPacts
SSPSEs
By the end of the century, snow cover is projected 1o be sipnificantly lower
periads.
When comparing SSP245. and lustorical frends. notable differ 5

enterge, The historzeal graph {1951-2014% shows relatvely stable snow cover with some

decline, but seasonal variability persists, Under SSP2435 (20135.2109), the snow cover deczeasss

maore noticeably but at a moderate pace. indicating that seme mu
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t

of decline. The SSP243 scenario reflects a scenaric where mitigation policies slizhsly cwb
smissions. resulting 1 a slover bt still evident reduction i snow cover. In contrast, SSP3SS
shows the most dramatic reduction in snow cover. espeeially after 2030, as global remperatures
rise rapidly. This noticeable difference between SSP245 and SSPS83 underscores the critical
impertance of mitigation measures, While bath scenarios project declines. the rate and severity
are far worse in $SPSS8S. The decrsasing snow cover i both Amture scenartos compared 1o
sstorical data also emphasizes the long-term anpacts of elimare change. The logs of snow

cover i the futues will have cascading effects on the streamilow In the downswean parts of

the basin.
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Figure 23: Figure 2: Shows the long-rarm change i snow cover (%) during 2015-2100 as per

{CMIP6 Models) SSP243

8.6 Climate Change hinpact Assessment on Different Runoff Compenents

The Fig. 24 provides a comparative analysis of runoff components i.2. Toral Q. Ram Q.
Suow Q. and Glacier @ under SSP245 and SSPSSS scenarios over tme (2015-2190%
reference 1 base Hne nme (1.2 1980-2014) Here it can be seen that total runoff (Toral O

increases significantly over thne. with SSP38S (orange line) showing much higher peaks.

particularly after 2050, compared to SSP245 (blue fine). This reflects the swonger unpact of
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higher enuissions 1o SSP383 on rotal runoff. hleely driven by inereased rainfall and glacial melt
The top-right panel llustrates thar rainfall runoff (Ran Q) alse mereases sharply, particularly

11 SSPESS. where the peaks become more frequent and mtense towards the end of the cenmry,

1

indicating higher ramfall events under a warmer climare. The Fig. 25 also reveals that glacal

runoff (Glacier Q) increases steadily in both seenarios, but SSPA3S shaows a more dramatic ris2

after 2060, reflecting accelerated glacier melt due to higher temperatures, The bottom-ng
pauel highlights the decrease i snowmelt runoff (Snow Q). with both scenarios showing a

downward tremd. but SSPESS experiences a more pronounced decline. Thes mndicares a shift

from spow-driven muneff to rain and glacier-driven runoff in the futnre. with more extreme
varianions under SSP383. Collectively. the hgure nnderscorss the subsiantial hydrological

sliifrs expected under different climare scenarios.

Total O RainQ

Figure 24: Shews the annual average trends and changss in different runoff components are

d SSPESE,

the Sangla gauge under different CMIPE sce
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The Table § presents a comparative assessment of different runeif components—
Glacial Melt (Glae Q). Sucwmelt {Suow Q). Raiafall (Rain Q1. and Basetlow {Base )—across
three tine periods: Historical (1981-2014) Wear Fumure Tune (NFT. 2021-2050;. and Far
Furure Time (FFT. 2061-20903 It exapunes the percentage changes m these sompouents
berween the historical period and the near and far future under tve climate seenarios: SSP24S
(moderate enusstons) and SSPSS3 {lugh emissions). The analysis helps reveal how each

componsnt of runoff is expected ro evolve with elimare change and the differmg impaets of

mitigation efforts.

Under SSP245, glacial mel (Glac Q) is projected to nerease by 29.02% in NFT and
31.13% in FFT compared 1o lustorical values. This indicates that even under moderate
warming, glaclers will contribute significantly more 10 runeff due 1o accelerated meling,
Snowmell (Snow Q). on the other hand. shows a decreasing mrend. with a reduction of 14,7582
in NFT and 44.45% i FFT, suggesting a substantial loss of snow cover over tme as
remperatures rise (Table 81, Ramntall-derived runcff iRam Q} 15 expected to nerease by 32.93%

i NFT and 84.45% . FFT. indicating more 311€‘»1plt<.:fi011 w1 the form of ram rather thau snow.

which 15 consistent with warming tends. Baseflow (Base Q). represemting groundwater

contribnaions. is projected to rise by 28.70% i NFT and 53.16% in FFT. showng that wartser

54

remperatures and wereased ramnfall will enhance groundwarsr rechargs. though it may abso

pomst to changes i permatfross or snowpack dynamues affecting baseflow. Overall. SSP245

refiects a significant sluft from snow-driven to rain-driven runoff. with glacial and rainfall

contriburons mcreasing over rmme while snownielt declmes.

Table 8: Shows a comparative assessment of different nmoff components—Glacial Melt (Glac

Q). Snewmelk {Snow Q). Rainfall (Ram Q). and Baseflow {Base Q)—across three tinte penods:

Historieal {1981-2014% Near Fume Time (NFT. 2021-2050% and Far Funwe Tune (FFT.

2061-2000).
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Stations | Components | Historical, NFT. TFT, %% Change | % Change

1981-2014 2021- 2061- (Hist v | (Hist v
2050 2090 NFT) FFT)

Glae Q 11.68 3113
Snow Q 5812 49,33 36.10 -14.75 -34.438
Rain 13.60 17.28 59 3203 8444
W
- - — T Py z
o1 Base 13.08 145,83 2202 53,14
by
¥
Glac Q 11.68 14,16 21.37 64,68
Snew 4812 44,95 3127 -14.06 WE337
Rain @ 13.00 19.83 31.3% 2254 9373
i,
o . — ST P P
i Base 15.068 16.08 23.91 2275 6743
Under the S8P38S sgenario. the wends are more pronouncad, sspecially mthe fa

< warsg, Glacial melt (Glac Q)

ng that under hig

glacier contributions o runeff will be significamiy larger, bur at the cost of long-tern: glacier

3% decrease m NET and a2 substanua!

depletion. Snovmelt {Snow Q) sees g 1440

decrease 11 FFT. indicaning that snow-dependent basins will

cover, affecting water availability. Rainfall runoff (Ram Q) rises sharply. w

mnerease w NFT and 9 o in FFT, showing a greater shift towards ramfall-driver nimoff,

especially i FFT, Baseflow (Base Q) shows an merease of 2

FFT. indicating greater groundwater contributions due to inereased presips

permatrost thaw tnder SSPAES {Table 8)

O
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In both scenarios. the increase in glacial melr and rainfall ot comes at the cost ot a
substantial reduction m snowmelt. svith SSP38S showing miore drastic changes. The sharp

inereases in rainfali-driven nueft and baseflow under SSPSS3 highlight the greater intensity

s under higher emissions. These changes have orircal mplications

WaTer $esOUress. as regons dependent on suovwnelt may face reduced water availability durig

o

summer months, while ncreased rainfall could lead to more frequent flooding, The dara

underscores the urgeney of ciimate nxtigation. as higher emissions under SSP38S result in far

more severe hvdrological mmpacts compared ro S8P245. where chang

76
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CHAPTER 6
CONCLUSIONS

I the present study. snow glacier melt contrzbution and ies varianen over the vears with

changss m snow and glaciers 1o upper Himalavan basin has been analys

4, Snow cover srea

was simulated using the SPHY model and it was found in good agrezment with the area

obtamed wsing MODIS data, The glacier maps of 2000, 2011 and 2018 have beer used 1o

compute the runotf contitbunon due to glacter meli snow melt and rain. The mnwff from

glacier melt found to be 18.15.12%. from snow wmelt runoff 38.61.64% carresponding 1o glacier

=

G, 2011 and 2018 while ramfall ronoff

maps of 20 24% for all the wvears. Thus. tomal

contributzon from snow and glacier melt runoff ar the outler comes ou

The analvas

was aleo carried out for sach month and it was found that there 13 an inerease n toml ¢

durmg pre-monscon aud post mensoon meonths, As per the ovs

all comparan

herween two thne series durations. wital runofi has been <lightly

of total 17 watersheds (1.e. donunated with o

Ot the basis of analy

iy

watersheds creared on wiburaries at the d's of snow and glacier cover arez

o

heds. glacier melt:

due o glacier recession 1w the glacier donunated ware
was found that the warersheds ar the lower altitude ave reducing glacier vover and therehy
runoff have also decreased. In upper part of the basin, the glaciers m e warersheds located on

the Northern side are reducing more as compared 1o the wasersheds located on southem side,

Therzfore. the runoff from watersheds located on Northen
mereasing fromn the warersheds of the Southern side. Aven

watersheds, glacter melt runoff has decreased 1424 and 44%. 5

011 ro 2018 with res

and ramfall mnoff 21 and 40% for

contribunion from rainfall runoff have increased over the vears

recipitation from suow 1o rain while runotf from snowme!
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ar 2000, the glacier 1ee volume has been

S the v

ﬂl

As per SPHY . corresponding to
computed around 13,41 km’. while for the glacier map of 2018, it has been reduced around

16.99 ke’

As per the climate change-based assessment. the comparative assessment of snow cover and

runoff components under listorical. SSP245, and SSPISS scenarios reveals significant chang
driven by climate change. The historical period {1951-2014) shows relatrvely stable snow coy
and runoff patterns. with snowmel being the dominant source of water. However. projections
under SSP245 and SSP385 indicate profound shifts in these dynamics. Under SSP245,

moderate emissions lead o s gradual decline in suow cover and snowmelt runoff, with

inereases in remifall and glacial melt contributing more significantly to toral runoff Snownielt

decreases by 14.75% and 44.43% in the nesr and far future. respecrively. while glacial el
and rainfall merease substantially. The scenario reffects a slow bur steady rransition from snow-

driven to tain and glacier-driven runoff. particularly after 2050, In contrast, SSPSSA. with

higher ennlssions. shows niuch more drastc changss. Snow cover and snowmelr decline

i melt

sharply. with 3 + reduction 1o snowmelt munoff by 2090, Raintall anc
werease sigmficantly. especially after mid-century. resulting in more exweme toral runoff
fluctuations. These wends highlight the mnplified hydrological imspacts under higher emissions,
with mrensified rainfall events and accelerated glacier retreat driving furme water availability,

Overall. the data emphasize ed for ¢limate mitigation to prevent severs reductions

i suow cover and to manage the nereasing variability in water resources.
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