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BEFORE THE HON'BLE NATIONAL GREEN TRIBUNAL 

PRINCIPAL BENCH, NEW DELHI 

Original Application N o.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, 0 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-

2
69



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: 

1. Central Pollution Control Board through its ]\;{ember Secretary, 

Parivesh Bhawan, East Arjun Nagar, Delhi-110032. 

11. Secretary, Ministry of Jal Shakti, Shr&m Shakti Bhawan, Rafi l\1arg, 

New Delhi-110001. 

111. 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, l\1inistry of Jal Shakti, Shram 

Shakti Bhawan, Rafi Marg, New Delhi -11 0001. 

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, 

/<'i~~- Indus and Brahmaputra. It is also mentioned in the news article that 

! J ·· "';;;s '\:<:.., the indiscriminate discharge of sewage and industrial ·waste has 
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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 z 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, 

riverfr~nagement (ghats and crematoria), ensunng 
...-~.(\ c.C?);~~t:::::-~:/ '~ 

o'~~~~~i~~~, rural sanitation, afforestation, biodiversity ~/ 
q;o/s~·~;;;>'>·<:·: ·' ::;:r - ~ (J/f y;;..,·-·~c:'S:-';.:,~:)•'' . / 3TI.cTt. :!«11 /O.P. GUPTA 

,. ~ \)'\\. -~;;,.v·, ··, :>'/ 'IWompn3!f1J<Kl('frfu10!'1l'RAr)ISr.JtComm!SSioner(PP) 
~ t\.,.1\> ~·_.-..,(.\'· ,~:'"',.\,;. ~· ···.·I \J!"M'!ffcm~tMmiS!rv.of~a/Shaktl 
~- ~""' .,.-,"·'-" , , ". . .1 "R'! 'flm>R, ~ fil<vm 101 'T'TI <JWUT ~ '(' '( .....,. \\"; '\'~ ~< De:')tt. o~ Water Resources, River. Development 

.V. C'\ \:· . .,;::¥-./",, -:: / and Ganga ReJuvenation 
~cy~ -- t~e"~· _.,r mxn x=r~R /Govt. of India 

·'fet C"t.n"'., ' -__.,-' ""~mm 'l<R. ~ ~-11ooo1 
~,...- Shram Shakil Bhawan. New Delhi-110001 
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conservation~ all encapsulated vvithin 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 z 39,080.70 Crore, out of which 

292 projects have already been completed and made operationaL 

8. That, it is humbly submitted that, out of the total sanctioned projects, 

200 sewerage infrastructure projects have been taken up with a cost of 

< 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 : s mnmary under the Namami Gange 

]Programme 

Completed Total Treatment 

Projects (in capacity created (in 

SINo. State nos.) MLD) 
--

1 U ttarakhand 36 164.5 

2 Uttar Pradesh 42 1,045.76 
-

3 Bihar 15 303.5 
··- r-- --

4 Jharkhand 2 15.5 

5 West Bengal 14 465.57 

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; 

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 \C. 
~\J'J-

w.lfr. ']Kn I O.P. GUPTA 
~ ~ ~'Kl (~ 101 ~)I Sr. Jt. Comm1ssioner (PP) 

"R'! 'llfim 'l~ I M1n•strx of Jal Shakt• 
\:i'fR XHTI't::=f, ~~ 1~··.17:~ \Cf Tfl11 x:pe,"""O"[ f<t--tP1 

Deptt. of Water Resources. R1ver. Development 
and Ganga Rejuvenat!On 
~"Rll 'f\XQ'IT~ ! Govt. of lndia 

.;:p:f ~Tfch-1 -.:rCA",~~ R8~110001 
Shram Shak~1 Bhawan. New Delhi-·! i 0001 
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across five major industrial sectors like Pulp & paper (20 12, 2015 & 

2024), sugar (2018 & 2024), distillery (in 2018), textile (2019) and 

tannery (2022). These efiorts 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) l'v1LD in 2017 to 

249.31 l\1:LD in 2023 (28.6%) and reduction in BOD Load from 26 

(Tonnes Per Day) TPD in 2017 to 13.73 TPD in 2023 (47.2%). 

d) At the NMCG headquarter, an on-line dashboard Platform for 

Real-time Analysis of Yamuna, Ganga (PRAY AG) has been 

operationalized for continuous monitoring of river water quality; the 

performance of Sewage Treatment Plants (STPs); etc. on the Ganga 

and Yam una River; 

e) A total no. of 139 District Ganga Committees (DGC) have been 

constituted which conducts 4M (Monthly, Mandated, lVIinuted~ 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 or~~'etlands (which often acts as sponges in the 

Gangetic plains and provide delayed and sJow release of water 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 z 30.54 crore; 

State -
Sl. 

No. 
Implementing 

Agency 

Uttar Pradesh 

State Forest 
1 

Department, 

Uttar Pradesh 

Uttar Pradesh 

State Forest 
2 

Department, 

Uttar Pradesh 

_, ____ 
;--~, 

:S~~~ ~:<<:;· 
., 

; '·\ 

\\~,; ·:..', \ 
;· ~ 

•,;; ~~~ 

~~ ~~/<; 
"-./ 

::··;£ -~/ 
--· t ·,, . ./ 

·-·~::J::··J.·• 
•, 

.. · ·\·.:-.:. ','· 

Name of Project 

Conserving and 

Sustainably 

Managing Gangetic 

Floodplain 

Wetlands of Uttar 

Pradesh 

UP-SFD: 

Conserving and 

sustainably 

managmg three 

priority wetlands in 

Kalewala Jheel, 

Muzaffamagar 

District, Numaiya 

Dahi Jheel -

Kheduva Taal, 

Prayagraj District 

and Dahtal Reoti 

wetland, Balli a 

District of Uttar 

Pradesh 

Project Status of 

I cost (Rs. the 

in Cr.) Project 

4.16 

Completed 

5.37 

Under 

Progress 

~"\:. 
-3fr_-q'j'_ ~-.:en I 0. P. GUPTA 
~ ~ 3ITg<Rl (~ ~ ~) / Sr Jt Comm1ss:oner {PP) 

I?,(Vf _-r!l'ml ~ IM1n1s!rv of 
\.rfR 'f!mt::q. ~: f~l7Z1 \;:r T;--;n 

Deptt. of Waler Resources. 8,;ver 
and Ganga f~ejuv'enat:on 

1-i1W ·TI:;mn~ I Govl. of !nd1a 
.l).fr.j' ~r~ ?.jtf~. ~r Rm"1-11ooo~· 

Shram Shak•i Bhawan. New De!h1-110001 
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--

c 
Bihar State 

ervmg and 2.51 ons 

Sl 
Forest 

inably Draft 1sta 

3 m 
Depmiment, 

fl 
Bihar 

.an agmg Gangetic Report 

plain wetlands Received ood 

I 
oJ fB ihar 

--

I 
c 

I I 
I I Jharkhand 

Sl 

! m 
I State Forest 

'ervmg and 0.50 

inably 

gmg Udhwa 

ons 

1sta 

ana 

4 L 
I Depmiment, 

I Jharkhand 
S· 

s. 
I 

Bird Completed 

tuary, 

JganJ, 

ake 

anc 

:thil 

I 
Jl r land mrkl 

--- --
I In I 

I 
'rated 18.00 
) lteg 

I 

I YJ 
I 

agernent Plan [an 
1 

Jharkhand (1 ) for Udhwa 
Phase I-

!VIP 

State Forest L :tke Bird 
5 I 

I Department, S< 
I 

vv·ork 
tuary, 

Imitated 
me 

· Jharkhand ahil S' JganJ, 

Jl tarkh and, 2024-

I 
I 

2( P6 
--- ---------·-

1'1 ota l cost 30.54 

h) NMCG through the State Forest Depatiment has implemented a 

forestry intervention pro~ect along the main stem of river Ganga. 

33,024 Hectares area have been afforested with indigenous plant 

s~i~~ with an expenditure of about 398.5 crore; 

. #,;;;;;~~~- . 
- " . £'"'' ""''(l'C' . '\ .. '·' ' 

\~~~~¥~ 
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State-wise plantation data (Year 2016-17 to 2023-24) 

Achievement 

State 
Area in ha. 

Actual Expenditure (Rs. In 

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 

I 

I 
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k) Ganga Task Force (GTF) was raised in tr_e state of Uttar Pradesh to 

assist N~viCG in carrying out its mandated task such as (a) Plantation 

of trees to check soil erosion, (b) Management of Public Awareness I 

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 (2900 Nos) 

and Ganga Mitra (700 nos) are involvec in public parti,cipatory 

activities; 

m) Construction of independent household toilets in 4,507 identified 

villages ln 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 \Vater 

Resources, River Development and Ganga Rejuvenation, l\11inistry of 

Jal Shakti has issued Gazette Notifica:ion [S.0.5195(E) 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 -RJ. 

11. That, it is humbly submitted that, conservation of n\'er IS a 

continuous process. Government of India is supplememing the 

efforts of the State Governments/UTs in addressing the chan~nges of 

~ollution of rivers by providing financial and techr1ical assistance . 

.. Assistance is provided to State Govermnents / UTs for abatement of 
/~~· ~. 

r;;;,,"~~%~~~~':)dentifi~d str.etche~ of various polluted rivers (excluding 

\·~\., .~'n~~r.~·,·~9cfmg~\~·,.~a~d 1ts tnbutanes) under the Centrall.y Sponsored 
\"'·~:-.~ G2'">> 1:!:/ . ~ 

'<1:}~~;~~'; 
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Scheme of National River Conservation Plan (NRCP) on cost 

sharing basis between the Central &State Govemments!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 Govemments/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 

Sites under Central Water Commission are given as Annexure-R2. 

~vf 
#!.-Cfl. ~em I O.P. GUPTA 
~ ~ ,}l'T2j'fJ (~?1 ~ Z<7::.1R1) I Sr. Jt ComrT)lSS1oner (PP) 

~~~-~ ·~~~~i://~~~.,~~(~~~f ~-~~~~~\~ 
Oeptt. of 'v'Va:E::r Hesourc~s. H1ver D_ev8!opment 

and Ganga RejuvenatiOn 
1-!IW XlN!R I Govt. of !ndra·. · 

'!o"l :nf<m 'l<Fl, 'l~ tl;;;;.;f\.110001 
Shram Shakil Bhawan. New Delhl-110001 
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14. That, it is humbly submitted that, floods are natural phenomenon 

worldwide. Monsoon driven India IS not an exception to it. The 

frequent occurrence of flloods can be attributed to various factors, 

including wide variations in rainfall both in time and space with 

frequent departures from the normal pattern, inadequate canying 

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 flood and erosion in 

varying degrees in different parts. Eros~on. movement and deposition 

of sediment in river are natural regulatbg functions of a river. Rivers 

tend to maintain a balance between the silt load canied & 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 f:~Jls within the purview of the States. Flood management and 

anti-erosion schemes are formulated ar_d implemented by concerned 

State Governments as per their priority. The Union Government 

supplements the efforts of the States by pr::widing technical guidance 

and also promotional financial assistance fer management of floods in 

critical areas. To strengthen the structural measures of flood 

management, Union G-overnment had implemented Flood 

Management Programme (FMP) during XI & XII Plans for providing 

central assistance to States for works related to flood control, anti­

erosiOn, drainage development, anti-sea eroswn, etc. which 

subsequently continued as a component of "Flood 1v1anagement and 

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

1 and was further extended up to 2026. Total 427 project~ 17" 

\g,>{ 
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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 in 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 

.-~~:"~)Wft~~~~,ds (i.e. dominated by snow and glaciers) out of 30 watersheds 
!''' ~· ,_ •... -·'·"'-·····. ··./• .. ' 

/~?)'<·~··:~!:,:, creir;a~~;:J.~:'\the Baspa basin, the glacier melt runoff in glacier \y, 
(%l . <·-:~~~~; \} '?, ) ~' ~ v 

,·;,\ : ~;d'l1/< I 3fl_-q't_ ~~ I 0. P. GOP'TA 
\\,'·"'"·· '·" ·!{ i ;.'._'i,';:~J) ~,/ . ""/' ~ ~ "'"!~ (~ \'! >ilvRr) /Sr Jt Comm;ssioner(PP) 

""~1;.:; ... -..,.~ •·· · ··- v • ,. -~·· .··"·..' / >.:i1C1'.~1ct1;1 ~I Mm1s~ry of J_al Shaktf 
.,.,-,~-, ~"··~·====-·-·" ·p· .'\. "R'! '<HlN"!, "!C114T'f! \'! '1'11 <P~"T R'lFl 
,~,).:: ... ; :-.• ~··\ ,. ·.: Deptt. of Water Resources. Rrver Development 

"'*'••·,_;..,"~ l, 1 '.Jf;·,;J 1-.,....:......:· · and Ganga Rejuvenation 
~......................... ~!'1«1 '!1~ I Gpvt. of India 

""~J%1 'i'A, ~ ~~-110001 
Shram Shakl! Bhawan, New OeJ~,l!ii0001 
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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 20 11 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 medhanism w~h Bangladesh under the Joint 
I . 

Rivers Commission framewot;llt 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 precautionar:r 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 \Vater sector on trans-boundaryrivers. The 

bilateral matters like Mahakali Treaty (with Nepal) and Sharing of 

Ganga \lllater Treaty ('with Bangladesh) are being deliberated I 

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 

(JET) on Flood Forecasting. 

15
82



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 J al 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 

Governments. 

w.m. :IL<:TT P. GUPTA 
~ ~ :>1:<;~1 (~~<:'i <:;4 J Sr Comm:ss:oner (PP) 

Vlc-1 .Vil<h1 B~7~<J i M:n1siry J.a: Shakt! 
'iJ'iM ~mt~~, -.;.1C:~ TQT,'~,. ~q •Fn ~r<e-;'"01 f-J:.,rry 

Deptt. of V\!atl.:r Pesovrces. R1ver Development 
and Ganga Rejuvenat:on 
~ ~NiF !Govt. of !nd:a 

Wlmim 'FR. "li R~-110001 
Shram Shaki! Bhawan. New Delh1-11 0001 
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Verification ------

'j Nn" ~~·tt 1 %··~· 
Verified at New Delhi on • ~ · '~ ~J Y J!.. ov. 2024 that the averments and 

facts mentioned herein above are true and correct to the best of my 

k~fe1lge and belief and nothing material has been concealed there 
(?'0\'•'" : .,;:;:,;:.,e 

.,(!<:-· · frefii 
·~~·(\_;?'·'! : 

\ 'l::r::(."\~~j . 
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'#. -IHO'J! 

\o. ~llO'l[ 

3-rn'l"'..rrnri 

EXTK\OIWl\.\R\ 

'iiTlT I l-'-Y'TS 3-'3tt ·<31TS (ii) 

P.\ RT ll-St·<·tion .LSuiJ.,(•etion 'iii 

wi".:r<fil< it ~ 
l'lBLISIIEllll\ \! T!!OIHTY 

~ ~. -:;:p..rcrrr, ~ 10, 2018/~ 18, 1940 

\E\\ DEL!ll. \\El).'\i·:SD\Y.OCTOBER !0.201X/.\:S\I\.\ IS, l'J.jl) 

'3ffi ~.;rtf flm<1 at.: lim~~ 

(~~ limflrnir) 
~ 

Annexure-Rl 

2C'6 ';;---=--r •Fn ;;.:<~ ·x.-~0 <· ·.1 ·r ·;:i;·· •• ~·,r- :::;··;---::·1 :"".:_·; ~.:'.L: ;:··.:-7 ;-~-~~T~·:rf"i·.r·:r :;:,·f:·T;.f~ Y~r-:-r :1·-r "';T<--:_;;:·:··; ·-.:-.;~--1 :--T:J:.·:=l ~~·:r .. :·;:~: ;:·(:r 

t·;:-:.p- ·;:: :p,-;o 1'1~TT .. I 
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:~~~:;.: ~r:-;7~ -~·.-:- ~~-.c.r.rr~·.:-·:·-r r,~--F~· ·:-::-0 ~~r ·_,.rf·:.;~f~.r~ T-;·>·r;: ·:.:.:.::-- r;·.ln ·;;-r-·r:::..F~:·:.<: ':= ~T-;;:: l:T ·~y7:r 7'J ~ 'T f;r;-: TI ·~c/-:... 

·.;·····~ ~- ~T!: ·T:;·;:; ···:·:!;··,;:. :~ ~ 1-;:::·<.:f·i·· -f '".1~·-;··.:;·1 

·2. 

T.7 :·.1 ~.TI ]·:.~:~"·TL:.: , 

:~~-~~·.:rr<·: :~~:.. .. 

Ill. ; i ~ i 

:T·:: 

L'·/r· 

:;F·-··~;· r.: 

'"-,~"c , . .,..., 

. ;::~ ;· )· ·-;~]~-~~T''L' ~l :·i:r.;T~'~ ::.T ::; 1 ·-::·;;:;l · .• .:,:(.~.~-·:··~.:·· >: ·i:;·;·('iT -~,,~·'· ~:-::::: 1·:;; 

~> .. r;~~ :: . .:>1>->~T~·; ,.; ~· ·,;;:Jrf.:T;.;: ··~-~~ rr.~ ·;~::···T ~~·::rr:~~-( ·;!·-~· ::.:r;,:·n-rr ;··T1~ 

·------+-------
2-l 
<')I 
L.'f 
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IV 

~-rf<~n+-r ·-r~~ ·~;~·-;F7Pf "7f'~-::r.T!i i·:--:T[-;~ ·rr~ -~r F:rn -7<T~T:::i1 71~rT 1 'T7 f::.r:.:.:.T ·:~··F7T~ ~-2.:-;f-;r 

~~T, .. ·;~ ;.F ... 1·~-r~:--::T .-::r~· -~··:TH ·)T '·:·:·;. :·1 :j; ! ::_r::i_·T·::l ·:_;r;·;~ ·~.;·:···fTq ·:~!·;:----1:::--·;· ·:;·~ 

'"'T''"i. :i:r; f·cc;.r" 
·.-;-:;, ·on '-~;c·;:or ;; "~'r:i1· 1 

·;·:.:iT:.-:r.:fT ::r :-:·:rrT ·.y-s~:-;r -~-~':T"f-;·:r~· -:J,-:1· :;;--:--;;.fr~~~;--~T :-:f:·;· f·.:tf~·:.=F=-·;::r· ·..,+·: -~. --;r;;:~ ·-:.:·-::_-;,:_:; :.:-; <r:rf~=(:r ·.-;:•pf7_T;-:· --f~T ·_;.r .. ·:--;:;·r ·:r;· ,:f·;r· ~:-~·1· :r --;F··· 

i""'T';"J;,"' 0'1 T:-i 7 "''"' r:ic;r ""'-~ ::C''i·.; oiror~ TTTT~""f"' 'f+ir 

4. :=r,~ -~,7;:..-r ·7-:--:;·:::r :·F,;f ~;~f:·>·;r77 :-::: ~-;:·;-.·~:~ ;i:-~ ::n;~r --::-,7·-..~- Tfrli -;:r:-fr -~:r~::->1· ·-~-;·.;-; -:;:r::·-.TFT 7:~ ·:t;·~~;----; ·::;·T -·-----~·;· r·;·:::-r "1 ·;"!-;.~:·:-.r 

,.,T 'fT' +h •'i','~ ;.:·;·;cr .... ··:; T' .,,,.._.,. ·:i·:c ·i.' f'i:·_.,,;, ··F'·'r '.·::;·'h ;.:Tq :: 'TTT 'i·r';·r P''Ff' .:·7·i;:'T"i': . · '··n') :CFI] I 

\ll'\ISTHY OF\\'.\ TER RESCH RCES, Rl\ EH llF\TLOl'\lL'\T .\\DC\\<;\ RF.ll'\ E'\ \TIO\ 

•.\.\TI0\\1. \IIS:-;!0\ FOR CLL\'\ C.\\C.\1 

ORDER 

\'ew Delhr, the 9th (ktd1c'r. 2018 

.) 

S.O.S! 93• E:•.-Where<~~- the Ri,·c'r Gc:ng~r i,; the most s:tc-red ;cnJ cb.:ply revered by til<: pe<'ple o! this cc,untn 
and the ri\ cr h.:.t::-:.in i~ lh:: lar;; .. ,.st river basin in India in tenns Q( l'\Hchrnt~nt ~s.:~-t. cnn:<itu1ing 1\\\.>nty ~i:.~ {X"r \,.''._~nt or 

m;.;s~ and :--.un~onln;; abuw. kd!' a biHiQn pnpubtion: 

) .. nJ \vb:n.·~l:'. River Gang~t is umqw: as h~tving spt.•cid pt-c~pt•rt1t~s. te~-lttm .. ·s ~H1d imp~JrtaD.:·e. holJing n.·~t:--.ons rh~it ~m-~ 
hydrological. ;:..~.;>mc,rrh~.)!n~.i<..'aL historicaL Si)tio-,_'u!tural :1nd :..•conomil~.:d \\'!th :-;ignificanl t'i..~mporal ~md :-\P~ltial ilo..,)-: 
v;.1.ri•~tion: 

And when.·:~:< 
b;.L-.;in ror irri_g,H),~m. Jomesti~,.'_ 

::;L .. Hu:-: ~)f Nalion<.tf rivl~~r and th< ... ~ eYL·r incn•;1:..:in;:J -lkn1'-Hh..1 fur \.\'~H;..'r ln the 
purpu:-:..~~ coupl~J \.\:!th pollution mgn.:·s;-; J"rt"1m dlfL:rL'nt -..:~·~ur~,.·;_·;-. 

And wh;::·n_~~!S .. th(~ (\.·mrai Go\'l'rnm-cnt ~s committed tu n:.•st.:Jre ~md nuintain the v:hok·st'~m:..'n:.:.":.-s th:.:.' n'>'ers '-~n_..;unn:; 
appropn~ttc cnvironm).,;nt lk~\\'S and s.in1uhancously preventing tb: rH:"~Uution ingn:.;.:~ into th-: ~:.tid riv(•r: 

.-\nd \Vh . .:·n:a:< it i::-. i.'fJnsid..:r-.•d n-:ct:::.:>.~try to en_;.;ure that uninte:rrupt::d flo\\· . .:; pf \VJter ~'trl" !Yl~tint.tint:d throughout its- k·ngth 
~g ~11 timL~~ i:n Ri··..-;;r c~l.nga to t'n\LH\: ~·ontinuity of ilo'x:.; in th.: river \Vithout :dt..:ring th:: ~;,.'~t;-:ona! '. :.lri~nions: 

And '..Vht~re~t~ th.: C\.•ntr:.ll C(na.:rnm,.,~m l'i.-/c nc~tifl·Cation 5.0. ::;J87d.:~.l. dalL\:l tht: T:1 0-.:tof:er, 2(Hh un-.:krtht~ En\·ir,-~nmcnt 
!Prol~dion) At'L !981:> f2c] oi' 1986) h<ro ('t'<n,tilllttJ an authoritY. n:trndv, the N:tiional \li,;sion h;l[' Clem c~m~:t fur 
Rtjuv(..~nation. Protcdl(m and :vbna~emcnt of River G~1ng~t b~1:-:in ~"'r the Coilc\v ing purpos-:~·s, nam:.-'1~.- :· 

\:Jf to d;;·t;:crnirll~ th>:.' magntwJ(..' \)f ~coh>_;;:-kal lh:~t.~= ~n the Ri\·~.-•r G~m~~l and it>: trlbuLH"il':-.: n.:quirt'd ltJ be- nu!nta!n:..'d ~n 
diCk·n~nt poinh in Jlif::n.:nt ar<:~t:--: L~t ;·dJ tin·t~:-: wlth th<: '-lim (_-,j ~.:n~;urin~ \V~tkr qtulit~. <Uh.i ern ir-tinl1K'nldl~ 
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s.u:-:t;~ln:~bk: re.iu·,·<-'n~ltion. pi\)t(~ction atKi n1~"!J1ag~~mcn1. c,f R.i\·c:r Gang:l and i::.;.. trih1tari:.:.~~: and notiJ~·1ng the :.;arn\.' 
and take 1.Y dlr:..~t't all such m;..~asur~:-:- n:.\:e~:.;ary to nuinLtin ~dc·quue e-cob.~·ical llo•xs: 

{b~ to ;.;pe.;,:ify thl~ avc.rag<: il(l\.\ pf \Vat .. ~r ~tt sp..:.cifit:d pomt~ through Hydfi)]ogt<.::a! O!>;.~n';ilJUH s:~itiott~ c-f tho_> Ri\<<..'f' 
Gan~.a: 

And Wh<..'f.'~l~ Hw CL~ntr:d Gov.:•rnm<..'!lt h:t:-; de(·idcd t:.'l ck:k~rm:n~· .:\~ruin t1o 1,\'~, in thr..• Rin.:r G<.mg_;l ~ud its 
tnbut1ri~4 :-:., 

l\o'l.,:_ thl"J._•ror::. 
( Prok<tlon} Act 
par"gr:tl'h -+I of thz' R1> c'r Gang~, 
C~ntr:1J (;~1VCrnnk'!1l hcrvhy DCltiri~s thl" 

conf.·tT .. ·l: by ~;ub-:-:e..:-~i(•n (_1. ol" .<.;.:ctii:>rl -~ ·.:)!' tll'~ EnY!c.mm-.~nt 

1 ~·) 1:·1( f~tLtgnp1 _1.{_) ~Uid iterrlfhJ or 
Prok...:tinn ~H1d !V1Jnage11k'nt: Au1hJritl{'S 
m1n:rnum l'n\·ironrn:..·nt<.d 11ov;~ lu bt n1~jnt~tlne.J .:~t lc:-caunn:-: 

down:.;tn:~Ul of :-:tru.:tun ... ·~ Gr proj:..\.:ts 111.:;. ~d· ri';z;r !h:-\vs for puqh.:;..;:: .... E:~:;.· ~rrib·;J.tion, h:·./d.rq:-owt'C 
doniesti.c ~mel industrl~d J.nd Ql'.h-..~r n .. 'quin."menL< nanrd~ >-

L Lppl'i' c~)fl!,!.:l Rin:r Ba~in Stn•tch ~t~uting 1·nnl Prigin;Jli.1g ~1 h.<...'it•r;-:. and thJ\JU~;h t'i.".·{><::.cti·.~ conl1L~::th:>.~~; 

rin~dl~ meeting :tl l:kVClJHaya:; up tn Haridwcw 

m 

SL 
( ~; J Pe-n.:~·m~tg1.~ o( 

\lonthly A >..·r:ragt" f .. ·.-.\)\\ 

, pr..:c..:dir~. p:..'ri<~,c ! 
----------'----------------i 

~---~--~L-~-"-n _____________ _ 
'\o\emkr ''·' \hrd1 [ ~C! [ 

Cktolx>!·. Arni ,md :'.Ia\ 1 25 ·-----
----------------+--· -i,' 

______ L_ ______________ _ 

Lcu,_'.:.ti.ldl of 

Barr~1g:: 

Jun~ to ScTk'mbc"r .<0'' ! 

\~inirnum 111.)'\\" rele:~:--e>.; 

!mm.:..•di~ikly do\vn.sln .. ·~un of 
harr~tges 

'I!! CtlttU:CS) 

\on-\ltllN•on 

!\1ininm:Tl t1o-,v rt•ll:~!S-...:'~ l 
imm:."di~ndy dov, n~·;n .. 'a:n or j 

krragc' ,l,l 

On CuJit.:"t'J 1 

\!OfhHO!l 

• .. iunr to SqJl<·mhen 

~--~-----------------------------------+---------------------
;]; Bhimgocb 

d·bridwar1 

~·--~------------------------------------+--------------------

r--·------+------------
( 3') Narora 

~----~--------­ ----------------------+-------------------
!-+} 

the ... >..)mph;;th.'t..' -~"C minl~lium ::nvin.\nn~>:nul r~.~"s is :lp:)ht:ablt t~J ~til ..:::::i.stin~. und-,:r-cl:nJ:-:tn;,·~<ttr:n _:_md 
!"ut:.. re proiecb.: 

1 iiJ the !.:xistlng pn.~jc·ct::-;. \\·hich cu1-r;.;miy d(·! n~··t mct-t the Jv>nl'l=-' (,r tho:.."'s.e ..-::r. tronn1 .. :nt.:.d :hJ-..v:-:. sh~dl 

and en .... t.Hl' that the desired .environrrt.~nt~~i ric1\,; norTi~ ar~.: cnrnpli<:d irvithin a pt~r:txl nf lhr\.>:c 

ti¥.: date or i.ssl:e or thi~ order~ 
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-t, 

{iii} the proj-t:c. \Vhid1 is at diftt;rent su~~"~ of constm\.'tlon. ·~vhcre physic~d prngn:.-.::-: l)n ~round h~t:-: tv..:cn 
in.iti;."tted <tnd madl:' and rt:porit.•d to ~tpprnpriat;.• ;.atthorily shall ;JS\.\ md·d .. ' ne-..·;.•s:<u-:.· pn)\ i:.:lon:.-:. lu 
1rulntaln the :-.tipu!;H-t."d ;;.•.nvironrn.::ntal tlow bck}t\.' and ;;;fter commb . ..;iunin~ c·f th<..:' prc.j ... ·r.:·L 

fiY} tht.• mini and rnJcr~:~ projc·..:t;-: \d1Jch Jo n1...1t ailt."f d!l' 11\)\\ '-.'h.an.t'-'k'ristio::-:. O.f tht.• ri\t.'r ~1t" ~trc..'~t!ll 

:-:.i_r~nftlcantly are exempted fro·m tht."-s:..• ,;n\'irnnnK"ntal t1o'>v~: 

{v··? l.O .:n:-:un.• th ... ~ n:.•l:.:~t'C r.d J::.:-:in .. •d quantiti:...~.:-: 0f \V~th.:r to mJinuin cnvlronnK'ntal tlo\vs .. J1lnv C(•nJitir.,n·:-; in 
these riYt:r n:·:H~he~ .;.;h~dl be moniwccU ~lt hourly lnt,;n·ab fJ\\m rime• tz·~ tin):; 

1\·l ~ the Centr~i.l \Vdtt .. •r C-.)mmls~ion sh;dl b~ lht~ Jc~tt!n::.:ted Juthorfly ... m..:J th~ ~.:u:.:.\(}dj~~n of lhl· Jau ~1nd sh~dl 
be- r: .. :~spon;..;ibk· for :--upt."n'i~lon. m(~nitonn.9. regulatiL1n of ilc'<v;:-:.. ~md rep(H'ting .:._1f ncce-:_<u;.· l!H~:Jrm~tli.:m 

{O the ~tppropr1.:.tt<..: ~tuth()rity <t::-. and ;,vh~n r:...•quutd :md ~d~o authuriSt•d t·<J tak<.: <.:-m;;rgcm d~cbl~)n:.:: ~dYH!t 
dh.> \VJ.t-:..~r stora~e n• . .)f!T!:'. ln .,_~as.: n( anY cn11:r2:.:n('v_ Th~ (\~mr.:.d \.\'~.ncr Conuni:z:-:inn :-:h~ill ~ul•mit !lt""1 '.\ 

mtmitoring-("un~--:~...)mpli~H1C-c report \m .. quark"l~ly h~:~is lu N:::ttional .\'ti:-- .... ~on k1r Ck::.tn Ganga: 

{vii) the: con.:~med pmjcc't dcvefopc'r> or amholitic•s shall install cwlornatic dat:t ac'qui,,ition cmd (i:tta 

tran:'mls~ion t~tcilitl:.:.s Gr required rh.:<('t.~ss~try infr;.btructun .. • <~t pt\).it.'t'"t sites ~[t appropriatt.' t~.~(':.tti·~\ns 
sp~ulicd by the C,;;nrral W,:tter Commission within si' munths from the date nf this orJcL fhc 
!n.:-~talhtion. cdi!..,rati~ln, m.:.Lint::n;.mc .. ~ ~11 no'.v monitorln~: Lu.:·ilin .-.:h:1ll b.: tiL· 1.)f dk' 
pr(t[L:,...'t Jc\·;;kl~-x;r::.. cr ~~uthorili~;-; and they ~halt ~ubmil the-.. >..kta tt_-~ ... tlk' C.;:ntLll \V~tter frum 
tin~~;; to time: 

l\ iiiJ lhe Centra! Go•;crnmcnt thnn~gh :\atlonal Jvli~:'ion for Clt:.tt1 G~~n:::~~ rc1~tY dir~d rek~t:-:l~ '-:f .:.:dJnlt")nd 
\\"Jk"r in the River c~tng~t to 111<..:-d :-:p~·..:-1~.'!1 demand ~'tS clnd when rt."quir~d. 

!V, The ,'oncc•meJ Cc'nlLtl cmd St:tk cmthc•ritks sl1ctll implement demand .':ide nun"~ement ph11:> U rc'ducc 
v;;.tk'r \Vithdraw~;l from Ri\Tf Gange~ by ~dnptint: go,;)d ~md .sck·ntiri'"' pr~t("lict·~ :.::uch ~~;-; t.•fticll'nt rneth\\d ~·d 

r: .. 'U.:-:-e ~wd t""Ci..'ydc of W<ll~f in(·Juding mon1u ... ring ~tnd regubtix)n 1Jf grt1und \V~Hcr ~.vithdr~;\•;ab !"or 

Thi:--: Ord~~r , ... hdl ~qply to 1!1t.: upp·..:r Gan_~~ Ri\·<::r Ra . ...;i.n starting fn.)m 
tl'SfX"l'li•;;_• ;.:·nnllUt'nc~_~~ l"lf it;-; ht~~ld tril.:ularies fin~t]Jy m;:-~...•t]ng i:tl f.)~_~vapr~l~<tg Up b,> 
S(('m of RiYeC G~:ng~r up to Unna.:> district or Utt~!r Pntdt•sh 

!F No.- EstU)I/)1 1<'- i 7!! I L':\\JCC< Vol lll1' 

RAJ!\' K!SHORE, Excc'utr\c' IJirc'c-l<'•rL,\cimn! 
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m: :JR. Tr:n 'f'1T r.W:o'fUl. 'f"-lT'<'f~<R' mfiffl:"T ;-;.~. 2016 it'W :.!9 it::;q-.f7T Ui ::>o4T6:n .; : ::r. 7" 6:n 1.21 :fT If'fl:ofi t. 
W4 ~ ~ {~T!JT) 31TW.I~/..:~i. l')f6 <ti \DJ 3 ~ n<W (3} ~ ~tf:if,.;; <:i8 ~ ~ ~ ~ <0 3 'f,'·. ~ ~ W"Yrr 
'liT. m. 5195 1.:;:;1 mfR:J: V.l ""'f'1' 2111:' if c'lqfci;;Jd ':f.ITrq;r~ ~ "'f'~-

l"f :q;imii;¢T 2 if. ::;q-.f7T Ill if. If'f1ii1 rr ·'* crff,r ~-TT ;frw .. m:;;ffit;r;;.r;;r'1T "15 '·:d•e· 201 •li:fw·~ ->:fir :n"'T 

n:iJ"f'nTTI 

fv:qm; ~ ""~· \T!Ti'( t.lT'GR. ::>o-r;'J'11'""7. 'm'T ll. ~ 3. Ti-~ iii). <iJ~d 10 3,'f'1\. 2(!]' if 
•J '"~· 2111~. J;Tnn:f>ii ~'P11411 

\11.'\ISTRY OF J \L SJL\l"TI 

; Deparlnwnl of\\ ater R,•sourn·~. Rin·r IJ,•,l'lopnwnt and Canga R('_junnaiiom 

t I\ A TIONAL :VliSS!O\ FOR CLEA\ GA:\GA) 

OIWEH 

\ew Ddhi. the I.:J.rh Sc•ptembcr. 2(1 19 

S.O. J2~6d·: 1.-Will'rc•as. the riv.:r C:mga i;; thl' most "auvd :tnd dccpiy rc'lt.:rcd h\ the pc'•.>piL~ uf 
this country 3lld its riwr b«>in is the largest river basin in lndia in terms tlf catchment <trca :md the- L'Wr 
increasing clemand f<.w wakr in the basin I'm irrig:~1tion, dom.:;;tic. industnal and othL;r purpc.sc·s c~oupkd with 

ingcrcss fn>m difkrl'nt soun:es including domestic waste>, industrial v.<tstc\ int•:> ri\cr >y<tcm j, 

tlfkcting the health of tilL' said rivc'r for long: 

And whereas. the Cc.mral GcwcrnnwrH is ..:onsidcrcd ncccssary to cn<llr'l' that uninwrruptcd n,,w,; of 
water are maimaincd thrmtg:hnm its length at all times in river Ci«ng;> to ensure Cc>tHinuity d. !lows in the 
river vcithc>ut alt<:ring thL' "~asonal variation~; 

And wherca.<. ·,ide notilk<ttwn number S.O. ,;l8i1E1. datl'd tlw 7''' OctoDl't. 2016 puhbhcd in thc 
Gazdtc of India, Pt1rt ll, Section .i. Sub-sL·c·tit'll <iii. tile C:il\Crnment i.lf India in the crstwlllil' 
Water Resout-ce,. River Dn-l'lopmcm :md Cianga Rcju,-cnation mJdt: the Rn~r Gang<~ 
Protc<:ticm and :vbnag.:mentl Authorities Order. 2016. iwcr aliu. corNituting an ttutlwrity. 
Nation;d 'vlission for C!e~Ul Ganga for RcjU\'l'llation, PnJI.Cction :111d Management nf RiYL'f Gtmga 
\'arious purpo,;cs sp<:citil'd thcn:in in the >aid nNilk:ttiLln: 

And whc.fl'«S the CL•ntral Govt:rnmenl is:<ued an (Jrder 1Jde nulifkatinn number S.O. "I LJSi E 1. dakd 
the 9':' October. :2018 tthc said Orden specifying the minimum c-nvir\)flmc·nt:d l1•Jws to be m:tintained in l'l'Tr 

G:mg;t in tile identified stretchc,;; 

And whc'r<?as. the Ccnlrtll Wall'r Cummissiun in its capacity :ts the 
;u.pen·ision. regubtion of l1uw.s tmd reporting on quarterly bsis to the \atwrwl 
;;uhmitted a k'jXm d;,tcd II'" July. 20!9 n:commL'nding that all t!Jc 
relea>ing the m:md<ttcd c-Jlow throtrgh cornrolkd gat<!d 
modincati1m:s in thc hody ot' the prn.iL'Cl m;;y not be rcqui.rcd for the s:um·: 

tnr 

And ''hL'rl!rJS. t!Jc :.:tt!d recummL'lld~rllcm> of the Central \Vater Clnmm:-:ion have been cum:idncd by 
tlw Central Covcrnml'nt: -

And whcrc'as, the Central Gowmmem is or the view that !ilL' time pcriecd uf three' year:; ;tllow.cd tu 
the exi:;ting proiccb tn ~murc prupu cc>mpli;mn• of thr: m:mdatcd c'nYiconmc:nt:ll flows in the· said 
()l'dc·r. is cxce~s]\:t.:• and not nece~sary: 

Now. therefore. in cxcrciSL' of t!1e powc'rs conferred by ,;ub->cction (:; 1 of ,;cctinn \ uf tlw 
EnvironmL'lll rProtcction' Act. 1986 rc·ad with sub-paragraph i); uf para~r:~ph ?·LJ ;md itdn Chi ,,1 
sub-paragraph t2J of para~raph -+ l of the River Ganp iRcwvvnation. Pn,tccti,Hl :~nd 
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,\utlwn tie,; Ordc r. 2i ll6. the C\:ntcal Government hcrcl'y rm1kt:' the t{)ll·.Jwing amcndm:nt5 in th2 •;aid Order 
tHJmi:'.::•r S.O. 519:\(El. dated th.: 9'' CktobL•r. 20 I 8. namdy:-

2. In lhL' said Order. in p<tragraph 2. in :;ub-paragraph I!L in item :ii). for thee word~ ···within a 
d t!U'L'<:' years from the date uf issue uf this Ordc:r". the wurd~. kncr,; <Ud figures "before i:'i'h !).·ccmJy,_•r. 
20!9" ~hall bL' 'ubstitutl'd. 

[!7. No. 0V(6/20!7-Hyd {\'E!] 

RAJIV K[SEORE. Ex.ccuti\·c Director L\dnn.l 

TbL• prindpal Orlkr was pllbli~;J-lL'd Fidt• notifkalit>n numh<·r S.O. S I 
2018 in the Gazette rd' lndi<l. Extraordimuy. Par! ll. s,.:ction .'. Sub-SCL'tion 
2018. 

dated the 9"' Oct ot.: r. 
c!at.:d l 0"' Octob~r. 

Up!oadd ~,, lh'. u~d;:l':;~:l~~>~i1:c~'b:,2 :11:~l~,~~~l:::u::~~i:~ri,~;.:it~:1'11:,~nl;."i~:.;~~~<it];~~~ :~:'''- i),•lili ! Jl)i)!-.1 \IA';O; 

!~JM.AF. 

V~J:MO.. 
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Annexure-R2 

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

Grand 
S.No. Basins GDQ GDSQ GQ WQSS 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 
1 EFR between Krishna and 

7 Pennar 1 1 
EFR between Mahanadi and I 

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 I 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 

i River draining into 
17 Bangladesh Basin 1 1 

River draining into Myanmar 
18 Basin 2 2 
19 Sabarmati Basin 1 1 1 3 

i 

I 

20 Su ba rna re kha Basin 1 6 8 15 
-1 21 ' Tapi Basin 1 3 4 

WFR of Kutch and Saurashtra 
22 including Luni Basin 2 3 

' 
5 

23 WFR South ofTapi 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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ABSTR:\.CT 

I\ionitoring the changes in glacier~ <1nd their impact on melt nmoff is si~nificaEt to ~F'.ess tht 

aYailability of \',-ilter resource~ in the Hinubyan basins. In this study. the spdiJl pro-:es'StS in 

kmperatm<: indtx modd in tht Baspc> RiYer basin. 11 major tribnmry of S:-itluj RiYer. loc11tecl in 

Vv'esttm Hinmby:1. The temporal glacier map;, deriYed t!:om the lANDSAT satellite ,.tJhOr', 

and :\1oderme Resolution Jin:-~ging Spectror:.1diometer (~.IODIS\ cleriYed sno'-.':-c(>\·ered arta 

(SC nwps haY-;: been u~.ed ro compute tht sno;x and glaci.er melt nmoff separately. The SCA 

map:, generJt·ed through r.he model Wel'¢ found comparable to the ::viODIS deriYed sc.;. l11:ipS 

±-;,"'~r the years 2000 and 200S. Iviodel '>unuhtion result; sho\Y<:d that SPHY bas¢d compukd 

dischMge <H the outlet i.e. Sangla gauge was found sc>tis:fZ!CT0r:;.· '.Yhen compared to th~ obscJYed 

cli~charge and R" computed > 0.7. The contribution ±):om glacier mdt runoff lw;, been found to 

be reduced ri·om ! S to 12'~o while 'SllO\\lllelt contribution increased from ~.s to 6--J.'' ,, from _::{!00 

to .::cas. On the basis of ~malY',is of the 17 \\·aters:hed~ (i.e. dominated by ~1l0l.Y ,mel ghciero-) 

0ut of 30 \YateEhech created in the basin. the glacier melt runoff in g-bci<:r clomina:ed 

On an aYerage. glncier melt runoff has decreased l--l- 0 0 and 4-:J.O o. '·110\\' melt incre,;sed .::-+ and 

42°·" and r:1infall runoff 31 and 40" o for the year 200 ll w .201 S \', ith respect to the ;.·ear .2003 

from thes<: 17 '.\·arer<..heds. As per SPHY. co!1'esponding to gbcier map of the ye:Jr .::000. the 

glacier ic~ volnme has been computed around l3Al knr'. \Yhile for the gbcier map o:· .::ClS. :t 

lws been reduced ar0und 10.99 km3. 

Comidering the dimnre change 1mpach tlu-ough C~.fiP6 model scenano~,. the comp,natiYe 

as~<:ssment of sUO\\- co,·cr and runoff components under historic<tl. SSP 2-:!5 (u:. moderate 

¢nlis::. .. ion s..:en<1rio} nnd SSP~S5 high emission scenario) sce;Drioc. r<:YeaL note'.'.;onhy 

changes. The historical time period 0 951-.::1)14) sho1.Y~ relatively stabk sno1.Y coYer ~1nd nmoff 
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SSP24" and SSP5S~ mclicare pwfound -,hifrs in ;no\Y and ghc:er wdncec~ change'> in term·; of 

more <:::xtrem:: totd nncff t1uctmnions. 
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CHAPTER 1 

I:\'TRODrCTIO::\ 

Cryosphere i~ s '>ignificant component of Earth's systems. The glacier-relsted feedback 

mecbani~nE goY:;:rn aunospheric. hydrospheric and litho<.pheric re-:,pon'Se (Bn~lL 2000: Shroder 

and Bishop . .2000: Meier :md I,VJhr. 200.2). The eruth·, surf1ce lns been intluenced repeatedly 

o·;er the past three nullion year<. by long periods of glaciation'>. sep:1r:1tcd 

inrerglacic-d periods. Approximately 4~ minion sq. km :;rea of the ez;rth ·-s:;s coYen;d by glacieh 

during peak glaciations. •.vhich is estim<1tecl to be three rimes more than the presellt ice co<.er 

i)Ver the earth (Price. 19' .< ). On planet Earth. thcTe is about .26 million k:n3 of ice at pre>.<:nt 

contributing almc)st 10''(, to the · .. •.:orlcl':, bnd areal coverage. In :he Him~1by£1. 3ppro::immely 

of 9.600 gk~ciers in the Indian Hirnnl~1yJ (Raing and SrlYnsttr\·J. ~OOS! Yrhich is one cd~ the 

brg·c'it conc;;ntratiom of ghcicr-stord v:ater dter the Polar Region~ (Knlknrni and BuelL 

1991) Him~1laym1 gh::iers are an importcmt ;.onrc~ of water of the :-.-onh Indi:m Ri-,-ers during 

critical >ununer months. \Vater di>charge t]·om Himnbyan gbciers ;::ontnbntes to the oyerdl 

ri,;er nmoff{Immerzeel et aL 2010.1 and WJter discharge from HinwhyJn gL1ciers is impon;1nt 

for irription ~mel hydropo'-\-er ?eneration (Singh ct aL 2009) 

GbcieE <We consider.::d ~1 key indicator of d]m,tre as they orten react ~-eiElti':ely t<' 

climate change ( Oerkmans .. 1994'!. \Viclespread ghcier retreJt in m:my p:-~rts of the \Yorl.J 

o.upports this (Bokh et £>L 20!)': Schne.ider et al.. 200"': Pan et <11.. .2011\ ,-\lpme gbci.:rs ;ue 

al·:,o thought to be very sensitiYe to climate dmnge v:ithin the Himahya. due to tl:e ;>bmde 

nmge and the variability in debris cover C'\abw:o et al.. Ic is theref~>re. necessary to map 

and nwnitc'r alrme gbcial :tluctuntions from the perc.:ption of climarc-chzmg:e ;Bi<.lwp et al.. 

2004), 
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Like u m::my other parts of the \Yorld. mo~: of the Himnlaynn gb:iers :ore shrinking 

Him:1layan gbciers since the Little Ice Age C\foo: et n1.. 20(1,. Simnlr:meonsly. sinc<o tl1e l2te 

20th centmy. tl1e Earth·~ surf1ce temperature hw. nsen dmmatica]y· i Solem on et :1l.. 200~). 

of about 1.7 oc in temperature O">·:::r the past cemury and ,-, de-:reasing trend in nwm.oon 

penodi.:: 

20W'. Bolch •::r <11. 2() 10 ;_ In addition. for impnwm? our kn-::.;.Yledge of gbcier resporbe ro 

climate dHmge. regular monitori11g of a L:ng:e number of ghci<:r> is important globaLly 

including the Himalayas. Howe-;·er. due ro the mg:.:;:ed nnd m;Kc:es>ible terrain and also l&rger 

number of gh::iers. the use of con..-emional methods tor momtoriEg: of HiHulnyan g:bcieb is 

nonnally dif:f.cult. Some tield-br,~ed record~ haYe been n::ac:e at selected Ei:nabyan glaciers. 

~1nd mul:ispedrd satellite data pro'l·id,; abuncbm potential fc)l mapping and monitor:.ng the 

glJ;;::er 1n:1pping (Paul <:t Jl. 2009: Racoviteanu e( al.. .20G9: Bdch e: aL 2U: 
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As memioned. several mapping and monitoring ~tudie~ exist f\)r the Hin1:aL1ycm glac1<:::h 

gbciers (e.g. Kuli:ami eta!.. 2002 and 2003: Raina and SriYastava. 2DOS\ The present study 

comparc1ti vely e:valuJte:s air tempe:mture. snmY \'.·:~ter eqni'>Jlent and precipit:nion trends. 

Changes in areJl extent ;md n,Jnmes. are used as indices to measure glaci-er cbmg:;s. Sm.,:e:y of 

cbtasecs haY<: been u-;.ed to map these changes. 

1.1 Chai·acto:rist'ics of glacier and climate chango: 

During recent decades. the clinwte change impJct studies associated '.Yith global 

\\·mming has been giYen ample ,;ttenrion 'Xorldwick. As per the IPCC. 1200"'!. by the end of 

this cenmry. the temper<1tures are mostly likely expected\<) increa<:.e by l.S-.:4'T '}.2-"' 2'F! 

After the industrial reYolution of the cleYcloped '.'·:orlcl. the continnom incre<Fe in Global 

temperatures ,,ince l"':'Cis. ha'> fuelle.:lthe notion that the Earth's \\'tmning is most likely due to 

the mnhopo;;:enic actiYities. In IndiJ. Gang•.Ynr. (2006). has reponed that the trend of clim<•.te 

clwnge has sho\Yn a sudden acceleration in pace after 1971. Eleven of the ·.xarn:e'ol year" \\·ere 

recorded ,.ince 1990. \'.'!th 200:' as the \YBm:est on record OCIMOD. 200"-'}. Like other regions. 

the most obvious :md dear impact <:>f climate ch.mg:e. is cenmnly the ·.xid;;:,.preE\d mdtiug .md 

retreat of Himalnyan g:lader-, (Scherler et aL. 2011 i. The g:lacieb r<::<.pond more semiti'.-ely to 

climatic variations than mos< other ice bodie<s on smfl.;:e of th:; Em-th ! Kii:\b et aL 200'" '. 

Tb:ret'-->re. the :;::bciers e<.peci:illy mou.main glacier,. are comidered the k;;:y incl!cmorc, of dimc\te 

ch:mge particubdy in rernote area;;. (IPCC. 200"-'l. Hov.:ever. the ·,yick spre;;d debris-covered 

Hunalayan gbciers exhibit diff;rent pattems of dynamics fScherler et a!.. 2011 ,J_ 

The retreat llL'lY be idemifi;;cl tlu·ough the ob~erYation and demarcatJor: of bter~1l and 

tennin«l moraines ·.xhicll generally indicat.; the wide spread historic::tl extents of glacier; In 
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.:,imati0n ge:lenliy called as re;pome time. The respon'><: :ime varies for each gla:ier 2:nd 

depends mainly on ire thickness ar:d ::he on:rall chnutic conc~ition;. f,)l' e:;:ampic. rhe dynamic 

response nme r~:n· gbciers in 8 temperate climate haYing _, :hid:ne-ss of 150-300 m is 15-60 

yems tBahr ct 8L 1998\ :\" onndly. the response of gbci~rs :c< climatic ±1ucmations i-, n 

c0mplex ph<~nomellOJ.L The respom.t of glaciers also dtpemh on :he non-dima:ic f1ctors such 

<<ccunmhnion balanc,;s ablJtion 1'> known 8S th<: equilibrium hll¢ <tltimde LELA;. Thc EL.:I, i:, 

Ho\YeY¢L it is interestin;c to note that some glaciers. adv~nce snddenly "\Ylt:1 much higher 

Ydocities leading to a ph-;;nomenon. called H'> gi::tc1er surg~, 
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1.2 Impacts of climate change 

In the high mountain areas of the world. the role of ~llO'.Y and ice as an import am some-: 

of freslnv;:ter }we; been highlighted by se\·eral ealier '-mdies (e.g .. Kaser -et aL 2010: Immerzeel 

geomOlJlhic agents in ':-haping the bndfonm of glacimed regions. The gbci;>llandforms sre tllc 

direcr impnms of pa~r glaci::1tions. proqding: rdiable proof of the eYo!ution of rhe pa<t 

cryo,.phcre and contain unporrant information on climate ;-ariable-;. '"' 'xdL There are serious 

concems about the potential imp3cts of reduction of snO'.Y and glacier under '.\·m·mmg clim;"Jte 

ecological CC'Il'-equem::ec. to surrounding communities n..;:ehnnld er al.. 2008: ::'>.Iilner et ,·d .. 

2009; m1d 1.Yide implicatiom. for decision milkers (Adeloye. 2013 ). The dimme ch:1nge Lrcs 

Bho its mHuence on the fnnctiow11ity of cbm<. 3ncl reserYoir chnracteriqic<. (Sonndhar:'l_l[lll et 

ctl .. 201:::. Importantly. :he los;, i.n Alpine .~laciers nwy lmve n ·;.e·>"er;; imp:,_cr on the regional 

'<V<lter supplies (Kaser et al.. 2010l. contribution to <.ea kYd rise (I..;_2~Ser et nl.. ~mel 

incrensed related hanrds such ns outburst t1oods from moraine-dammed lakes {Dn et al.. 2012 ;_ 

The;e abmpt-on>et ±1oocls symbolize high-magnituck lo·,y.frequency catastrophic phenome1L1 

em-ironment<. (\Vorni et :1L 2012: \Vestoby et nl. 2014). 

1.3 Sc-ope of the >tudy 

Sno\Y :md glaciers in the Hin1:1bya and Trans- Himalayan l\:!onmnin belt are neare:>t to 

Tropic of Cancer rmd hence. he:1t up more tl:;-m the Arctic and /un;:;rcric ice sheer' OJ' other 

temperate gbciers. Thus. these glaciers pmYide a distinctive opportunity to understand the 

ch,1nge<, in :wea. tlu.::kneso .. mass babn.::e. their consequen.::e<, on I.Y8ter re~.onrces ~1nd relarcd 

hazards. changes in length and ;nom ±lucm~1riom rhm .::an be modeled ±~x dif.t¢ren1 types of 

chmaric reg.unes. HmYeYer. due to the bck of comprehensive ground-based obselTaticlllS 
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01 
t[~J 

the dif±erent hydrologic component<> 8nd their rdatiYe c•:>rrribmion to oYe:·sll j·;er disdurge 

are rare and include large uncertaint:.;;, (Singh and .hi.n. 2003. Ku:nar ;:r 81.. 20C•'7b l. Eow.:ver. 

ro;c·ent :Kh-auccs in glaciologic.al and hydrological research th:n me bas.;d on time series of high-

snrf1ce processe:. m ;1lpme ten\~inlus m:;de it possible to get <I brief comprehc-n·sion (\fobtch 

and :\'one. 2009: Bookhagen and Burb.:mk. 201 D). Accmate J ;<.essmems oJ: nDjor ghcwlogicJl 

and hydrological componenh are YitJlly importm1t. becau;,e the:.' ddrne :he L:onndmy 

impcrs in tht: Himab~yr1 (Aklww d aL 200S: Immerzed tt aL 21) 

on >;ea level (hm1ge. ·,y:'itershed hydrology and glacier-relat-ed luzard>. coxim1ou<. :nonitonng 

understand the glaciers feedback Sinularly·. t~• 

(Quince:; era!.. 20051 The G.ec-infonnatic~ pr<)Y~dcs the pragmatic r~ppro:n::hes :o c:;rry on: the 

oppormnitics in rhc Himahyn and in arc<'\S LKking: rraditlcmal :t:dd .. b:>;,cd glaciological 

methods. Although. in the Indian Himalaya. rhe nmnber or ;?bcial LJ:e> pn:,,em. are not a'> 
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in respon.;,e to continuous glacier reces,sion and hence. CG!l be disa<,trons in near fumre (BenE 

e1 aL. 200 l), Thus. in the Indian pm't of Himnbya. a brge reseetrch gap exists u1 modelu1g 

potemial hazar&;, relmed to existing :md futme gbciallaJ.:es, 
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CHAPTER2 

THE STVDY AliTA A:'\D DATA SOVRCES 

the Spiti River. joining Satluj from a nonh·'.Yes,terly directiou and h:r;ing it:,. source dose to 

Kunjamb. After the confluence ·,;·ith Spiti riYeL · river takes :1 ~.nne 70 km run :hrough 

Kinnar inn Scmth-\\·'esterly drrection unril ih confluence with 1h second nwjor tributary. B<hP<': 

river. whichjcin<S it from South-Eash::m direction. 

Elevation Zones 

Figure 1: Sl:o\;·ing locmion. study are:3. glaciers. deHtions and other fe:;tun::<S of the 

HnnJlayan Bzhpa River basin to Sangla gauge). 
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SeYeral nalbs and klmds contribute to its flo\YS. Prcnninent among rhe<.e are .'\r<,<,otnaug. 

!Vbosu. Janapa. Rimdarang. Shmang. Sigan. hurba and Hani::L ~umermh glaciers al;.o drain 

into it. mo,;.t important being Saroo gbcier on the right bank and H,min ~mel Bill are glJcieh on 

the left b::;nk. After ±1mYing for'' lengd1 of 66 km. the Baspa ultimately jom,;. the S~1rlnj. Gre>ss 

deYation difference fi·om the orig:m of the riYer up to its cont1uence '.Yith the S;iduj 1'· .28.25 111 

Such a considenbk: drop 'cYithin a short di~tance offer<, Yer~..,· f:<Youn1ble condition f()r 

hydrt•power de;;dopmenr. C;nchment meJ of the riYer Ba,;.pa at the proposed banage si:e at 

S:mg:b is ... 11 00 sq km. The catchment i" don gated and le<tf shaped. 

Th.e Bm.p<', R.i:,:er b<hin is located in Kinmmr Diqric-:. Himachal Pradesh. Incii.:1 ,,nd 

stretches between _, l''' 05' TO 3 1'' 30' ~ latitude and 'S" 01)' to nc 50' .E longitude. The Rl~j):l 

RiYcr i; a major rribut:1ry of the S atluj River. '.'\·hich dr:1in<. e:htem parr of the Himachal Pr::desh. 

The tiYer originmes at Arsomang: and Baspa Bmnak glaciers nnd tLweh "72 km through the 

vnlley befQre joming the Sntluj RiYer nt KJrch:;m. The location map of the Bn>pa basin :s 

sho\nl in figure 1. The basin is comprised of glaciers thm Y:1ry in form from ~imple ro 

compound glaciers of Y.:lrying sizes. The basin is higl1ly g:laci.erized and lc•c:atecl in the lugher-

aluucle range. and is 'Te'ot ±lo>Ying with most of che glaciers located in the northern slope of the 

Garang. Jo-;.·:1 Gamng m1d Km1.1. Due to high dtitude. rhe '>tream t1ow is moc;,tly gen.:nHed ti-om 

sno'.'; and gbciers melt runoff. In o.oc:io-economic terms. the Basp:: B'1sin is imporrant :F m:my 

mini ,~nd mi.;ro-hydropO'·.Yer stations <lie being planned in this 1xhi1L Therefore. iT is import:mt 

to monitor the vari,Hions m .?laciers for the Baspa Basin. 

Table 1: Characteri'>lics of the Himalayan Basp:1 RiYer Be1sin. 

SL 
:\' o. 

Charaderistics 

Selected Studv Area (K_;n2) 

\1e:1n EleYauon (m) 

:'viaximnm EleYn tion r m) 

18 

Baspa Basin 

1100 

644.2 
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I ).fiui:.num EleYation (m) 
f----1----

1 Xumb<:r of Glaciers 
f-----'---'--'-' 

----------+-"l-'.:1_2 --.-~ 
109 -~ 

I Glncier Ar;:J (RG6 0) 
f----c----

___________________ ,._~-·~_·c_J._:_·~_: -----------~ 

Ghc:er Are~1 Ddintated in Diff~;rent Year~ 
f----It----

221 1 
1 '76.9(5/2013) 

11 Averaze Sno\Y Cover Area ::Vbx !'>:lin ('~;o i - SPHY 98.71 ;_Tm:i 46A.., (Jnl\ 
f---+--- -'-'----1 

f-1.::.2 __ f-.J=,n=r"-nwJ Prec:ipi:~1tion (mnl! ·-·-·--------------·-l-;~=-:r=-_..i"-)J=n=:r="l=-·-=1....:4....:0....:0..:.n=L=ll::.l ___ _ 

13 Averaze.'\..umal::.Iinl\bxTemDemtme:'C) __ i-ll'C lS'C 

14 Anmw.l i>.sera ze Glacier llldt Flo'>Y .:lt Outl¢T (m3. ~ 1 4.3-t 
,-~~--·-----·--

In thi~ ·,rudy. to >;.etnp the SPHY modd ,·nrious tl:.ema:ic data 

bnduse l:mcko;;.;r I LULC) mJp. <,oil map. digitc.l elevation .nodd rDE~vf.:, real time ',no-.,-

n:oder:He re'.ohr:ion L ULC map (_preJX1red in .2009J hns been ·.nilized. Tl1e Glotc·cn;r ~L,t:ts.::~ 

Geodetic System 192;4 1\VGS S.:l• coordinate sy"tem :H 10 ~.r·:-secon:ls !.·.300 m:' 

d1.1e .e~.l~lrl.·~S:l .int· page _glob::o·\·er ' In thi '· • -1 high-resolution o;oi! 

by de Boer (.20l6L For DE\I. Shmtle Radar Topographic Mi'sccn !,SRTJ\1) XiSecl DE\I '.'·:irh 
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For the meteorolo~ical cbtaseh. Inclim1 :\1etcorological Departmem ~I\fD:• gridded 

datJset<;. (0.25;:' · 0 . .250) and Climate Hazards Group InfrnRed Pr.:cipiurion \Yith Site d,;ra 

(CHIRPS) aYailabk- at 0 05c resohnion ;,cale haYe been utilized (Gupta er a!.. 2019: ?n1bsh. 

2019). Both the datJ~ets hJw been inteqJobted <11 the same sc:1le f0,(}5'). 0.05':>; cmd then the 

quamile regre"sion based on cnmuhti',·e clensiry func::ion I CDF). a bias .:orrection method. has 

been applied to correct the CHIRP precipitmion ',Yith reference to I2viD precipitJti.on cl:Whcts. 

A; per previous smdies. the qmmrile nnpping method has been ±~~mnd the best method for the 

bi~h correction of the precipitation dJt~1sets (Singh and Xiaosheng. 2019: Carmon et al. 2015). 

The rdiabiliry of CHIPS precipitation cbra has alre.:ldy been e\·Jluated by fc\\' researcher'> 

aero~-;. India cmd rhev re.:.ulted that CHIRPS perfonned supenor among other global 

precipitation data Sd'-. especially in captming: precipi ration extreme< ( Gnptfl et aL 2019: 

utilized. for re-gridding zmd biac, corTection. python programmmg b~F.ed XfllTXY ,mel :-;n:nPy 

modules hilYc been utilized (Byers et aL 20 l S;. Daily minimum. maximum ''nd ,,._.eDge 

temper:tture daza ,,-as obrainecl ±!·om :cviD h<h been utilized for the andys!s. For model 

;:;yailable ::1t Sangla gauge ha"> been ntihzed. 

For the preparation of g:tacier mJJh l:mdsat :\fSS n,L ET\1~. T?lf and LuFL.tc S 

sJtdhte "en<,ors-b.:bed cbraset haYe been milizecl. Fommatdy. for the ye:1r 2006. th.: ~ekcred 

study area \Y:1S in the center ofET1vh scene. almost not nffected by scc·m line errors {SLE:< t:\Iir 

eta!.. 201 ~).For 'ollO'>Y cm·ers extraction. ::vfODIS (_\10Dl0A2) hnYing :'00 w <.pati:ll resolution 

datJ<.ets from 2003 to 201 S \Ycre do\Ynloaded ihttp:. nsrdc.org cb.u ::\IOD l 0,:,.::: 1 :md 

processed to extr:1ct ;.no'\\' coYerecl Mea by adopting 1he methodology ''s preYicmsly used by 

Shukla et JL ( 2 01 

~cnle "nd therefore :'viODIS S-d:1ily scenes were processed and rhen nggre.~ared a: the momhly 

SCJle (}blJ :mel Rigg~, 2016). 
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Table 2: Data :.vailable at ?\ASA'~. (il.CF for tbe .;,tucly area. 

I ~.,·.·eu so_r _t;._·p _e_. --+1 _R_e_s_o_lu_rl_o_n_-t_P'_~ t __ h_-_R_o_'_"---r-·-.\_c_q_uiisition Date AYailal·~ 
,.lSS ~'{)m l ='7-03S 01 1.~.19"'9 Sno·,y co·.·ered 

30rn l 0 2 . I 990 

l46-03S 2.2 11).1999 .JcYailable ___________ _, _________ ·~------------
l..f6-03S 08 1 =),.2000 .A:vailnble 

23 09 -.=2..:..0'.:...) (-.:...) ____ ..L..:'J...::c ·_;.::em:.:.' la:...J:.:)]'-'-e----' 
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CHAPTER 3 

UTERATrRE RE\"IE\Y 

The Himalaya t'o unique and highe'ot mountain chain of the \\·orl(l. It is often refen·ed tel 

Himahyan region affects. direcrly or indirectl·y. the li>"ing of oYer 300 million people of the 

Incbm >ubcontinent (Schild. 2008). The region comroL ±1cPx to tile three major river ~ysr;;m~: 

economy of many countrie~ including India 'Thich depend'> greatly on it f\.>r hydropo'ser. 'Sater 

supply. agriculture. :md wuri">m. Ho-c\· eyer. tlw;e delicate Himal8yan resources are highly pr0ne 

to namral haz,wds. leachng to <,eriou" concems especially about cun·ent and nnure dimnte 

ch:mge imp<cct" on th;; \Yater stored in sno\Y and glaciers !Cmz et al.. 200~.< In the region. the 

climate ch<mge C•.'ncenls are multif<1cered encompassing. sno'x coYer clwnges. glacier rerre<H. 

expansion of glacier bke;, and glacier lake outburst Hoock drought<.. lancbhdes. t1;JSh tlo0cL. 

I Barner: et :1L 200:' ). agriculmre liYelihood. lmman he11lth. biodiwrsity. <md food <.ecnriry (Xu 

er al.. 2009: Pir<hteh er :1L. 2010: ~'\akh:1pakom and Tripathi. 2<.)0:'1. Tlm;,, regular monitoring 

of Himalayan cryo>phere (;,no<.Y glaci¢rS) is important for impn.Y;ing our kno\Yledge o:· i;s 

response to climate chnnge. For thi~. purpose. field inwsrig:1tion~. e~re h:ghly suggested. 

Ho·,ye";er. keeping in Yie·,y the time and logistical conc;traints in such a remote :md mgg,;d 

Himalayan region. only'' limited number of glaciers can be monitored. Therefore. t¢chniques 

of Geoiufonnatic" along >Yith limited tldd check'> appem- to be the only m<: an-; of m:<ppmg and 

monitoring cryo"pheric ±1nctuzttions in tl11s region (Panknj et aL 2(1 l 2 L 

StW\\' and gbciers coYered area and rnnoff generated due to mdt is h<<Ying an important 

role in the hydrology of glaciated basin. The Himalayc; pbys a promincnr role in the 

precipitation and spatial temporal di<.triburiou of nmoff through t!1cir orographic effect m1d 
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(_Im.:erzeel et aL 2009). Contnu:y :.o g:lac1ers. seasonal sno\Y a~cumnlate', md discharge;, '.vnter 

pn)Yides ',Yi\kr 10 the populAtion liYing lll the Indus .. G:mges and Bmhn::oputra bJ>in> (Rumnr 

et ,,L, 201 S; Kubkmi. 2012: Xu et nL ~:009: Singh :md Jain. 20(12; In com pari ;on to the Gan~a 

and rhe Bral:una?utra. the Indus basin is more de:;endent on upstream \\·mer resources. be,~mtse 

of it; \'ery arid dmnhtre::un climme. \H~st<.·rly i11t1uenced precipitation regimes and !ar§:'e .?lacier 

dimMic ckmgc. Therefore. in the pre~.ent rec;.eardl. rhe tr<nd analy-;is of various dinn:ic 

YJriables was c:uried out. The study Jho inYolYes the glacier mapping anc~. chrmge de:ection 

associated -;,yith outburst t1oods (GLOF:1. Bdc·rc thi~. a brief ck~cription of usc of 

Geoinfomlatic~ for ct~v·osph:::ric ;tudies i~ also presented. 

3.1 Glader and ~now changes 

In the Himaln;.·?n region. it is reported t~wr the ghcier rerrt:1t begun witl~ more g:mdnd dimcte 

\Yarmmg ~ince the Littk leo: Age (LIA '· ·.xhich occurred ar:pro::imatdy from 16:50 to 850 

ne::t 40 years (Chamling:. 200."). :\Iajonty of tile earlier stucb;s showed that the H!n:nbyan 
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J,;:;.chkc. 19"79: Balwguna ct al.. 20 L)): '.Yith the noticeable exception ~·f the Karakorum region 

',Yhere some glacier~ m·e advancing :md is kno\Yll '"· Karakorum anomnly rHe',Yitt. 200:'). 

Recently. P:ondey et al.. (2011) has reponed a retreating trend of 26 gbcier<. 111 the '.':<:stern 

Indian Him:ll:1y:1 from 1975-2007 lxEed on satellite cbta analysis. Similarly. Scherler et :1!.. 

(20 11) can·ied onr an analy;,is of sardlite clara for the monitoring of 286 moun win gbci:;r<o fr('lE 

the Hindu Kush. Karakorum. ',':estern Indian Himalaya. Tibetan Pb:eau. \1i::sr Kunlun Shan. 

and southern centrnl Himnlay:1 (Sepal. Bhutan. Sikkim. t'n:~rakhau-:1. and Hunacllalj during 

the period ber·seen2000-2008. After an:1lysi~. they t•bsen·ed that 58"'·o of smclied gbcieh 1.mder 

the 'Xestcrlies-i.n±lnenced K,1r:~korum region :1re stable :md slcY.dy ~(!Y~ncing: ,,·hile more :h3n 

65% of glaciers under the monsoon-in±1uenced region~ are receding zilong 'Sith ~.eYenl 

clebris-co'.·ered ·,yith g.;nrle tenuinn~ slope gL1ciers being srahk bterestingly. 'hey recognized 

a higher conct:ntJWion of receding: glacier< \. '7'Y·o) in the ..,,:estern Indian Him.abym1 reg:icm m:d 

in rhe northern centLil Hinubya and ·we~: Kunlun Shnn 186'~.,, '.\"here dominantly (\.;bris-fiee 

glaciers are present. The nn~s of retreat are varying bet\\'een -9.1 0=5. S' <lnd -1-i. 64=5 .S' m:.1· 1 

and 1nos.t retn;ating gL:.cicrs arc locarc:d nt cle"':;~1tion s of 4 700-6400 111 anF-.1 (-:\1¢ et aL. 20 UJ';. 

' (1\ath;1\Y3t t:r :1l.. 2008). In a recent ~rudy over the E~:1shmir Himaby;m region. loc8ted in 

'Xestt:rn Hinwhlya. :\'1m121za and Romshoo. (2015) r::portt:cl a l7°o lo:;.s in areil of glaciers. In 

z~m~br Himala-yan Range. (Pandey t:t aL 2011) kh noted a !erminus n:rreat r::n:: of 3~2 m ,,-

1 and up tO SS !1l Z1-l of 2.6 gJ8cieJ'S during the period fi'om ]975-1989 :md 1 cl89-20!) l 

rcspecti'.ely. A 'imibr qudy. -:arricd out by S.:\tha\\'Jt et e1L f200S) in the pans ofDocla \ 

Zmhbr mountain range reported~ retreat rate of 6-33 m:~· 1 bet\\'ecn the ye~w; 1962-2001 ba~ed 

on analysis of 13 g:la-:i·;;r<.. In the -;.mue region. Kmnp t:t aL. (20ll) in a -::unent study. reponed 

a retreat rate of 23 ma·1 nnd !0-55ma·1 during 19"'5-2003 and 2003-2008 rcspectiYely,l. In the 
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Him::1layan region, the retreat of ghciers '.\·ill h;n·e a brge imp< cc, as glnciers pby nn important 

role in river nmorl (Hms and Hock. 20 

Ch·enab Bas:in. tile Samudrn tapu glacier's snout has receded by Jbour ~56 m during 1963-200.:! 

Temporal Yariabiliry 

is ob•;erYed m tht G<:ngotri Gh::i·er. a '·.Yell-monit•,)l\td Indian gb,;ier. \I.;:_«rgel tt nL .20ll b 

hhumbu Hunaby,;, ~m J'>·er:Jge gkcier Jrea lose,. of Jbout 5°\: h.:,s bten repon;;J bet'.Y<:en the 

Him,1h<ya <'re maimaining a cominucY:h trend of rttreat oYer the past ft\Y dec.:.~des '.\·ith a:1 

<<Yergg;; retre:1I 1 at;; of 5 .5--S."' me-1 tRen et aL 2004. 2006J. In tb(: Indian Himaby;•L stuli::<. on 

Pit han, 2011: B;;;rthi::r. et 8L 2007: Bolch <;tal.. 20 l: :\-lir et aL 20 l 2·b! During bst decades. 

Gh::ier i 1992-l995.l9:r-.:::ooo and 20•:<7·-present; :me! Chombari Glacier ~:2003-pre;.em) in 

tht Gnrlnni HcmaLryn 1 Dobhal. 200~1: Dobhal and Mehta, 20 l.O) Chhor.a Shigri Gbcitr in 

Himachal Himahya end H<'.mt:'lh glaci,;r in Spiri b2.s111 (\\7agnon et :ll .. 200'7). Tb: O'>er:111 nw•<; 

Kulklrni et aL . ,2(111) reponed recently glaci.:r h;s of abom l S6S glc"lciers s udied in ll ba;im 
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of the Indian Himabya. They reported an oYerall reduction in glacier are<l of 16°···o l'<"lnging from 

2. 7-20% among differ·em basins studied dming 1962-2002 (Figure 3 L The clnnges in gbcier 

areas are aho likdy to in±1nence the nmoff trends in th,; 21'1 centm)' i.e. runoff could increa;,e 

in the initial decades <md then decrea>e or cea<,e due to subsumti:-d decrease in gbcier z;recl 

(Bl;s.s eT aL 201-+: Lutzet <11.. 201-+: Bolch et aL. 2012). 

Depending upon the topographic ancl other local factors of the gbcier>. a heterogeneous 

pattem of gbcier loc.s in different m·ea s and bc1sim of the Himabym1 region h0 s been reponed: 

and thereby. unders.tn.nd!ng the in±1uence c>f the local factors. on ghcier .::hsnges ha<. recei\·ed 

an ample attention during last year's (Basnett et aL .::ou: Thakuri et aL 20141. Among the 

Yariom notable 6ctor·; .. the g:bcier ':>rze. debri':> cover and topogr:~phic \'G!~ables (altitude. slope. 

and aspecr·l ?.re the most impomutt variables in determining the Yariable rates of gbcier 

changes .. -".number of earlier studic> have t~.:mncl rm inverse relationd1ip bet'.wen the gh::icr 

size :md rmcs of loss (e.g .. Kulkarni et 81.. 20<)7: :\Luk and Seltzer. .200:': Chueca ec rll .. .::no-. 

tvlir et d .. 20 13,, J. In other \\·ords. the sm:ll1er glacier~ ha\·e experience gcner:1lly higher rmes 

of loss than brg:e glaciers. A similar pm1em has been reported ±iom GJrlw:al (Bhambri et aL 

:011} and Himachal Himalnya {Deom et 21L }(ill recently. The tendency of hrger glnciers to 

less lo<,;, has aho been reponed by many other studies (e.g .. Raco,:ir.emm et nL 2{;(18,;: Salerno 

et al.. .2008: Loiblet nL 20!-+). In general. a loss of 38°0 of small g:L:~ciers (<1 km>1 and 1.2°,, of 

larg-~r glaciers L1-> been reported In 'Westem Himalaya bet\Yeen 1962-2001 by" o;,tudy canied 

om by Kulkarni el aL. !)00~ ). Snnilarly. the higher ele\-<1tions of glaciers .;,igni.fic:mtly reduce 

the rar.es of glacier lo""· (Kulk:mi et aL. 2007: Racovitemm et al.. 2008 The :zbciers \'. ith a 

>rna ller 21lt:tudina! range along 'Xlth median altitude'> do-;er (in altimde) to :heir m;,ximnm 

altitudes :1re losing more of their area (Ye eta!.. 20i)3: :'vfark mlll Sdrzer, 2005;. The gbciel"s 

>lope '" mwther tc>pographic variable and pby,. J significant role in determining glacier change~ 

i.e .. the .,teeper the glacier. the larger the loss. The ;.nnilar inrluence of slope on glac1er has 
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orientation c'l the :hpect of the glaci<:rs >:gnificrmt!y control', the g.b.::io;;:· ch;mges Tho: glaciers 

losmg mc1xi.mum l1rea :':re generally oriented south\>.:ards and ,.outhwes~ iS.1iemo ct ::tl.. 20CS. 

Blunnbri et :;L .::011: \lir et al.. 201 The similar p2.tr<:rm haYe b::en reporred ±!·om the 

Abkmmcb :1r.d Timng.khad ba,.ins (::~aimn1l et al.. 200Sb: l\Iir et al. 20l3b:. Fmthermore. the 

pro;;sence of supra-gl2cial debris coYer has a dominant er'fe;:t on the ghci:r los;, The (\;;:bris 

coYer '>'>itb thickness exceeding J few centimeters k:1<h to a considerable r:ductwn in gi.Jc:er 

a thick debns cm·er respond more slowly ro climmie' chan.ge~ dJrm gbci.:rs iYith rhinne1 debris 

ccwer or de<m glaciers ! Singh et al.. 2000: Scherler et aL .2011). I addition. the d;:bri ;. cy;er i~ 

abo an impc,l'l3llt f:1ctor for mass balance <llld gL1cier dynmmcs becau:,;; the ch:bris :hickn~<s 

cletenn:n~s th~ ice md: rate t.:\bttson ::t d .. 1993: ZL-mg;;: :1L. 2011) In :h;; Hmwby:m:egicn. 

coYer (Bolch ;:r al.. 2011: ~uimura ·tE Jl.. 2012,. 

changes (';.g .. Bro'<Yn. :::000: Beniston er aL 2003 .. latermer a:1d Schneeneli. 2003: Ke,zuyub. 

.2003: Bednorz. 2004). Signific:.1nt rechtctionc, in snow depth h:r;e been n;poned in •.n:',tem 

in Qinghe1i. C:.1ina. Jn the non hem Henusphen:. the: snc•w co\·tr Yari:;rion ,md it;. rdationo,hip to 

temperature ha;·e been o.tudied by Frei and Robinson. ( 999). Sim:brly. D cbon. and 

have studi::d and reponed the climatic effect of Eurasian sno'S cover 

•:etriJricns on the India11 lllOlbOO!l J'Jmfall. Similarly. tht ;.lgn:f[;;:mt recent changes i:1 ~Licial 

«nd snG'.\' coY~r <:xtenr are reported from diff.;rent p;1rts of Himalayan region too k :; .. ~:edc1er 

studied sno'"··611 YJriability in respon;.;; ro temp.::rantre in SJttuj Basi:n. \\'esrern HimnbyJ. 
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IndL'i. The ch:1ng;;s Ul -~now cover and glaciers arc mostly anriburccl to ch::mgmg p:mcm of 

<,nmYfall :lllcl temperature (Shd:har ct al. 20 l 0: i\fir et aL. 2013b \ I1.1ir ct :1L. \20 15-b l suggested 

area (SCA) ~rndied bet\H:en the ye:ws from .2000-2009 in the Satluj basm Thus. rhe Y:1riations 

in '>110\\' cover are :1ho considered :mel cited :h useful indicntors of climatic ±l.uctuations iB:trry. 

1985: Chang ct al.. 1990: Goodison and \'Valker. 1993: Derksen er :ll.. .2000: Serr;;z;; ct nL. 

2000). 

Figure 2: :\·Iap sho\\·ing the loss in glacier<, l \Yithin differ;;nt basin of th;; HimahtyJ regron 

tl·om 1960-.2000. bv:-.ed on smellite images. The vm1ous wb-bc:'·lll'> include 1. Bhur. 2. Zan;ker. 

10. Baspa. 11. Bokriani. 1.2. Blngirnthi. 13. Alaknancb. 1-l ::-aimol13'nyi region. 15 \Ir 

Everest region. 16. AXOlO. 1"'. S11garmath natiomil]Xll'tk. lS. Tisn. 19. Blmun Him:1Llya 

(source: KuU;::;mi . .201 

3.2 Climatie fluctuations 

An ;:maly->i<:. of rhe t.:mp;;rature data over th.: Himaby:1n ro-gion bas inuneusdy 1 e\'eakd 

a w:wming pattem. albeit at di>:;;rse rates during different periods dep;;ndi21g on the s.;a-,.c,n> aud 
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regrons In the tune ofth.;: other regions !Reda et rJ .. 2013n. :• Diodato.:: d .. :OllJ. r<:.:ently 

reported n higher rcHe of \Ymming in th<: Him:\lnyan :md Til.•ot:1n PLreau rq:iuns dnring last 

during 190 1-196<} SimiLlfly. another ,, rudy by D:bh tt :d .. 

Himalaya rep•)rted a \\'Jnning and rise of 0. 0 'C C'Ver n 

regi011. Blmtiy,mi et al.. (.2007'! h~1ve ob·sen·ed 3 1.6 'C ri·sil:.g pcmem 

monsoo1L In Gdclition. :he trench of ·;,;~:sonnl and monthly me au :emper.'ltl.Jr:;s bct>Yeen t.he y<:Jb 

199-f-.2003 indicated :1 shit! in the peJk summer and ·.yjm,;r ,,e2sons in the ?\orthweqern 

temperature. particularly 3 ;ignificant rise i11 Tmi:J t!·om 1983-~:Cu.)S m IndiJn part of basin 

located in •x.:stern Him:;bya. Simibr. in another <,rudy. increasing trench oi t~}¢ ·,•:inter T :m.x 

:.tndied Cl\'er upper Indus b:hlll has b.;en also 1.;porkd by Khattal: "' ,,: .. 

td .. 199Q l Similnrly. the fy.;r.:sr iQomcbngnn) region in China dso :exhibit <.Y:u:mmg pattern 

Importantly. rhe rate of wanning pattern repon;;;d: is obselY<:d to b:e constantly higher during 
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winrer '-cason thc11l other se~:hons 1n most parts of the Hunabyrm region ~uch a<, the Chinese. 

f\.Er er at. 201 ~n). Thus. hter qtmrters of the 21st centm;.· and recent decade~ an: recogmzed to 

be \Yarmer rlum earlier periods along \Yith the \\'<Inning nne higher in \Yinter season than othc:r 

Contnwy w '.':arming JXlrtem. the precipitation in the Himslay<1ll regic•n bd~'· :he 

spatislly comistent long-term rr.;nds. In a recent '>tudy. R.;cently. Bhmiy,1ni et aL (20 l CJ :· b"sed 

on ;:mslysis of clara of three stations. sugg.;sted a "tmistically significant n.;gatiYe trend (at 5% 

s1gnifici1nce levd) in morbc,on and i1Yerage mumal rnint:111 assessed from l 866-2006 in :he 

Indi::m nortlnYest Himaby:m region. A similar but insignificant n:;gatiw p2ttem is r:;porr.;d for 

a period from 1960-2006 over the '\\':;stem Indian Himalaya region (Sontakke et aL 2(109 1 

Dinu·i and Dash. (20 11 recognized a significant decline in winrer precipitation IDecember­

februar;l) in the Himabyan r:;gion dnring 19':'-2006 and rhe pxttem lacked spatially consi,,ten" 

pha~-es among ~trnions, During 1901-2003. GuhClthalmrta and Rajee·,·mL 12003) also reporr:;d :; 

significant do\YnYnud pattem in winter pr:;cipitarion oYer th:; ''>cates of Jammu & K2i<.hmir nne! 

CtwrakhamL Similarly. an insignificant declining tr:;nd has been reponed from the year.;, 19~0-

2008 in ~no'.Ytflll '.Yith a Y.eek rising trend in rainfall in the Satluj basin. \\·estem H1malayil C'viir 

d aL 2015aL ?vfir et al.. (201:\a. b &c) reported the d.:cline in snmYfaH in r-esponse to nsing 

temperature. particularly Tu:in- They 'uggeqed thm the insignific:m: decline in ',W)'.\'fnll lLh 

2009 in the basin. Ho\Y<:Yer. during 1961-1999 in the upper Indus Basin (PakisLln 1. ~tH:srically 

~ignificant increasing trends are ob~.erved in >xinter precipitation (.'l..rcher and Fo•.xler. 200-+: 

Fo>.Yler <md Archer. 200~). but no trend is obser;;.;d during the longer period considered in the 

stud;' 1.189~-19991. Inter:;~tingl;.· in the Himalaym1 region. Dimri and Dil>h. 121.)10. 2012) and 

Shekhar. COlO'! h:1\·e reported that the negatiYe trench in the preciptation :1re ;h;oci.,necl 'Xith 
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J reduction in torn! seJ;,onal sno\Ytl1.1L The increase in temperature is one of the 1mporunt 

In the 

random t1ucnwtions <md the absence of trend on Jnnw.J or seaso:lJl bJSl''· (Tse-ring. 20C 

Similarly. Shre'>tba et al.. C2000 J did not flnd any significant long-term trends in pre-:ipiwt:on 

\Ve'>tem Indian Himabya ll'ith the dedi.ne in winter prc:•;ipitation as Yrdl but ·xith intr.:;-r;;>gioJwl 

difference<.. 

The d1ang-e-s in stre::uu t1•JW panem :n:e g;;nerslly depend,:nt (lll the bnd use and dinute 

munber of high-magnitude ±1oc'd e·>"ent·; in the areJ. :'-.fir et <11. ~a; reJKlrted a continuous 

and significant decline in stream t1o,_,. of Sath~i ri-,.-,;r basin located i11 •.•:estem Hi:tlBbyn 

bet\Yeen the years 1963-.XiOS. S1m1hrly. J.:J1attak et aL 120 ll has reponed 011 increa<;iq: trend 

in the winter Jn:l ·:,pri..ng stremn ±1mY pa-ctem in the: upper Indus BasiL Faki·:;tnn. Ho1.'\'cHT. it i,, 

studied during J 965-199~ (G:mt~1m ::mel Acharya. 2012). OYer the Tibo:t0n Platenu. Y;w eta!.. 

(20()':'} found an up ri~e of~ .~ 0 'v in river mnoff and Jttributecl i.t w the gb;;:ial mdting. Si:ll.ibrly. 

];-,srotia et elL f2013) J',',essd the: impnct of climate change on the hydrologi.;al re.~:ime of 

Chemb ba<.ul. \Y-estem Hinwbya and reported a declining patrem In the nor·ll•Yestem 

years 19.2.2--2004. Bhutiyani et nL. 

and monsoon s:::asons in the po<;t 1990 

di;,charge .:mel the:ir gradual disappearc111ce In re:~.pome to \\arming tempe:r<Hures. the: i.ncre:as-ed 
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in stream tlov; in lo'.Y t1o·w period~ and in .areas of lo\Y precipit~1tion e.g Tibetan Pbrem1 and 

Indn-;, b::1s.in (:\Inkhopadhyay. 2014: l\iukhopadhyay et aL .201 Similarly. ewer the 

north,.vestem Himalay::tnregion. Fcn.Y1er and Archer. \.2006) analyzed temper::tture claw dm1ng 

the period bet\n;en tl>e ye<\1''> 1961-.2000 and connected a decrease of .2(e., in summ~T nmoff in 

the ri>:ers Shyok and Hunza to the observed n;:c drop mmean summer tempermure since 1961 

and g:rm'.:th of Karakoram Glacier. 

Time series anal;.-sis of obser\·ational records (Burger et al. .2018) h a useful tool to 

est:1blish general dmn trends but is of Limited use \\'hen obsetYations Clre scarce in ~pz1ce rmcl 

time and cannot prcn:ide iuszghr<. inw ,,,·hic·h proce:.ses drive obse1Ted clL'ill§!eS. Additionally. 

et aL 2013) aided the .osrabEshment of ba~dine areal changes. they do nor generally asse<.~. 

mass balance or Yolumes chrmge :md cannot be used to explain th.o causes of observed dnnges. 

Therefore. there is ci need for an integrated approBch ro nnderstand the midtenn m1d long-term 

Keeping in Yie\Y the above concem. our main aims are to estimate trle correSJ)Oncling 

glacier contribution to runoff and impact assessment of sno>.': glacier clwnge on runoff in the 

recent pHst. TI1ese aim,;, Bre addre~.o;.ed thJough Application of a physic:11ly oriented and fully 

distributed gh1cio-hyclrological model. in situ clat;l. and gbcier change estim:ve~ ±:)r a lxhin 

located in \Vesrern Himalava. Therefore. in this snJdv. SPHY model h;,.;, been .;,imubTecl m rv:o "' ~ - -

times; ii: .2003-.2010 and tiiJ .2011-.2018 utilizing Y<1riable cle§.'l·ee-cby factors 10 highhghr the 

efl:¢cr of SllO'.Y and glacier changes on n:noff 
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CHAPTER.;. 

.\IETHODOLOGY 

4.1 Sno"- con•red areas and glacier mapping 

ht1ve been utilized for the )ieflr 2003-20 l S. The :\IODl 0A2 ;nov; cover d8tfl products com.:1in 

dc:t~1 tlelch for m::Jximum ~110\\- cover c:xtem o'.·er Jll eight-day compositing period_ The l\10DIS 

(I\10Dl0A2) consi~h of 1200 l:m 1200 km tiles that employs J :\'or:1nlized D[fferenco: 

Snm\- Index 1:\'DSJ; :md ether crireriJ tests (Slmklfl et 8L 201 T! (figure ~h To higl:light the 

derived 'ollO'S coYers and :..fODIS clenvecl <.llO'<Y coYers. Shukla et aL ! 20 1''- car:·ied :nlt a smcly 

hhin for years 1966. 1999. 2000 and 2000. In rhi-:.. srudy. L:-mc!sat cba •;eries-basd <atellite 

-;cenes have been utilized f:Jr the ye<1r 201 S. For the Land-:.at E _ ETl\I+ :mel T:vr clat<1 images. the 

generated in the bim1ry inwge ntihzmg threshold -;;ahte·:- ber..Yeen .2.2 :o 2.5. SeYeral 

image<- \Yen: conYerted from binary io Yector cbt<1 layer•;_ The derail glaci<:r maP:Jing 

mcthodol•Jgy ll8~ been employed pre\·iomly b:<" \f:ir er :d. t 20 i To End ('Ut :he glacier 

59
126



utilized. To find out th<: correlation benveen glacier changes and corTesponding: dev:1tion. rhe 

varimion in glaciers wa~. highlighted with respect to elevation in the progres:sive nBmler tl:om 

.2000 to 2018. The chnnges in glnciers with respect to elevn:ion hsve been analyzed to bighligbt 

the ele>:ation dependent warming and its impact on glacier m:1ss changes. 
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Figure 3: Sho·sing the computmion methodology of sno\Y coYer and glacier mr;ps. 

4.2, Snowmelt and glacier melt h~·drology of SPHY Model 

SPHY i'> s spmially distriburecl and csn be applied on a grid-by-grid ba>is (Terink et aL 

::Z015'L SPHY \York:, in a FYthon-based environment using PC Raster :1ncl its source codes are 

freely avrrilabl·e (http:/1\t'hlv.sphy.n!/l. In SPHY. each grid value :.;; represenrecl aYer~lge over 

the grid. In SPHY model. for glaciers. a sub-grid variability exi'ot;;. ~mel a grid can be defined 

as glacier free. complerely covered by ghcier or partially coYered by glacier The glaci·er free 

grid fi·action of grid can b·:; defined as snuw covered or sno\Y free. The gri(hrea >.vhich is free 

from snmY can be defined by vegetation. open wateL nnd bare sorl (Terink et :~1.. .:'.:01:'). The 
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',oil colmnn structnn; of SPHY modd i~ qnik ,imilar to VIC mocld (Te:rink .::t J!.. 2015). 

including two upper '>oil :md third groundwz..ter ~torages. The three chai.nage component;: 

sur±ilce runoff lateral flo\Y and basdlo·y CJ!l be: defined in SPHY mode:!. S?HY complFe~ i.e. 

each grid pro:::ipitation in the tonn of '>llO'X or rain. depending c>n i:Le cldin;:d crirical 

Prec1pitation th;rt fall~ on the ground can be intercepted by \·egetation Jnd son1e mnount 

or '.Yholc: can be c:Yaponned. In SPYH'(. the SE0'1': storage i·> updated \Yith snmY accumulation 

and or '>llO'.nndr. SurL1ce runoff is a pm1 ofliquid precipitJtic~n. \\·here: as tbc: rc:st infilTrate'> into 

depended on tlle soil properties and fmctional '>·c:g:et:-;tion co-:;o·. '.vhcrerb th-e res: contr:bnte,. to 

srre:1mt1ow disdwrge :' by meam. c~f the basd1o\Y resulting from the: groundwater zone and 

lateral ilov; frc1m the first sed hycr. In SPHY. tho: modified Hargre::r<:es eqllMion rh.:;; is a 

.... ' .-
:tunctwn or temperatnn: has been us::d for the ET comJYilL1tion 1Terink et al. 20 l5_; A .. s 

',Yhilc: in th<: J bsc:ncc: of large amount of the cbwseE I Singh 2nd G(,<yaL .2Cd 7: Arnold et JL 

20l2.L Th,; gr:d-specifi.; runoff th<'<t is avaiL1ble f~,r routing. c:m be contribu:ed by ~nrface 

SP::fl" model requires physicJLthc:mMic daw inpuh such :)s digital d.::;-arion mxld 

1.DE\L. bnduse LmcckoYer (LClC) mnp. gbcier map higa::ighring de:1n ice glaciers :md 

meteorological datasc:h such a<> t.::mp<:ramre. precipitation. r:Kliation i-; minimdly :·equired :o 

setup the model. The ·>nmv-co..-ered Jl'ea (SCA,i cal be urilizd for ;he ;-::licbtion d.· SPEY 
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runoff. srw'.vmeh runoff ba<.d1ov:. ET. grounch';ater runoff gronnchYater le';el. glncier melt 

runoff. and rainfall-mnoff in daily. monthly. and i:llllmc1l basis (Terink et aL 201 :'). 

This study rminly explores the ;,no\V and glacier melt runoff characteristic~. of the 

other components. and processeo, are pre'>·iously di ;.cmsed in detailed T erinl:: et <ll. ). The 

<,!lO'X-glacier melt nmoff hydrology has been described bd0\'1" in TIU"ther Sections. 

4.2.1 Snowfall and rainfall 

In SPHY. the dynamic sno'.vfi":ll mass balancing can be performed nt a daily time qep. 

C sing fi tcmpenrnre :hresholcL the fdling precipitation C<lll be defined fiS n ;,;loY: fall ; <olid 

form) ,wd rain (liquid form:•. Tb; sno'.Y accnnmlation 

calcnl<ltecl <;s (eq. 1 ): 

\Vhere. Ps.t (nnn! i~ the c,nmvi~111 on th·e day r. Pe, (mm) can be ddined Js the effecti'>e 

precipitation on chry t. Ta,:p( is the mean air remper~mre on day r. and Tc-::1 ( ''CI is a cJlibrmccl 

tcmperamre threshold for precipi.tntion to f1H a~ ~rw·,\'. \\'here<1~. the prec!pitJtion :L1lh n s liquid 

precipirati(m can be computed JS Ceq. 

. . . . . . . . )Pet if T.~ug.t > TCI'it1 
P1Ailqwd prenp1tarwn) = ( ) ·r T < T "'. .. . 

. ! l avg,t ~ cnr . 

4.2.2 Snownwli stot·age and runoff 

S:PHY model lheo. a degree-cby .:1pproach using tcmpcramrc index model r~:·r the 

calculation of ;no'IYmeh (Tcrink et al.. 2015). The application of degree-day modds :s 
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,,,-ick;.pread in ctyo'>pheric modds ti1at rs based on rm empirical n:LltionJ:cip heto.Yeen rr.elt Ete 

and air temp err nn·e (I -:nnk et al.. 2015 ). B2sed on the degree-cby approctdL the ?'nential 

·xnh A~·o:s (.mm · :s defined <h the potemi,:l sno\Ymdt on d:1y t. cmd DD? s (:.l:.m·c-1 b 

denoted ~h ,-1 calibn1ted degree-day fJctor for sno>.\'. The Gchwl sth)\'·:meh canl_,e limited by th;: 

Here. Accu (mm~' r'S defin<:d Z1S the actnal sno\nndt on cby t. md SSr-1 

day r. utilizing :he actuai snowmelt (Aocv! and the o-ohd precipitation ( P,_.-J. \V:1en temperatm;;: 

falls belov: the melting pomr. then the meltwmer is frozen) m the s:lO\Yp?.ck duri:1g tim;; 

SSH't- 1 is the amount of fi·ozcn melt\\:Jter on day r-l. The units for all tenns are wm. Ill;; 

1L<1Ximnm oi m~lnnter that can :!:leeze (_SS\Vmax (mm)) i,. thm Lmir;;:d rbe thid~n;;:cs of th;;: 

mm!) ccm~:sts of the ~LO'X 

SST,= (SS, + SSvV,) x (1- DlacF). 
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\Vhere. (1 - GlacF) is dd1nd as the ±1·actional grid that i~ not coYered by glaciers In SPHY 

modd. snmY mdt :mel ~.no vi· ::1cctmmlarion can only be calculated .,,·hen grid fr~crion determined 

as the land snrf1ce. In SPH'Y. the mnofffrom <.ilO\Y {SRo (:mniJ c:111 be cakuhoted 1xhen the ::m 

temperature reache<. abo·,·e the melting point (Terink ct ::tL. .2015). The clumge in mebxnter 

stored in the •.no'.\' can be accounted as (eq. "'): 

L\SSL·1l = SSWt- SSHlt-l ..... ("'1 

4.2.3 Glacier process and runoff 

In SPRY. glacier<. are considered melting surf:1ce·> \Yhich can partly or completely co·;er 

the grid cdl. Glacier melt is also calculated by the degree-day approJch and the mdt n"ites of 

debris covered and debri; fi·ee gbciers \'Rl)' (Terink et al.. 201 '1. The melt tiom the debris free 

glaciers cm1 be computed Zh (eq. S ): 

\Vhere. DDFc; (mm °C1 da:/) 1s a degree-day factor for debris free gbciers and c::m be 

calibrated for the giY.:n m-.ea grid. Fu (-) is th<;; fraction of clebr!,.free glaci.;:rs ,:,·ithm a grid. 

The daily melt ±!·om the clebris-coYered glaciers can be calculated :F ! eq. 9 r 

\'/here. DDFvc (mm ')(·-! day·1) is ,:J degree-ch1y bcr.or for debris-coYered gLKiers ~1nd ·~an be 

calibrmed for the giYe!l area grid FDc (-) i~ the fraction of debris-co\·ered glaciers v·:ithin J 

gri.cL The wral glacier mdt. AcLAC.t (i.e. summing the meh ,_,.,,ter ±1-om debns-iree ~md debri'--

coYered glacier:,} c<1n be nccounted as ( eq 
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From the ronlrLeh from gbciers .. a frcKtion of the glacier mel': JKrcclates to :he ground'.Y<'ter 

and the r::m:Jming ±1\1ctions mn off. Fin:dly. the gent:rated runoff CJRo (m.r:n) Lom .gh;ier melt 

i~ defined ;:-r; {eq. 11): 

GRot = AcLAC.t X (1- GlacROF) .. ... (eq. ll) 

4.2.4 Surface nmoff. tot;ll runoff. and l'Outing 

zone. ~ub zone :mel grount:h\·<:rer byer. The equarion~ related 10 soil proc-essc"> are preYic-udy 

de"cribed by I erink -:taL ( 

proce~~ (i.e. He'.·:L:ttian 

L:::): 

RO 

(I erink er cL .:;(: 15) 
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figurE- 4: Schematic ~mel mdl10d;; of SPRY moddi.ng :t1·ame',Yor.L 

In SPRY. ',':ater C:<Ul perc:olar.; from th.; first o,oil by.;r w th.; second soil layer. and ±rom 

weighting function \Te1i.nk et aL 2015 i in the precipitJtion groumbx:ner rec,pome model 

similar to S\VAT modd (_ .. \rnolcl et aL. 20 12), For basdlo\Y compntmion. SPRY uses sr.;ndy-

stare response of grounchvnter flow nnd '..Yater table ±lncmntions 1.vhich c:m be resulted by the 

non-steady response of the grou.nd\\'3 ter ±lo'.Y (Arnold et aL 2 012). In this model. k;sdl.o-..,· c:m 

only be occuned ·xhen the i'imount of ',nner <>tored in th.: third soil layer .;xce.:ds J cenam 

thre<,hold. For runoff rc'uting. SPRY comput.;s for each grid rhe accumulat.:d ame>um oi ·,yaTer 

th~1t fl~.w.-, our of the grid into its neighbouring dovdhtremn g1·icl through the accu±lux PCRas t.:r 
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built-in funcion. ·xhich computes runoff zn each grid fixm1 its upstream grids and also 

4.3. \lode! Calibration 

In SPHY. both m:mual ::md mHo-cctiibration can be performed. In this study. moo.tly real 

the prncr:c1l pammerr:ic response. the m:1mwl calibn1rion based on trial-and-error bacis ·,':Js 

preferred. s~>metimes. it bs been seen thar the auto calibratio1:c dQes rwt grYe the reliable 

estimatr;;s of modeling parametr;;rs \Yhen le1rge numbeE of parmn~ters are inYolved (T erink e: 

aL 2015). Durin:? modeling:. the best fitted nlne of the parnmerer has been :;'.1lcnlatec. Zb ]W' 

tJi:.l-and-errcr m-=thocL Tb: obserYed ch:tily discharg-e is aYailabL: from 2003 ·:c ::o: S a:1cl tim'-

milizecl for the presenr study. For mmmal cnllbration. parameter,. <.uch as temperamre tkeshl,Jd 

degree-day t:J>:tor for debris-free gl2cieE 1DDF Ci), d<egree-dny fiJ.;:tor for cleb:i;-c,Yc:recl 

gbciers (DDFDc ). and threshold f.:Jr bnse±lo\Y to occur (BL,resl hT:e bten taken imo 

.::onsiclera tion. 

coYer on the monrhly o;.::;!le for the year :;o 1 C and 201 S so that <.no\1.. parameters required to mn 

the modeL ·slnci1 can be accurately defined in the mocld :md modeling <Kcur<'cy ca:l be 

improYed. 11: thi·; study. the real time digitized glacier maps. :.::lwractenzing by debio.-::'ree 

Other pan11n::ters (e.g. reLHed to soil and lt'LC) \·alues Jre set based on the litera~ure suTey 

( Terink et elL. 2015 j and stancbrd global value:, suggested SPHY model iTerink e~ al.. 201 ~:. 
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Frihzing large number of datase:s and parameters as an input to the SPHY model. the 

model has been serup for th-e nYo-time durations (i.e. 2003-2010 :mel 201 I -20 18) to understm:d 

time step at 250 m ;,.p;ltial re>olution ;,cale rmd SPHY re-gridded all cbta mpnh at th::: same 

s.cale (Terink et aL 2015). Ho\Yever. the modeling Yariables can be computed on a cbily. 

monthly. and yearly scales. as per the user's choice._ The modeling outcomes have been 

eYaluatecl at the outlet and <.ire s.cnle 

Table 3: SPHY model pnrameteE used for the simulation during borh rime series Le. 2():)3-

2010 and 2011-20lS_ 

SI. 
::'\o. 

::'\ame of the Description (Cnit) Parameer I Fitted 
Ranges (min-I Yalu€' 
max) 

Paramet<"l' 

RootDepthFlm 
-, SubDepthFbt 

6 alptwGw 

7 DDFG 

8 DDFDG 

9 Tcrit 

10 DDFS 

ll kx 

Rootzone depth (mm) .>00-1000 

Thid-:ne;s of snb>oil (nun) 1000-2000 
l\bximum capillary· r~>e 

from '>Ubsoil to rootzone 
(mm dav) ., ro 1 D 

laver \mm) 

Saturated '>Yater content in 
g:rounchnner zone Unm) 

ground',\' a ter 
range 

Ghcrer dean ice degree-day 

1 000--+000 

500-31)00 

0.1-1.0 

factor (mm degree-! dav-1} 2.0-8.1) 

Glacier debris degree-cby 
factor (mm cleg:n:e-1 clay-1 ~ 2.0-S.O 

Critical temperature for 
precrpitation to fall n~ '>110\Y 
(dezn:es C:hiu;.J -0.5-5.0 

Sncnx deg:re.:-da;.· factor 
(mm de:zree-1 dav-1) 2.0-S.(! 
Rece<;~ion coeffic1ent of 
routing(-) 0.5-1.0 

500 

1500 

3000 

2000 

0.05 

5.0 

3.0 

6 (1 

:'\ote: The parameters rangeo, (mm-maxj used in the aboYe L1bk 3 h:J\'¢ lxen selectee! ba,,ed 

42 

68
135



4A Snowmelt glacier melt and glacier area changes 

for ~1nnlyzin:;: the chzmges in sno'.nlldt and glncier melt runoff. tl1e 'Ylwle tim:: ;.erie; 

TSl .~003-2010 aud Cii) TS~~ .:::01 i-

20 l S. The main pmvo~e of the dividing time >erie<, seh in !'so duration', 'X as to annlyze the 

Therefor<:. \\·hile ->etup the SPHY for the TS l \i.e. 2003-2C'l 0). lhe glacie1 map prepc.red fcrr 

the year 2000 \Yc-;s utiliz;;;d; \\·here:.,;. clunng TS2 ~.etup in SPHY. the g:Lx:t·er ;:up prepared for 

the year 2011 ',n.;; utilized. The chm1ge<. in glacier ma~s are ccnnpar;;; .. :J r:::> the corre·sronding 

ele·;mions to t1nd out the deY<1tion dependent 'Xatming nnd their imJXICts on glacier and glscier 

melt nmoffdHm:<es. A Yer:;; few sn:clies highlighted that temperan:re c1nd pre..:iritation i;. highly 

·;~1rying o-;;er Himalay~1 c1nd shoo.y.;;,J the de\·ation dependent ,,·arming. esp,;ci:illy in Jaq 2•J 

and Goyal. 2016 :. 

Th<; main '.Yater babnce components such ;:.·•:. smmlared runoff nun/. rain ( (lllll1.J. 

created. Om of 3) sites. 17 i.nclependem sires. located on the trihnurie·:, 'Sere dlOset: douinated 

are:1s co'\·er·ed by sno's situated at the nwde-rare eleYarion zones These sno•.y mdr nnd gbcier 

melt change<, haYe been analyzed on the monthly. s·=<Ec>nai. :md rm1m:ol bnsio. during bot:1 

durations (e.g. 201B-2010 and 2011-201 In addition to g:Llcier :.naps of 2000 zmd 2011 n.,ed 

for the !)eno.J of TS 1 and TS2. 2018 gbcier map lLE· als•J been used for TS2. 
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CHAPTERS 

RESLTL TS A:\'D DISCTSSIO:'\ 

5.1 Snow and glacier mapping 

On :he b~1.sis of glacier map>. c1 <.ignificant reduction hzh be: en compmed in the ghci;;r 

areas fi-om 2000 to 2018 (fig. 5). A -.ig:nificant ,-ariation in ~llO\Y coYered RreJ:;. {SCAsl 

obeJTecl by previous stu die'> ( Shukb et d .. 20 l 7: :\fir et al.. 201 '}-have identified in different 

Yariations. different gbcier map~ (e.g. 2000. 2006. 2011 and 20 l S) 'X ere wsed so the cffc:ct of 

gbcier ~wea;. reduction ccw be eac,ily incoqx>rMed in th:; modeling outcome',. 

Figure 5: Temporal variations in glacier map~ of Baspa basm highlighting reductwn in the 

glacier area from 2000 to 2018: 2000. (b) 2006. (c) 2011. (eli 2018 :md oYerby of all 

ye11r map<._ 
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The accuracy of SPHY derived sno\Y covers. has 1xen tested wirh reference to the 

lv10DIS d,.;rived snow covers for the year 2010 zmd 2018 (Fig;, 6. 7 and 8). The ,_-isual 

comparison of SPHY and \10DIS derived snow-covered area> (SCA) can be see:1 in 6. In 

Fig. 6, based on the mc•nthly plots one can see ~hat nwst of mouh" have sho·.vn s:mibr panem 

of SCA \\-hen compared tc SPH'{ and \fODIS SCAs for both time series dmarion.s. Hov.·ever. 

during ),.Jay Jnd June months. some inco:hist~ncy in SCA car:. be seen '':hen com_pu-ed be<th 

cbtase:s (fig. 

feb 

Apr 

(a) 

Jan 

Mar 

Apr 

I b) 

Snow Cov>.!r (2010)- com;::HJt(·C: n1 SPHY 

-snn~v Co-.•er ~ J0.1.0)- c.:::n1pW-:>.d m 
f>..,1a·1 
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Snow Cover {2018) ,, computed in Sf'HY 

Jan 

Jun Oct 

fvlac Ncv 

Apr Aug 

Sno'N Cover {2018;,- co-mputctl rv~OCHS 
rvlay ~ep 

Apr 

Figure 6: Highlighting simibritie<, and Yaria:ions i11 the monthly sno'<'\.·-co·;ered are;;s (SCA) 

benveen ?viODIS derived sno\\. covers and SPHY derived sncny covers: SCA-, for 2010 and 

SCAs for the year 201 S. 

The regression plots between SPHY :mel £\10DIS cleri·;ed SCAs ( 

and the corresponding R2 values have sho"lvn in Fig. 7. As per the regression plots (Fig. 

around 78':1c co!1'elation existed during 2010 and 92% correlmion exi~ted during 1018. \vhich 

is found qnite >ati~.factory. especially over the Himal<Jyan basin. In Figs. ~ cl and "'b. except .Tune 
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to Augu:;t months. where SPHY derived SCAs sho'.v slightly over•estimated. othe1v·ise most of 

months :;hmv•ed '' good match berween SPHY and l\fODIS derived SCAs. Several article~. 

alre11dy discmsed 11bout the inconsistency existed in the ;:..rOD IS (:,fOD l0A2:• sno·,,- cover data 

products (Zhao et 2L 2019: \\' eiding:<:r e:: nl.. 201 SJ du.e to thc pre·;ence of dou:ls. The i!·:-,ctional 

snow covers bJsed on the 10 el.evation zon<:s have been d.erived f~!r the year 2010 ro compare 

the SPHY cleriYed fractional ',now-cover;;;cl area 
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Figures 7: time series plots benYeen MODIS deriYed monthly SCA'. ti:1:e 

series plots bd',Ycen tviODIS deriYed monthly SCAs dnri.ng 2018. ( c j regressicn plots <hov:ing 

during 2010. :md 

regression plNs sho\ving comparison bet\Yeen observed snO'\. and modeLed sno\'...<C•Yered 

during 20 18. 
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Figure 8: Comparison of SCA~ bet\Vccn SPHY and ~v10D1S cone;;ponding: to each 

elcvm.ion zon.o (EZ) clming 2010. 

Snow cover vmi:nions \virh respect to ele'iation zone~ hase also been compared. 

Elevation zones (10 wE) have computed from DE\1 (Fig. ·xhich highlight the variations in 
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Fig. L EZ 1 w EZ3 corresponded to lm\·er elevations (1800-3000 m). EZ-1- to EZ6 

m! cor1·esJKnckd Y':ith mocler:lte deYDtion cm::as rmd ET' to EZI C ( ''<i500 m) correspo:ldc:d to 

cxtrernc high elc,,.:ntion arens. 

Fig. S illnstr~Hc:s rhe monthly compari;c•n of SCA (0 o.J distriLmti~'n between SPH'( 

and ~viODIS ba•-.ed on rhe year 2010. In Fig. 9. it (:an be oben·d that c·ts p:r rhe im::·e::N.ug: 

EZ.; .. the distribution of sc·A increases. In LO\Ycr EZs such B'> EZ l to EZ-1-. srnnll ~nnotrnt 

of SCA c:;n be c•b'>erved only for Jamt:;ry. F c:bruary ~nd D.:cembe:r moLt b. Y\·here:h mod.:rme· 

to extreme high EZ s > EZ-l most oi months. sho..-1· '' sign;_ficant amonm of distr:butiL'll of SCA. 

except abLr:ion period ii.-::. !\by to August) !Fig. 

of SCA bet·-:.-een :\fODIS and SPRY. :; good corrdatic!ll kh b(:en ob>erYed (around SiY c). 

except fe·-x EZs \\'here 5~0 to !O?c ch±Terences in SCA~ 

the ab0Ye obser·;:nions. This devation zone \vise comparison cf SPHY' deci,;ed snm"<· 'cOYers 

".'.ith j\.-IODIS dat:.t shewed a good match '.\·ith rhe real rime l\fODlS deriYed srhJ\'-' co-;er cL11aseh 

and ob'>er~;e:l dische1rg;;: data. The derivanon of frc1c::ional ;,ncn·: ,:over>. cd~.o l1<::lped to op:imize 

the :tl:c1ction::d sno\Y parameter in SPHY. '·"'b1ch is an importam pm;:unere: m accounrin;< snow 

melt runoffyolnme. 

The model param,eters haYe m8nually adjusted ::ncl mod.din§: fit:ed :x,rmneter ""'1lues 

det"il h"Ye bee::. given ill the Table 3. The •:alibrMicm srrength of the nwdeling fi:an:e'sxk ~c:)S 

been tesred :1~i11g coefficient of determination (R2i :Singh :'ud Goyal. ~Ol""i The s.catt:r plot> 

bet·-xeeu ol:belT·:d Q and simubted Q. after parameter<. c.djw,tmc11J. at s~mgL:: g::mg..: arc sho'.','Jl 
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outler of the catchment ~ignificantl;r captured high and lo\v flcm· values as per the obsen·ed 

v:1lues. The R2 value,; are computed a,; 0.62 and 0.86 for TSl (i.e. 2003-2010) and TS2 (i.e. 

2011-2018). respectively. The computed R2 values on a daily scale an; found sati'o:fac:ory ?,s 

compared to the previouc, studies (Si11gh ;mel GoyaL 2017~ J::1in et al.. 2010) The modeling 

accuracy of snoYv-glacier areas will majorly depend on ho\\. snov; and glacier parameters are 

accurately input to the model (Abbaspour et aL 2015). 
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Figure 10: Time senes and regresswn plots sho,xing the comparison benveen simulared 

streamtlmv (including sno'<vmelt and glacier melt) against ohe1Tecl stremnf1o'lv at S8ngb gauge 

during: 1a, b) 2003-2010 and (c. cl) 2011-2018. 

The water hala.nce compon,;nts such as ~inmlated runoff (Sim f-:2. cnmec). L1in mnoff 

(Rain Q. cumec:). SlKr•.v melt runoff (SnoY1· Q. cumec). glacier melr runoff (Glacier Q. cumec) 

and basefl_)\V (Ba;,e Ql have been computed at the outlet i.e. Sang:la gauge (Fig. v:hich 

sho'.YS an average annual diqribution of each component during the year'> 2003 to 2018 in t'lvo-

time series sets (i.e. TSl: .2003-2010 and TS2: 2011-201$ (rotal16 ye::uSl). In Fig:;. (lOa-lOb). 
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it is clearly ~e,~n that SlW'·.Ymeh contribution (varies iiom around ~·0°0-5.2~<:.; i•, more than glacier 

me1t (Yaries hon~. around :.2'~o-14S<~.J Bgc;in:;t the to·:c;l ±lmv. The contribution of :1.mo±l from 
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Figure 10: A;·erage 3mmal scenanos of main \Yater babnce componems ,,nch ns simuhted 

runoff (Sim rair.fall induced 

runoff (R:nn Q) md runotf ±l:om the ba<o.dloYr (Base Q} simul3':ccl by SPH\- 2003-

201 :mel 2011-2018. 
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Figure 11: Annual v11riariom in Sim Q. Rain Q. Sno\Y Q. Glacier Q and Ba~e Q computed in 

during 2003-2018 

5.3 Changes in snow melt, gladt<r melt and rainfall runoff 

The contributions of different runoff component~ (e.g. ~no's Q. gL1cier Q. n1in Q and 

bnse Q) from np<.tre:un to do'.vn;tremn have been nnalyzed. For this pnq.1o~e. ~ix warersheds 

viz. Sub 1. Sub 2. Sub 3. Sub ". Sub J7 and Sub 30 have been sdecrd. In Figure 9. the 

cli-;tribution and amount of runoff components viz. sno',Y Q. glacier Q. rain Q and ba<o.e Q vary 

fi'om upstream \vatershecls to dmvn'>tream watersheck Here. the watersheds dominakcl by 

SllO\Y nncl glaciers -,uch H"> SubL Sub2 and Sub 3 corresponded to "7''/;, Q f!·om SJW\'..'-g:bcier> 

and 41% fi·om glaciers). and 7:2~{. Q from sno,s-glaciers (i.e. 42% from snow and 30°-o tiom 

glaciers). re~.pectivdy. Though. the do\Ylbtremn 1vatershech such as Sub 30 C22S:;, Q from R2tin 
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contributions ±1om §!laci~rs reduce and the Q from rain io, a.:c{u.nted 

Sub 1 Sub 7 

Sub 2 Sub 17 

Sub 3 Sub 30 

FigurE> 12: Sho-.,ys :he distribution and mnount of runoff components \"lz. ·'!W1.\' Q. gla2ier Q. 
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Scenario ran with Glacier 
Map of 2000 

2003-2010 

Scenario ran with Glacier 
Map of 2018 

2011-2018 

figure 13: Show~ dec:ldal changes in dif±l::rent runoff components at S::mgla. 

Table 4: Faction of different nmoff components at Sangla in Ba~pa bas ilL 

Runoff Components Baspa Ba~in I 
I 

~---------------------------------+-------------------

Annual Average Glacier :\Ielt Flo1.v at Outlet (nr'S) 

Ammal Average Snmnnelt Flo\v :n Outler (m3 s) 

Ammal Average Rainfall flow at Outlet (n/ 

Annual Average Base flow nt Outlet (m3 s) 11.69%, 

In the above Figure (12) and Table ';arious runoff components contribute ro the 

lrydrolog:ical regime. rdlecting the region\ diver-,.e climatic and geogr<lphic;·i\ fe8tme~. Glacier 

mdt accounts for approximately 9.'78% of the total ammal ±1ow at the basin outlet. ~ignifying: 

a modest yet critical contribution. particularly during the wmmer months. Snowmelt ±1(''"'· at 

56.::w:.o. is the dominmu component. highlighting rhe significant int1uence oi snowp3ck and 

~ee~sonalmelt in driving nmoff \vhich support> srreamtlm\· during the spring and em·ly summer. 
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R:1inf1ll contribute~ 22.29°0 to the :mnual tlo\Y. r1 ,,nbswntial po::'lion . .:specially during tho: 

mon~oon <,e~\~OlL which boost;; -.•.::n.::r 8Yailabiliry in the ba,.in. B,1seflm1·. repre<.;:ntiLg: 

groundwater conribntions. m8kes up 11 .69"''o of rhe total :t1uw. proYiding a ;·:endy release of 

·,vJtcr that snstai.•.ls river cb.charge during dry periods. Together. these couponenE rzflecr the 

hydrology of the Baspa B:1'0in. ee1ch playing a ,-iral role in its \\'ntc! dynamics. 

annual basis. 11-hich highlight the timing of each component tlll'ouglwut the year. As per the 

annual plob. the potential >ll<)'X melting stc:ns ±i·om April and i1 ,x,minues ,in OcDber 

11 ). hm<:c>er tl1<: amount of Snoy1· Q varie,, ±i·on~ year D year. The mJ:~mnm Sno·x (l ,.,,-,, 

computed bc:m·een late hby :G July !Fig. ll !. The :1Hllllal tot<1l m<nimn:m c1llc-day t1o·.y 

>uch JS Sno'X Q \CUmec). Glacier Q (cumec). Rain Q icumec) <11lCl Bche Q (cumeci ·,-ary one-

d~1y 1naxin1UJll u::) to 120 CUlll¢~. 40 cun1cc. 70 c-nrncc . . ~0 cnrncc. resptcti'.~cly. To fir~d out 

change'> m the tour mCJin \Yrlt.:r balance componem·s I e.g. Sim Q .. R;1in Q. Snm'. Q. and Glacier 

cempared through the box pk·h (Fig. 1-+i. As per the Sim Q -scenario-;.. a 

extreme <:a<:.es '.i'c:re in<:rea<,ed and can be seen in box plot-> {Fig. 14 ). 
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(a) 

,, (c) 

I 

I I 

Figure 14: Variations in Sim Q (a). Glacier Q 

mo time~ i.e. 2003-20!0 and 2011-2018. 

I 
60 

'~. (d) II 

Sno'.Y Q (c) and Rain Q computed during 

In ca<;e of Glacier Q. both time series have sho\nl almost same median ( -12 cumec). 

but in cas-: of TS2 a slight decrease is recorded in upper quantile~ (Fig. U} As per Snow Q 

ob:<.ervation (Fig. 14'!. TS! have shown higher values in upper quantile r:mge<; th:m TS2. but 

median is recorded almost similar for both TS dmations. In C<JSe of Rain Q (Fig:. 14). except 

upper qumniles. rw significant vmisbility \Vas detected. Based on the aboYe 0bservarion. no 

significant conclu~ion can be made. ho\\·e;,·er. an enormous Yariabili()' in upper quantile among 

all the \V3kr b-1Lmce components can be observed. 
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(c) 

(e) 

(g) 

Figurt> 16: =vronrhly '-'Jrimiom in Sim Q. Sno\v Q. Glacier Q p,nd Rain Q during: th tiD¢ ',erie'> 

seb 2003-2010 c. e. g:J and 2011-2018 d. f. h). 

G:acier 

Q and Rain Q g:·ouped into n;;o TS dnratiom (i.e. 2003·-20 10 and 2011-20 l S) couputed at the 

outlet of th~: basin (i,¢. S~1ngla gauge), Th;;:sc highlight 8 :,•ear-to-year m 

momi1ly a\·.;rag:,:d components. In :;:ase ofSim Q (Figs. 15a to lSb). tl.le highest v,1rir1bility has 

been recordc:d f1:om June to September months cmainly in th;;- mmFOOl: The Y::riabi.!ity 
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in :he Q during morhoon (i.e. frmn June to September) months rever~ld th.:: existed varit1biliry 

in precipitation ;:mel temperature observed in recent past year (RclO et JL 20lS: Si.ngh and 

GoyaL 20 1"). Similar ob-,erYation;; can be notified for SrKn'.- Q during ).br to \fay For 

example. a~ per Figs. (15e to 15r). during: 201 1-20 1.:+ the maximum Sno\Y Q d20 cnmec) 1Xas 

recorded for the yec;r 201.:+. iYhile other years recorded maximum Snm\- Q bet\\ een 60 cum e.: 

to 100 cumec, In .::ase of Glacier Q (Fig~. l5c and l5d). no significant vnriabiliry lLF been 

Rain Q (Fig. 15g w l5h} the maximum 1·ariability !e.g. extreme high and lO'X peJh) during 

monsoon months can be dearly observed 

As discussed aboYe. it 'X<h oh.ec:ed that ther-e are chclng:e'> m water b.::dance component-> 

becau>e of clumge;. in precipitation nne! temp.::r3tnres. As per the smdi.;> ca!Tied out e:1rlier in 

Himalaya region average temperature h:h been increased m:er the Hinwlaya ( ·-.1 'C) (Dinui et 

al .. 2018: Sanjay et aL 20 l ") ancl the precipitntion -;ignifi.cantly ':mid over \\·esrem Himabya. 

e<.pecially in recent piht ye8r~ (Shamw and Goyal. 2020: Slw±1q et aL 2016: Singh mld Goy,11. 

201 Therefore. a detail analysis of dwnge ha~ been perf()!'med domg the momhly 

assessment of the main fonr W3ter bJbnce components (i.e, Sim Q. Sno'.Y Q. RJin Q <1!ld 

Glacier(_))_ To ±1nd out the changes during both the TS durations (i.e, 2003-2010 and 2011-

2018) among all Il1llr \Yater bnlance component'>. the monthly scen:Jri.o~- !Figs. l6a and 

have been generated and a comp:1rmive asse~.-;ment has been done bet'.'·:een TS1 (i.e 2003-

20 and TS2 (20 11-201 S), A> per Sim Q iFig, l 

the year. As per December to ?viarch. July and July trends •.Fig. 16a}. Sim Q b increas:;d during 

borh TS, During- April. 1\by. Augu~t. September ami October (Fig. l Sim Q is <,}igJJt]y 

decrensed. In Ocwber :mel September. Sim Q >cenarios from 2003-2010 sho\Yed an incre:he. 

',Yhile 2011-2018 
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-scennnos. 

,-----,-----------------------------.--------------------------------
20ll-!Ol8 run with G!aria· map of 

Station-:: 
::0\13-2010 run ''"ith Giaci~r m;~p of 1000 2018 c--

~----T-_ 
-----

Sim GladH Snow R~in Baw Sim GhH Sn01r ' Ram Ba,.f 
flow melr nwh flow flow flow m~l! mflr tlon- t1o>T 

j(l(r}J 297.0 427.1 -40 "''73.9 !097.3 I 269-5 I 573.1 3.0 251.6 

., 1286.3 506.5 303.7 65 469.6 I 517 .. 9 6lS ~--- 31:' 7 5 9 )77.8 

~,79.0 190.2 213.1 2.0 173.6 696.5 2073 2t.:4.9 u 193.2 

;tt}":<.3 2673 3S3_0 6.0 246.0 ~~76. 0 22_?_.3 54.J.7 5.4 207.5 

666.: i-LS 390.3 L0 BU 6-+4.9 311 )82.0 2.7 ')Q ' +_.::.;._;_;'___ 

9 /'75.7 114.8 546_0 9.9 105.0 759.4 5.4 6__ 68-LS 8.0 3'1 . .3 

11 545.5 15U ~49_8 4.0 138.4 5-+5.2 8+ 0 379 6 3.5 78S':__ 

12 8:45.3 '24 .. 0 407A 6.5 207.-i 7~4.1 55_, 682.5 

~ ~ 
J 

! 
14 '66.6 172.2 33.5 0 = 15D 377.0 167} __ --=~43 - o.1 155.~ ! 

I I 

16 s ;--:..s 2-13.1 373.5 ~3.6 :27.6 955 .9 '-H..! -139-+ ~ 233.3 l 
I -

295_:, j 18 127.::.6 4357 4~9 .1 40 403.8 13.27.3 315.1 712.8 3.1 

20 1643.-! 324.: 8149 197.? 306.6 159·4..4 14-1. i 1067.6 .24~.0 
I 

140.6 1 I 

i 

'1 ~~ 1 j --~ 60~.5 972.7 59.5 574.5 lSSCil 283. I 1 ).•")·).6 91.1 :283:; I 
I 

23 ~ 127.-l 7034 7-i:S3 18.8 657.0 17lS.l 155.:5 1383.2 33.-+ 1~).7 

24 2664 :; 932 0 320.9 33.7 873.2 lS:26.2 185.:: 13-!39.1 78.6 1732 

;..::; 2290 .. ~ 591.0 912.8 222.3 56-1.0 l7:i1.6 92.6 1 :~5.7 304.8 ' 98.5 

.26 3C48.-l 1199.7 6757 4:2.7 11303 2557.1 8~!}7 S+k4 ''1.8 SO\U 

Octolxr to :'viardl as p¢r TS l. Rain Q has b<!en decreas,;d. \Yhil¢ in TS2. F ebnary :md l\I:w:~ 

shm\·ed an incn:a~e 1n Ram Q. But a> per TS2. during January. Febntm;·. I\brch. August a:ld 

been slightly ith:reas~ during 2003 to 2018. A> p¢r Glaci<!r Q piN; \Fig l 
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December. a >light decr.:as<: 1n Glacier Q hns been reported during 2()11-2018. while :m 

increase is reported ns per 2003-2010. However. t):om Jmmary w September. most ofthe ploh 

sho'.wd an increase in Glacier Q in both IS. except April (in ca;;,.e of both IS) (Fig. l6b) £1nd 

September \in cas.; ofTS2 only). ,,-her.; Glaci.:r Q •.xas o;lightly ckcrea~ed (Fig. 16; Smvs Q E 

found highly Yarinble in both IS (i.e. 2003-2010 :~nd 2011-201 Sl fi:om October to Sep:.:mb.:r 

Snow Q trends ,,hov;.;d th::n it is decreased during October. ');oy.;mber. l\brch md April 

ca;e (l{ bmh IS durations). Yi/her.:as. it is significmnly incre:;secl in December. hmwry. 

February. :\Iay. Jun.; <111d July. mostly in ::'<1Se ofTS2 i).e. 2011-2018} {figs. 16b). During April 

to S.:ptember (fig. l6d.1. it is d.;creased in moq of months. especiJlly in case of IS 1 li . .;. 2003-

2011 o'.e!Till. plot-; clariiled that \Ylth r.:specr to TSl (i.e. 200.3-2010\. rhe ·~outributwn of 

Sno'x Q in wml nmofflHh been incrensed during 2011 to 201 S. 

B:»ed on the nbo"v·e obs.;rYation. the three most conclusive obsen·mions C8ll b.; mack: 

Rain Q i~ found highly Yariable during 2003-2018. because the most of month-;. during 2003-

2010 haYe sho'.m " decrease in Rain Q 1md during TS2 (ie. 2011-20 l S) with respect to IS l. it 

is incr.:ased during .Tanu:1ry. F.;bmary. ::viarch. August ancl Septembo:r month'>. 

Snow Q \Yas incr.;ased >.vhik comparing IS 1 vs TS2 (Table 5). Ho'Yever. became of an 

incr.;:1sing temperature oYer the Himalaya. as reported in previous ;,mdies (Shafiq et al.. 2016: 

Singh nnd GoyaL 20 16). the ratio of precipitation to >llO\\' and rain is changing. Therefore. due 

to less amount ofprecipita:ion (in fi.mn of sno\Yfalr). the melt contribution from SnmY hns been 

d.;creased in some month·; (mostly in non-glaciated areas 1 and therefore Rain Q ',':''' incre~Eed 

during J:muzwy. FebnLUT and Ivbrch. Due to the incre3sing tempermnr-e cmd reduction m :he 

glacier mas<> oYer HinL1layf1. the contribution from Glacier Q '.\·a~ decre::.sed during TS2 as 

comp3red to the TSl (Table 5). Table 5 shm..-ed the olv;erY::.tions from 17 station',. ·;yhich are 

found glacier dominated. 
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Figure 16: lvfomh wise nrimiou;; and trends in Sim Q. Rain Q. Glacier Q and Sno'v Q: 

varimiom in Si..m Q and Rain Q. variation;, in G!aci~:r Q and Sno·,y Q. 

5.4 Effect of glacier area reduction in glacier melt 1'1moff 

For effective monitoring the ci;ange~ 111 snow and gh'C1el' melt mnoff. m·omKl .~0 

'.Vatersheds wer•:: drawn m the basin taking, out of t11es•e 17 sit<:~ dominated v;ith glaciers aud 

snow-coven;d areas as ~bown in 1 and then the annual time serie,, trends \Yere e·>timatecl 

during 2003-20 t 8 (Fig. 11 ). In thi" analysis. one more glacier lllc1p of 2018 ',Y;h used in 2ddction 

to 20 ll for the dnrmio:1 TS2. 
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Th<: gLwi<:r mdt runoff contribution at the outlet dming 200 3-2010 computed J; ·· 15 

%, (as per glaci<:r 111:1p of 200<)'). it computed ···. 13" o during .2011-201 S { ;1> per glacier map of 

.2011! and it recorded m·c>und -.. }(icc;, during: 2011-2018 (as per glacier lL:lp of201S). due to 

reduction in ghcier ma-,; .. Similarly. th<: ~now melt runoff cc•ntribntion \Yas D~nmd to [,.;, 50.5.:: 

and ::'6'J0 and raint~"dl nmoff 19. 21 and 22°·o and base r1o'.\' contribmion 1Cd4 and 12"o 

cone~ponding to the maps of .:::000. 2011 and. 201 S. Thi~ base t1o\Y is delayed runoff '.Yhich 

comes tl1J·ough recharge t1·om rain. snoy,· and glacier mdt. If it is distributed in smne prop·:•rtion 

then runoff comes out to be 1S.l:i.l.2°o due to glaci<:r melt. SS.6l.64°o due to ':>HO\nuelt for the 

ye2rs 2000. 2011 m1d 201S <md rainf1ll runoff24~o for nll the years. 

All the '.Yatershed;, are ha...-i.ng different snmY glacier therefore the tot:1l contributil<ll ('lr' 

melt water r'rom ·;now covered arech and gbcier areas varies m each ~ite I<:vel. The conrribu:ion 

from each \Yatershed is ;;hown in Fig. 1"' ::mel given in T :1ble 5. The glacier melt runoff varies 

from around 200 mm (corresponded w Site 9) w 1500111111 (cones ponded TO Site .261 c1Cros' all 

-stations. Similar ploh haYe been made fen· snow melt runoff {t-e. Snv·s Q\ \Yhich varie-,. from 

around 40 111111 korre<;pondecl to Sires 8 and 9) to _:;so nun (cone;.poncled to Sire 26J. In Fig. 

17. among l., sites l,mo;,tly dominated\\ ith g!Hciers). most of sites c,ho'xed an mcreas<: in SnD\\' 

Q during 2003 to 201S. 

Fron1 Table 3. it c~1n b~ ·~ecn that g1Jci:er 1nclt runoff has increJ~.ed in c~1s-: of\\'Jter~.hcds 

2 and 3 \Yhile decreased for other ',;;mer',.heck The reason behind this that the ',YJter':>hecl;, 2 .Jnd 

3 are heavily glaciated and also !lot lllUCh change lll gJ3ci.:r COYer hm·e been IOHllcl lll tile~e 

WHkrsh.:ds. Tl1e '.l'ater-;hed such asS. 9 and 12 locmed on northern side in high altitude are~s 

have iost much gbciers as compared to \Y:1tersbecls locHtecl on Southern side. Th<:rdore. more 

reduction in nmoff in \Yatershec!s of northern side \\·as obsen·ed. The '.vat.:rshecls 2 1.2.'.24.2 5 

and 26 located on lo-.\·<:r altitudes hrn:e lost much glacier area and th<:rdc>re comribmion in 

the~e \Yl1tersheds hetve be<:n iound to be much le;;s in the y<:ar 20IS. Ho'seYeL comribution of 
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change of SCA and rainf,lll al~o have been ~tudied. The sno•v melt runoff fron-: all rhe 

Figure 17: Annual variatiom and trend~ in Snow Q and Glacier Q acro~s 17 ~tz:tiom out (,f 30 

st:1tions dominated with snoiv and glaciers. during 2003-201 S. 

Fig:. 18 sbow<, the month wi"e comparison of glacier melt runoff (Gbci.;r Q': changes 

and sno\v mdt runoff (Smnv Q) bet-.veen TS l (i.e. 2003-20 and ~~S2 (i.e. 2011-20 for 17 

s:te'. dominat<:cl by <,now-covered area.s <mel glaciers. The <:omputntion of mor::rhly di-;a-ibcrtion 
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of mnount of Sn(HY Q ;md Glacier Q Jt Site !eYe! h3~ been t~Jlmd helpful to unclersumd the 

beh:.vior of total Q. ',Yllile ;malysing the YnriJL•iliry of Glacier Q Jlld Sno'.': Q i.n total mnof:f In 

Bi.Epa b<hin. the Glacier melting mo~tly qarts from May Jnd the majority of contribution ±iom 

Glacier Q is recorded till :\"oYember \>10 mmJ. Simibrly. in case of Snow Q. the major 

contribution i:; recorded from late April to October (>10 mm'L Therefore. the box plots haYe 

sho<.Yn the monthly ~cenario~ of Glacier Q and Snov,· Q ±}·om I\ by to October monrhs only The 

Box p1ots highlighted :he statistical beh<wiour of different grouped periods. As per Figs. l S. m 

case of Glacier Q. it can be seen that maximum amonnr is recorded during July 10 Sep:ember. 

\Vhen compared to IS 1 ·;s TS2. a shift in Glacier Q can be obseJTe.:L In mo>t of the st<ltion~. a 

sligln reduction in the ::mount of Gh::ier Q "\Vas observed during 20 ll-20 lS against .::003-..:::010. 

As per the glacier maps of different time periods. it can be seen th<1t the small s1ze gbc1ers 'Xerc 

found more <,emiti·;;; in reducing their m.''""- This explores the monthly tluctuatio1b on t_he 

yearly basis in Sno\\· Q and Glacier Q and also pro,-ides rhe ideas about the Sno'X Q dominant 

season and Glacier Q dominant se,1son throughout the year_ 

Fig. l S also displays the changes in monthly Sno\Y Q during .::003-201 S for 1" sites 

dominated 'lvith sno\Y and glacier-;. A~. per the comparison of grouped time series sets (i.e. IS l 

and TS2::. moq of month'> found highly variable in case of Snow Q. Overall. most month-; 

sho'sed incre:he in Snow Q during 2011-2018 '.Yith respect to TS2 1i.e 2003-2010~· !Fig. lS 

and Table 5 i. The mcrease m Snov,· Q oyer glacinted nreih can be directly conelmed \'.-ith the 

reduction of Sno\•.-fi111 cr;er the b~1~in due to incre.:bing r<ne of tempen1nu·e O'>er Hmwla}?ll 

gl11creh. As temperature increases. ~nmdall contribution decreases ~mel rainfall conrriburion 

mcrenses. 
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In Fig.. 19 (a to d). a ·;,ig:nificnm ~mwnnt of glacier are<"\ reduction has been computed. 

Fig:. 19 ;;hows the hyps.ometry of glacier', i.n different temporal times. Here. hypsomeny of 

extreme de\·ation areas. \\'hen compared w glacier map of 2000 v.-ith .2006. :?. -.;,-ery slight 

reduction in the glacier area~ can only b.; ob~e1Yed. <::specially benY<::en 6000-6500 m range<., 

Ho\Yev.;r. th.er.; is a brg:e gap can be observed at lo\Yer \o moderate d.;vation zones (<:.g:. -+500-

5000 m) in the glacier maps of 2011 and 2018 \·is'' vis glacier map of 20!)()_ Th.;,.; ~hang:es 

Himalayw based smdies (Dimri et aL. 201S: Singh and Goyal. 2016! This analy>is gives an 

imigln about the sen'>itivity of glacier areas changes \Yith re.;,pecr to eh:xation. 

Table 6: Changes 111 glac1er m·ens in differenT rime> in the Baspa Ri,:er b::Ein. 

SI YeBr Aggregate Gl3cicr J\serGge G-laci<::r Gbcier 
:\'o. Los~ h\_,m G!Jcier Volume. V c'lnme. 

.200() (in Los'> t1·om km3 (as km' (as per 
Km2 ..::\rea) 2000 {in per Prnsad et SPHY 

K.m2 Areal aL. 2019) lllC'Id~l~d·~ 
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The g:bcier ice volume ha~ been computed to Yerify the reduction in rhe g:bcieh ice 

n<lume a;, per the changes in gbcier map·;, \Yith respect to time. To comp<1re the reduction in 

gbcier ice n>lume clue to melting. SPHY based glacier ice Yolume comparee! '<Yith the glacier 

aL t.20l9} de>:doped a Yohlme-are<\ rdation";hip considering 298 gbciers. 'Xhich are mostly 

corresponded to Smlnj riYer bnsin. The glacier ice Yolume hns been computed J:\.1r the four 

chfferem tempc>n'll glacier maps (i.e. 2000. 2006. 2011 and 201 S'i using abcn;e t'..YO methods <md 

gi">·en in Tabk 6. In 2000 the total glacier ice >:olume 'X<ts recorded around LL09-13.4l Km3 

while in 2013. it 'X:E signific<1lltly reduced (necorded a;, 13.-:l'-10.99 K.nr',. As per the 

cornparison. SPHY has found comparable m the calculation of glacier ice Yolume '.nth re>pect 

tc· the glacier ice Yolume compmed throug-h the volume-;!rea equation. 

I able 7: Sho'.\'S the ch::mges in different sizec, of glacier<, in the randomly selected warersheck 

Basins Size 

~{.:;;ar,;;, Sub 
Yos 

,., 2000 
:::::: 21)13 

Small Size Gladers (<.=30 km~) 

Snb 1 Sub 5 

~.56 "':'-+ 
-+43 6.38 

Sub 2 

l2.l9 

12.02 

Lat'2<" Size 
Gla~iers (>30 km:) 

Sub 3 

33 S9 

I able 7 sho\vs rhe area change in the 'odectecl •.xarerc,hecls. ln Table 7. it is observed th:n 

the small c,ize glaciers haYe signit!cantl-y reduced their jze in the different dec:;(bl rime> ~1s 

compared to Luge size ghciers in the Baspa basin. Figure'> 19 t1nd 20 sho\Y the change in gbcier 

areJs for the ;ekctecl 'Xatehheds in and daily mean glacier Q tn} >.i ·,vith respect to each 

'Tatershed. Here. the Sub "- 8nd Sub 1 sho•.\· uotice;'lble reduction in the gbcier Q ,,nd the same 

change can be ;;isualized in Figure 20. Yvhich sho\YS significant reduction'. in the gbcier Q; e.g:. 
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from 506."' to 61K 

55 Long-term Changes in Snow CoYer in Ba >pa B<11sin 

Th~: Figure 21 illustrates the long-tenn -;;ariation in ;.noy,· -coYer pacentage fron:. 195 I 

to 2014 in ::1 historical comext The sno\Y cover exhibits a clear cyclical pmtem. \Yi:h r·=~ular 

peaks and troughs rer1ecting seasonal Ynriatio1::, in sno\Y accuuubtio1: Jnd meL The c<;;;rdl 

decr-::ase i', highlighted by the red li1K indicming 8 clomnYard rrencL v-:hicb could be :1rtr::burec! 
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patterns. The amplitude of the cy•.::les remmm rdativdy CO!Eistent. i.mpJ;..-ing: th::n \Yhile 

ser.<,onal ..-ariability persists. the ba~eline >llO\Y coYer i> <,teadily decreasing;. This cL:chue 

~uggests porent1Rl impact:> on i.•.:ater r-esomce,;., pRrticnlar-ly in regiom dependent on sncnvmelr 

for ri';er flov .. -. -~nch ns high-altitude bn~im. The reduction in sw_r,,_- co,·er could aJs<_-, nf:fect th<: 

timing and ';ohuue of runoff potentially exac<:rbaring issue.; like '·X:1kr scarcity or chm1g;mg; 

flood r-egimes. OveralL this data unck:rscores the importance of monitoring; sno;,-, co·.-er rreucls. 

as they are cr1ticnl indicator<. of broader climatic changes :md h::1Ye significant hydrological and 

en·;ironm<:ntal implications iFig. 21 

Historical 

lM 

"" e: "" :;; 10 
:;, 
0 6-0 .. 
;; 6-0 0 

J1 '" 
'~ 

Figure 21: Sho·,y-; the long-term chrmge in ~no'.Y coYer in the Hi<nrical rime during 19 '- 1-

2014. 

The prOJeCted change lll '>110\\' COYer percentage ti'Olll .::o !5 to 2l0t) under the c::-..nP6 

SSP245 o;.cenario '>hO\YS n signit1cant and comisrent decline. SSP2-+5 repre~em'> a ''middle-of-

the-road'' scenmw. \Yhere ~ome mitigation effort~ are made but <:mbsion~ and t<:mpenltnre nse 

continu.;: at moderar.e ]eYe!s (Fig. 22). A> per rhe projections. snow cover percenr;1ges ,.te8dily 

decrease oYer the cenrury. re:t1ecting the increasing int1uence of temperature changes (increr~~e,i 

in the B:1-:.pa basin. The reduction in 'illO\\- coYer is pmticubrly notice11ble after m1d-centm)· .. 

with the nlle of decliw; t1ccelerating:. Thi-, is likely due w rising tempenHnres. \Yhich reduce the 

duration and extent of SllO\Y accumulation. especially at lo\Yer e]:;;._-,,tions and in nw:l-latimde 
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role in ~n;taining: ;,tr<:amilow during: dry months. 

SSP.245 

100 

~ so 

~ 

"' f:;O > 
0 
u 

'1: •o 
0 c 

"' 

figure 22: Sho\1·~ th<:: long-t<:lm dBngc in snoi\· cover durin; 2015-J lOCi'"' p<:r (C:\HP6 

Th,: fig .. 23 ;,hocsing the long-t<::rm chang~ in '>llO\Y co;·.~r p.:rccnt~lgc from 2015 :-c 21 ({; 

under the Cl\HP6 SSPSS5 ~ccn:>rio presents J significant do\nn,:;ml tre:1d. SSPSs:; repres·em·, 

a high-emis<oion s.:enario ,,-here limited efDJrh are made to nunpre greenhouse gas em~s-si·)Ih 

SSPSS5lllghli;;hts :he draqic effects of unchecked clinn:e change on s.:;J->ond sno··.\· cyn: llll2'> 

By the C1h.-l of the cenntry. sno\Y co\·er is projected to be s.ignifica.ntly 1o~.Yer co.<.npnre.J to e~:rlieJ· 

periods. 

\Vhen ~omparing the SSP5S5. SSP.::-+5 .. and hi-storic;nl :rends. nor.1ble diff;:renc;;·, 

1norc notic·c8bl;.·~ bur nt a 1noderate pac·e. indicating: that scnnc !n:iti_fatio:n. :e£forts sloY.: tLe: r~1te 
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of decline. The SSP245 -,cen~mo rd1ecrs a s.cen:trio ':vhere mitigation policies slightly curb 

emissions. resulting in a slower but '>till eYident reduction in sno\Y cover. In contrn~L SSP5S:' 

sho>:I'S the most dramatic n;duction in sno\Y cover. especially <liter 2050. as global temperature; 

rise rapidly. ThE noticeable difference bet'·H·en SSP245 and SSP%5 J.mder',cores th:; critical 

imponance of mirig<1tion m:::asures. \Vhile both scenario~ project declines. the rat:; and ',e\·:;rity 

are fnr \':orse in SSP5S:5. The decreasing snow coYer in both future scenarios compared to 

coYer in the fi.nnre will haYe casc,di.ng: effe..::h on rhe streamtlO\\- in the doY\'llStream pans of 

SSP585 

100 

e.:. •• 
'-
OJ Go 
> 
0 

" 40 
l: 
0 
<!: ,, 
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Figure 23: figure 2: Show', the long-te1m ch<1nge in ;no'>'>" co'.-er i dming 2015-2100 :~s per 

(C2'viiP6 :v1odds) SSP245. 

5.6 Climate Change Impact Assessment on Different Runoff Components 

The Fig. 24 proYides a compm:MiYe an;,lysi'> ofmnoffcomponenh i.-e. Total Q. Rain Q. 

Snov; Q. and Gh1eier Q under SSP2-+5 and SSP5S5 ~cenarios oYer time \2015-21 lll 

reference to base line rime (i.e. 1980-..:~014). Here 11 can be seen that tot,'ll mnoff (Tot:1l Q: 

increases significantly oYer time. with SSP58:5 (orange line} sho'..Ying mncb higher ped::s. 

particularly :~iter 2050, compmed to SSP24:5 (blue line), This ret1ech the ~tronger impact of 
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higher emis,;i.ons in SSP585 em towl mnoff likely driYen by incr<:flsed rilin±8ll and gb::aln:elt. 

The top-right panel illustrates tha7 rainfilll runoff (Rn1n Ql Jlso i.ncrea•.:;s shmvly. pMticubrly 

in SSP~S5. where th-: peak-, become mor.; fr-:quent and inreme ~o·xard'· the end of the ccnrury. 

indicating higher r<'linfall event5 under a · .. Ynmler dimate. The 

runoff rGla~ier Q'i increase~. steadily in both scenario~. hut SSP~·S5 shw.vs a more drm:utic rise 

after .2060. rer1ecting JccderC~ted glacier mdt due to :1igher te•nper2tmec; .. The bott)fll·Lg:ht 

clowm\·,-,rd trend. bur SSP585 experiences J more pronounced declir:.e. Th•.s indicm<s a shift 

fi·om snoY\·-driven runoff to rain and glacier-clriYen nmoff in the btnr-:e. with mor': extreme 

Y;Jrie;r1om under SSP:585. Collectively. the figure underscon::s the subscantial hydr:Jlogical 

~hi±ts expected under different clim:ne <,cenarios. 

Q 

figure 24: Shc•\\"S the nnnual average trench <1nd changes m di:fl:erent nu:off ·~ompc>nents r;r>e 

thoe Sangb gaug:oe under different Cl\HP6 sc<:nari•.)s: SSP.245 r:nd SSP~S". 
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The Table 8 presents a comp11rative 11ssessmem of different nHwff components­

Gbcial.\cfdt (Glac Q). Sno\\·mdt (Snov: Q). Rainfall !Rc-1in Q J. and Baset1o'x (Baoe Q)-acros-; 

three time period;,: Hmorical (1981-.2014). ?\ear Fumre Time (:\FT. 2021-.2050:'. and FJr 

Future Time (FFT . .2061-.2090). It exammes the percentage changes. in the;,e componeur-; 

benveen the historicr~l period and the near and far future under t\YO climate scenr~rios: SSP24' 

(moderate emi-; . .c,ions) and SSP5S5 (high emissious). The analy-;.is helps r-eveal bo'\1· each 

component of nmoff is expected to eYolve IYith climate change and the differing imp:1cts of 

mitigation efbrts. 

Cnder SSP245. gbcial mel: (Glac Q) is projected to incre~"\se by 29.0.2°c in :\FT and 

51.13% in FFT compared w historical Yalue·>. This indicares that even under moderate 

"1\·mmmg. glaciers will contribute significantly more to runoff due to accelerz;ted melting. 

Sno\Ymelt (Sno'.Y Q\ on the other hand. sho"IYS a decreasing trend. 'Yith a reduction of 14.":'""o 

temperatures rise (TableS). Rainfall-derived nmoff(Rain C): is expected to increase by 32.93'',. 

in >~FT and S-1-A:'% m FFT. mdicating more precipitJtion m the fon11 ofrJin rather rh~1n sno\\·. 

"\Yhich i'> consistent \'·:ith \YJnuing trends. BaseHo>x (Bnse Q). representing groundwmer 

contributions. is projected w ris.e by 28 70~(. in :\JFT and 53.16% in FFT .. sho'.Ying that \Y<l11ller 

temperatures and iucrea-;.ed rainfall \Yill enhance groumh"l·ater rechm ge. r:10ugh it nLlY ill so 

point to changes in permnfro<r or sno'.>:pad:: dynamic~ affecting baset1o'x. (h·era!l. SSP2-+' 

rd1ech a significmlt .c,hift f1·om sncx-driven to r;li.n-driYen runoff '>Yith gb.;i<:l and ninr~1ll 

comribution> increasing o-ver time Yrhile sno\\·mdt declines. 

Tab!<> 8: ShoY\·s a compmatiYe a<;sessment of different runoff component'>-Gbcial :\·Ielt ( Gbc 

Q 'J. Sno'.nndt (Sno',Y Q). RainfaH (Rain QL and Base±1o,,\. (Base Q )-acros'> thr-e::: tim::: penocls: 

Historical (1981-.201-+t. :\ear Future Time (?\FT. 20.21-2050}. <>nd Far Fumre Tim::: (FFT. 

2061-2090). 
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100 

Stations C ompouen t~ HistorkaL :\FT. FFT, % Change e, c,,J 
1981-2014 2021- 2061- (Hi<>t y (Hist Y 

2050 2090 ):FT) FFTt 

Glac Q 11.68 1 ~.0':" 19.38 29 .0~ ~1 1 ., 
I 

--~(i Snow Q :;s.12 .:19.55 10 -14.''~ -4-1.4:' 

Rain Q 13.00 1' )I: ·-<-' .2:7.59 32.93 S4.45 

•r, 
-I' 

Bast' Q 1 ~~.os 16.83 .22.0:: 28.'70 53 16 I" I 
:::.. 
'f. 

'f. 

Glac Q 11.68 14.16 20.84 -~ 1.2 5 6-+.68 

--
Snow Q 58.L2 49.95 31..::- -14.06 ~~3. 

--j Rain Q 13.00 19.83 31.58 52.54 93.'73 

•r, I --:z 
BaH' Q 13.08 16.0~ 23.91 ) ; "'5 I ,.,, 4': ![ I ~~ , ' -

I 

~ I 

t7nder the SSP585 scem;rio. the trends are more pronoun,;;,:d . .;speci:11ly in the far fnure. 

rd1ect1ng the impact of higher emissiom and mon; severe 1nnning. Gl21cial melt i(1lac Q .1 

g!Jcier contribr.tions to runoff will be stgnificamly larger. but :1t the cost of long-term ~Leier 

penn:d'rost tha\\' under SSP5S5 (TableS l. - ' 
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In both scenarios. the increas.; in gl8cialmelr and n1int:111 rnnoff come~ at the cost of a 

increases in rainfall-driY.;n nmoff and bcbet1ow under SSP."S5 highlight the gre:.1ter intensity 

of hydrological shifh under higher emissiom. These ch:mges haYe criric~1l implicatio:b for 

v.,ater resources. RS regions dependent on snowmelt may f~ce reduced ·sater :r>aibbility dnnng 

sunl.lner nwnth:,. while incrensec! rainfall could kod to more frequent Hooding. The d,w, 

underscore.;, the urgency of climate mitigation. ~1s higher emi~sions und<:r SSP5S5 resnlr in f:1r 

more seven; hydrological impacts compared to SSP245. ;vhere changes. though significz,nr. nre 

less extreme. 
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CHAPTER 6 

CO:\TLCSIOXS 

In the present ~tudy. sno..-1· gbcic:r melt contribution :mel i:;; Yarimic·n eYer the ;:nr·> \·:ith 

agree:uent •.':ith the are:l 

obt2ined using \10DIS daw. The glacier maps of 2000. 2011 :1nd 2018 ha\·e beeL usd w 

compute the nmoff contribution due to glacier mek sno·x melt ''nd rai:1. The nmoff from 

glacier melt found to be 18.15.12%. from sno-..1· melt nmoff 58.61.64°c corr;;;sponding to g:.a~ier 

n:aps of 2000. 2011 and 2018 \'>·hile 1\1i.nf11l n1110ff 24°0 for all f1e y-::Jrs. Tins. t::>:Jl 

wzh also CJ!Tied out for each month and it \Ya,. found ::hat there i; an incre,he m toml nmoff 

due to g:bci~r recession in the gbcier dominated '.':atct"<tlecls. g:1r:cier melt nnwf:f l'o reducing. It 

iY:Js ±~~nmd that the ·-xatersb:ds at the l•J\\ er <1ltitude :ire r;:clucing: g1aci<:r cover ~md thereby 

nmoff hetYe also decreased. In upper P<lrt of the b:,'\~in. the gbcieE in the \Yatershech located on 

the ~orthent side are reducing more <1s c0mparecl to the '\'<':m:r:,hed>. locmed on soutLem o,ick 

and raint:all runoff 31 and 40'" ;;, tor the year 200 ll to 20 lS ',Yith respect to the y<:::r 2 C03. T:1:: 
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computed Jl'OHlld 13.41 km3
, ·shile for the glJcier mnp of 2CHS. it hw,. been reduced nround 

10.99 k.tn3 

As per the climate change-ba~ed :l'>'>eS',ment. the comparative '"''essmem of ;no•x coYer and 

J.l.motlcomponem<. under hi.,torici1l. SSP 2-+5. and SSP5S5 scemrios reYeaL s:gnit1csm change~ 

clri·,-en b;..' climm.; chang.;. The hiswrical p.oriod {1 951-20 1-+) sho\YS relati;;dy smble sno•,y cowr 

and nmoff pmknE. '.Ytth sno\Ymc-h be-ing the dominant source of \\·ater. Ho;y.;ver. projections 

under SSP245 :mel SSP535 indicate profound sh:ifh in rhes.; dynamics. l;nd.;r SSP2-+5. 

moderate .omissions le:;d to a gradual decline in sno'T cover and SllO\Ymelt nmoff. ·:,·ith 

increases in raiubll and glacial melt contributing more significantly to tow! nmo±l. Sno·-.nndt 

decrease'> by 14.7~-·?,:, and 44.4~-S·o m the near and t:1r future. resp.;ctiYdy. ".Yhile ghci~1l meh 

and rJiufall increns.; subsranti.Jlly. The scenario reflects a slo>x but steady transition from snm\·­

drin:n to rain and glacier-driv-en runoff panicubrly after 2050. In contr8st. SSP535. \Yith 

higher emis-,ions. ;,ho•xs mu-::h mor.; dn.1'..Tic chang-es. Sno',Y C0Yer and snowmelt declin-;; 

shJrply. 'Xith 8 53.~-::·~·;o reduction in snowmelt nuwff by 2090. Rninf:-111 and gbciJl melt 

mcr.;Jse signi±)c;mtly. espe.::ially after mid-cenmry. re-;.nlting in more -;;x:reme tor~ll n:noff 

!1uctwnion<>. Th.ose trends highlight the amplifi.;d hydrological impa;;:ts under higher emi-.sions. 

"·ith intensified rainfall .;yents and accelerated glacier retreat driYing future ·xmer avaibbilit;· 

On;ralL the data emphJsiz.; the urgent n.;ed for climate mitigation to preYent severe reducticnb 

in suo\\' cover and to manage the increa-:.ing variabiliry in \Yater re'..ources. 
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