
P
os
te
d
on

22
N
ov

20
22

—
C
C
-B

Y
4.
0
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
10
02
/e
ss
oa
r.
10
51
03
98
.1

—
T
h
is

a
p
re
p
ri
n
t
an

d
h
as

n
ot

b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
at
a
m
ay

b
e
p
re
li
m
in
ar
y.

Knowledge Priorities on Climate Change and Water in the Upper

Indus Basin: A Horizon Scanning Exercise to Identify the Top 100

Research Questions in Social and Natural Sciences

Andrew Orr1, Bashir Ahmad2, Undala Alam3, Arivudai N. Appadurai4, Zareen P.
Bharucha5, Hester Biemans6, Tobias Bolch7, Narayan P. Chaulagain8, Sanita Dhaubanjar9,
A P Dimri10, Harry Dixon11, Hayley J Fowler12, Giovanna Gioli13, Sarah Jean Halvorson14,
Abid Hussain15, Ghulam Jeelani16, Simi Kamal17, Imran Khalid18, Shiyin Liu19, Arthur
Lutz20, Meeta K. Mehra10, Evan S Miles21, Andrea Momblanch22, Veruska Muccione23,
Aditi Mukherji24, Daanish Mustafa25, Omaid Najmuddin26, Mohammad N. Nasimi27,
Marcus Nüsser28, Vishnu Prasad Pandey24, Sitara Parveen29, Francesca Pellicciotti30,
Carmel A Pollino31, Emily Potter32, Mohammad R. Qazizada33, Saon Ray34, Shakil Ahmad
Romshoo35, Syamal K. Sarkar36, Amiera Sawas37, Sumit Sen38, Attaullah Shah39, M.
Azeem Ali Shah24, Joseph Shea40, Ali T. Sheikh41, Arun B. Shrestha9, Shresth Tayal42,
Snehlata Tigala36, Zeeshan T. Virk43, Philippus Wester44, and James L Wescoat45

1British Antarctic Survey
2Pakistan Agriculture Research Council
3Foreign Commonwealth and Development Office
4World Resources Institute (WRI-India)
5Anglia Ruskin University
6Alterra - Wageningen UR
7University of St Andrews
8Deutsche Gesellschaft für Internationale Zusammenarbeit
9International Centre for Integrated Mountain Development (ICIMOD)
10Jawaharlal Nehru University
11UK Centre for Ecology & Hydrology
12Newcastle University
13Bath Spa University
14University of Montana
15International Centre for Integrated Mountain Development
16University of Kashmir, Srinagar, 190006, India
17Hissar Foundation
18World Wildlife Fund - Pakistan
19Institute of International Rivers and Eco-security, Yunnan University
20Universiteit Utrecht
21Swiss Federal Research Institute WSL
22Cranfield University
23University of Zurich
24International Water Management Institute

1



P
os
te
d
on

22
N
ov

20
22

—
C
C
-B

Y
4.
0
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
10
02
/e
ss
oa
r.
10
51
03
98
.1

—
T
h
is

a
p
re
p
ri
n
t
an

d
h
as

n
ot

b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
at
a
m
ay

b
e
p
re
li
m
in
ar
y.

25King’s College, London
26Fujian University of Technology
27Kabul Polytechnic University
28Heidelberg University
29Fatima Jinnah Degree College for Women
30ETH Zurich
31Commonwealth Scientific and Industrial Research Organisation (CSIRO)
32University of Leeds
33Ministry of Agriculture, Irrigation and Livestock
34Indian Council for Research on International Economic Relations
35Kashmir university
36The Energy and Resources Institute
37Action Aid UK,
38Indian Institute of Technology
39Karakoram International University
40University of Northern British Columbia
41Planning commission of Pakistan
42The Energy & Resources Institute
43OXFAM
44ICIMOD
45Massachusetts Institute of Technology

November 22, 2022

Abstract

River systems originating from the Upper Indus Basin (UIB) are dominated by runoff from snow and glacier melt and summer

monsoonal rainfall. These water resources are highly stressed as huge populations of people living in this region depend

on them, including for agriculture, domestic use, and energy production. Projections suggest that the UIB region will be

affected by considerable (yet poorly quantified) changes to the seasonality and composition of runoff in the future, which

are likely to have considerable impacts on these supplies. Given how directly and indirectly communities and ecosystems

are dependent on these resources and the growing pressure on them due to ever-increasing demands, the impacts of climate

change pose considerable adaptation challenges. The strong linkages between hydroclimate, cryosphere, water resources, and

human activities within the UIB suggest that a multi- and inter-disciplinary research approach integrating the social and

natural/environmental sciences is critical for successful adaptation to ongoing and future hydrological and climate change.

Here we use a horizon scanning technique to identify the Top 100 questions related to the most pressing knowledge gaps and

research priorities in social and natural sciences on climate change and water in the UIB. These questions are on the margins of

current thinking and investigation and are clustered into 14 themes, covering three overarching topics of ‘governance, policy, and

sustainable solutions’, ‘socioeconomic processes and livelihoods’, and ‘integrated Earth System processes’. Raising awareness

of these cutting-edge knowledge gaps and opportunities will hopefully encourage researchers, funding bodies, practitioners, and

policy makers to address them.
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Key Points: 62 

• The Top 100 research questions on climate change and water in the Upper Indus Basin in 63 
the social and natural sciences are identified. 64 

• Many questions are cross-disciplinary given the strong linkages between climate, water, 65 
and human activities in the Upper Indus Basin. 66 

• Questions are identified using horizon scanning, which is a technique used to identify 67 
knowledge gaps relevant to emerging challenges.  68 
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Abstract 69 

River systems originating from the Upper Indus Basin (UIB) are dominated by runoff from snow 70 
and glacier melt and summer monsoonal rainfall. These water resources are highly stressed as 71 
huge populations of people living in this region depend on them, including for agriculture, 72 
domestic use, and energy production. Projections suggest that the UIB region will be affected by 73 
considerable (yet poorly quantified) changes to the seasonality and composition of runoff in the 74 
future, which are likely to have considerable impacts on these supplies. Given how directly and 75 
indirectly communities and ecosystems are dependent on these resources and the growing 76 
pressure on them due to ever-increasing demands, the impacts of climate change pose 77 
considerable adaptation challenges. The strong linkages between hydroclimate, cryosphere, 78 
water resources, and human activities within the UIB suggest that a multi- and inter-disciplinary 79 
research approach integrating the social and natural/environmental sciences is critical for 80 
successful adaptation to ongoing and future hydrological and climate change. Here we use a 81 
horizon scanning technique to identify the Top 100 questions related to the most pressing 82 
knowledge gaps and research priorities in social and natural sciences on climate change and 83 
water in the UIB. These questions are on the margins of current thinking and investigation and 84 
are clustered into 14 themes, covering three overarching topics of ‘governance, policy, and 85 
sustainable solutions’, ‘socioeconomic processes and livelihoods’, and ‘integrated Earth System 86 
processes’. Raising awareness of these cutting-edge knowledge gaps and opportunities will 87 
hopefully encourage researchers, funding bodies, practitioners, and policy makers to address 88 
them.  89 

1 Introduction 90 

The Upper Indus Basin (UIB) is located in the mountainous Hindu-Kush Karakoram Himalaya 91 
(HKH) region and is drained by a transnational river system that includes both western (the 92 
Upper Indus, the Kabul, the Jhelum, and the Chenab) and eastern (the Ravi, the Beas, and the 93 
Satluj) rivers (see Figure 1). UIB water resources are highly seasonal as they are heavily reliant 94 
on runoff from snow and glacial melt during spring and summer, as well as summer monsoonal 95 
rainfall (Bookhagen and Burbank 2010; Lutz et al., 2014, 2016; Shrestha et al., 2015).  96 

These rivers are of exceptional economic, social, cultural, and political importance to hundreds 97 
of millions of people across four riparian countries – Afghanistan, Pakistan, India, and China 98 
(Eriksson et al., 2009; Mukherji et al., 2019; Wester et al., 2019). The water resources of the UIB 99 
are used for agriculture, power generation, domestic use, industry, tourism, fishing, and religious 100 
practices, as well as supporting a rich diversity of terrestrial and aquatic ecosystems (Xu et al., 101 
2019). They supply the world’s largest contiguous irrigation system (Qureshi, 2011), and its 102 
numerous hydropower projects are crucial for reliable electricity supplies to downstream 103 
populations (Nie et al., 2021). 104 

UIB populations live in both urban and rural areas and are challenged by endemic poverty and 105 
increasing vulnerability to social-ecological change (Gioli et al., 2019; Vinca et al., 2021). This 106 
vulnerability is driven, in large part, by a historic lack of effective water demand management. 107 
Policies and water management practice in the region have, so far, consistently emphasized 108 
increasing the supply of water to the various users, irrespective of the financial, social, or 109 
environmental costs. This has resulted in the UIB being particular vulnerable to water stress, 110 
which is likely to worsen in the future (Immerzeel et al., 2020; Smolenaars et al., 2021), with 111 
knock-on effects on the ecosystems and communities that depend on them. At the same time, 112 
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global climate change is likely to result in considerable (yet poorly quantified) changes to the 113 
seasonality and composition of runoff in the future, which are likely to have considerable 114 
impacts on the regional hydrologic regime and water supplies (Immerzeel et al., 2013; Lutz et 115 
al., 2014, 2016; Krishnan et al., 2019; Sabin et al., 2020; Dahri et al., 2021a). Future alterations 116 
to hydrology – driven both by climate change and changing water management regimes - will in 117 
turn impact ecosystem conditions, water-induced hazards, hydropower generation, water 118 
resources management, agriculture, income generation, livelihoods, and migration, along with 119 
the overall socioeconomic development and politico-regulatory decisions of the riparian states 120 
(Wester et al., 2019). 121 

These complex challenges call for radically revised policy responses informed by inter- and 122 
cross-disciplinary knowledge involving the social and natural/environmental sciences. 123 
Knowledge gaps pertaining to climate change and water in the UIB have been identified 124 
previously. For example, significant knowledge gaps for the HKH region related to climate 125 
change, sustainability, and people were identified by Wester et al. (2019), while Widmann et al. 126 
(2018) and Sabin et al. (2020) respectively identified knowledge gaps related to hydroclimatic 127 
services and climate change in the Indian Himalayas. However, given the strong linkages 128 
between climate, water resources, and human activities within the UIB, a comprehensive study 129 
identifying priority research questions related to the entire linked socioenvironmental system is 130 
necessary to achieve more effective and equitable resource management (Pederson, 2016; Vinca 131 
et al., 2021).  132 

This study makes a beginning towards identifying what knowledge gaps need to be filled to 133 
enable this, which it achieves by bringing together experts in these key disciplines to identify the 134 
Top 100 questions related to climate change and water in the UIB. Our list of questions focuses 135 
deliberately on those on the margins of current thinking and investigation and takes particular 136 
cognizance of the fact that these research efforts must include joint involvement of the social and 137 
natural sciences and explore the relationship between these areas (Heberlein, 1998; Eriksson et 138 
al., 2009; Billi et al., 2019). The Top 100 questions are identified using a horizon scanning 139 
approach, which is a foresight technique used to detect emerging threats, opportunities, and risks, 140 
and to systematically identify pressing knowledge gaps. Our approach has previously been used 141 
to identify emerging issues or key knowledge gaps involving environmental change (Petty et al., 142 
2010; Kennicutt et al., 2015; Sutherland et al., 2019). It is particularly relevant under conditions 143 
of complexity, uncertainty, and rapid change – and so, is ideal for use in relation to knowledge 144 
gaps related to climate change and water in the UIB.  145 

The Top 100 questions are presented in sections 3, 4 and 5. Section 3 is focused on ‘Governance, 146 
policy, and sustainable solutions’ and contains questions (numbers 1 to 31) related to the themes 147 
of governance and innovation, geopolitics, water resources management, and adaptation. Section 148 
4 is focused on ‘Socioeconomic processes and livelihoods’ and contains questions (32 to 58) 149 
related to the themes of socioeconomic processes and livelihoods, vulnerability and poverty, 150 
gender and social inclusion, agriculture, and natural hazards. Section 5 is focused on ‘Integrated 151 
Earth System processes’ and contains questions (59 to 100) related to the themes on 152 
hydroclimatology, cryosphere, hydrology, ecosystems, and data. Each set of questions is 153 
prefaced by text stressing the importance of the respective theme. Note that the ordering of 154 
sections, as well as the questions within each section, does not represent a value judgment on the 155 
importance or relevance of categories, themes, or questions. In addition, Section 2 describes the 156 
methods and Section 6 is a Discussion.  157 



manuscript submitted to Earth’s Future 

5 
 

2 Methods 158 

Our horizon scanning method is drawn from Sutherland et al. (2019), following adaptations 159 
made by Foulds et al. (2020) and Bharucha et al. (2021). The Horizon Scanning exercise was 160 
largely facilitated by a multidisciplinary Working Group (WG) of 38 experts and coordinated by 161 
a smaller Steering Group (SG) of 12. The SG selected WG members from their scholarly 162 
networks, facilitated expert deliberation and led on the editing and categorization of the 163 
questions received.  164 

Following Foulds et al. (2020), the composition of both the SG and WG were carefully 165 
considered to ensure diversity in gender, geographic location, disciplinary affiliation, and 166 
seniority. The resulting group of experts includes representation from the four riparian countries 167 
India (11 participants), Pakistan (9), Afghanistan (2), and China (2). The remaining 26 experts 168 
are located in a further nine countries based globally, but with recognized expertise and 169 
background in the topics we considered. Of the 50 participants involved in this study, 19 (38%) 170 
identify as female and 31 (62%) as male, 9 (18%) are so-called ‘frontrunners’ who are pushing 171 
forward the boundaries of their field and 41 (82%) are ‘gatekeepers’ who have established track 172 
records within their field, while 29 (58%) are affiliated with various social science disciplines 173 
and 21 (42%) in the disciplines of science, technology, engineering, and mathematics (see Figure 174 
2).  175 

The list of 100 questions was arrived at through a four-stage process: 176 

Firstly, all members of the WG and SG were asked to canvas their professional networks by 177 
circulating an email containing a link to a short online survey, asking respondents to nominate 178 
the top 3-5 research questions related to the impact of climate variability and change on water 179 
resources in the UIB. Respondents were asked to consider the following criteria for ‘good’ 180 
research questions: i) answerable through a realistic research design by an individual researcher 181 
or a team/programme, ii) capable of a ‘factual’ answer, iii) novel and not already been answered, 182 
and iv) not answerable by a simple yes or no. Following Foulds et al. (2020), the respondents 183 
were additionally asked to provide some brief text justifying the importance/relevance of each 184 
suggested research question.     185 

This resulted in a total of 688 questions received, which were subsequently edited down by the 186 
SG to 249 questions after duplicate or overlapping questions were merged and unsuitable or non-187 
convincing questions (i.e., those not corresponding to the criteria above) were removed. As we 188 
sought to identify cutting edge research questions, we de-prioritized questions pertaining to 189 
longstanding and well-established research topics or approaches. The edited list of 249 questions 190 
were then categorized by the SG into the following 14 themes: governance and innovation, 191 
geopolitics, water resources management, adaptation, socioeconomic processes and livelihoods, 192 
vulnerability and poverty, gender and social inclusion, agriculture, natural hazards, 193 
hydroclimatology, cryosphere, hydrology, ecosystems, and data. These themes were selected on 194 
the basis of the questions received (i.e., we did not make any a priori judgement on which 195 
themes would be relevant).  196 

Following Foulds et al. (2020), the WG and SG members then used their expert judgement to 197 
sort the 249 responses in terms of importance. This was done using voting software online where 198 
each question was awarded a score of between 1 (i.e., definitely exclude from the final list of 199 
questions) and 5 (i.e., definitely include in the final list of questions). Each of the WG and SG 200 
members voted on all of the 249 questions, even though clearly some of the questions were 201 
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outside their area of expertise. The justification text for each of the 249 responses was included 202 
in order to help with the voting. Questions were automatically rejected if they had a median 203 
score of less than 3. 204 

Next, the WG members were subsequently invited to form small expert groups for each theme. 205 
Each sub-group was facilitated by one member of the SG, with a preference that their expertise 206 
matched that of the theme. These sub-groups were tasked with reviewing the questions for their 207 
respective themes and recommending which should be selected and which should be rejected, as 208 
well as whether any additional questions should be added, based on their expert judgement and 209 
experience. This stage was done using videoconferencing with follow up input via email. This 210 
resulted in reducing the 249 questions down to 149 questions.  211 

Finally, the SG reviewed the list of 149 questions to decide which should be deleted to reach 212 
100. The main consideration at this stage was to ensure that the composition of the final 100 213 
questions should address a balance between the different themes, i.e., address a breadth of 214 
important topics that will be important for research, policy, and practice in climate and water 215 
resources in the UIB. At this stage, an additional two themes were added on governance and 216 
innovation, and vulnerability and poverty, which took the total number of themes to 14. The WG 217 
then subsequently reviewed the list of 100 final questions, which included further opportunities 218 
for rewording them, and signed them off.  219 

3 Governance, policy, and sustainable solutions 220 

The hydrology of the UIB is deeply impacted by and in turn impacts human society. From 221 
developmental visions incorporating dams, hydroelectricity, roads, urbanization, livelihoods, and 222 
agriculture, to hazards driven by climate change, as well as conflict over and through water. The 223 
UIB is in fact co-constituted by the interactions of social and physical factors of concern for us. 224 
In this section we attempt to capture the socio-political mosaic overlaying the UIB through the 225 
themes of governance and innovation, geopolitics, water resources management, and adaption. 226 

3.1 Governance and innovation  227 

The UIB has significant traditions of innovative hydroclimatic governance (e.g., Kreutzmann, 228 
2000). In addition, supporting resilience, in particular through local-scale governance and 229 
innovation, is an organizing objective/principle for much of the development/NGO (non-230 
governmental organization) activity, with a focus on agricultural adaptation and diversification 231 
of livelihoods (Nüsser et al., 2019a). Identifying the potential of information sharing, digital 232 
connectivity, and diffusion of innovations for risk reduction and response to hydroclimatic 233 
change in the UIB is of particular importance. The capacities of local governments, community-234 
based institutions, and grassroots organizations to respond to this threat requires attention from 235 
policy makers and development practitioners, with the potential for creating or seizing 236 
opportunities in water, climate, and resilience planning (Jiwa, 2021).  237 

Decision-making and governance in the UIB suffer from a lack of transboundary initiatives and 238 
cooperation, such as the Upper Indus Basin Network (Shrestha et al., 2021), as a result of 239 
geopolitical constraints (see section 3.2). Decision-making and governance are also deeply 240 
biased towards dominant scientific/market-driven frameworks, often resulting in the 241 
marginalization or erasure of local innovation and epistemologies. The prevalence of 242 
technological fixes also ignores how climate change transformations in the UIB remain 243 
embedded within historic relationships of power (Nightingale et al., 2020). While local 244 
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knowledge and external development interventions need to be integrated towards sustainable 245 
pathways beyond one-fit all technofixes in the UIB, context-specific water governance structures 246 
are crucial for the implementation of innovative, effective, and socially accepted climate 247 
adaptation measures. The questions listed below focus on these issues.  248 

1. How can we adapt and scale up socioeconomic development innovations and lessons of 249 
grassroot organizations across the riparian countries of the UIB?  250 

2. What innovative water governance structures can promote climate adaptation and resilience in 251 
the UIB? 252 

3. How can the capacity of local governments and communities be enhanced to address climate-253 
sensitive vulnerabilities in the UIB?  254 

4. What local governance structures and institutions are involved in (local) water management in 255 
the UIB and how are they evolving?  256 

5. What changes are necessary to make the current water policy instruments more effective in 257 
mitigating climate change in the UIB? 258 

6. How can infrastructure development contribute to local and regional scales of poverty 259 
alleviation and vulnerability reduction in the UIB?  260 

3.2 Geopolitics 261 

The UIB straddles some of the most highly militarized geopolitical fault lines in the world. With 262 
the militarized Kashmir region, along with the India-China border, the importance of paying 263 
attention to international conflict and varying geopolitical visions between the state and non-state 264 
actors cannot be over emphasized (Baghel and Nüsser, 2015). The recent Taliban victory in 265 
Afghanistan, however, ensures that in the absence of international financing for any major water 266 
infrastructure in the Kabul River basin, and Taliban’s close relationship with Pakistan, water 267 
conflict is unlikely to be on the agenda across the Pakistan-Afghanistan border. Water 268 
distribution and hazards are also increasingly being viewed in a geopolitical register, especially 269 
between India and Pakistan and more recently between China and India (Mustafa, 2007). The 270 
key questions listed below were guided by the principle that while it is important to tap into neo-271 
realist geopolitics premised upon physical geography, it is also contingent to recognize the 272 
national scale, sub-national scale and non-state actors and discursive constructs on national 273 
security, climate change, resilience and human security that inform the actions of state and non-274 
state actors across spatial scales (Mustafa, 2021).  275 

With climate change present and already impacting lives, livelihoods, and ecologies in the UIB it 276 
is imperative to seek out ways of negotiating international and sub-national water conflict, in 277 
addition to undertaking diagnostics of what developmental visions and geopolitical discourses 278 
drive those conflicts. Accordingly, the key questions listed below are attentive to recent 279 
developments such as China’s ‘One Belt, One Road’ initiative, China-Pakistan Economic 280 
Corridor (CPEC), legacy frameworks like the Indus Waters Treaty (IWT) signed in 1960, and 281 
pathways to exploring more cooperative frameworks for negotiating climate change (Qamar et 282 
al., 2019).  283 

7. Who are the potential (state and non-state) actors responsible for water resources planning and 284 
implementing cross-country climate adaptation measures in the UIB?  285 
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8. What are the impacts of investments via the ‘One Belt, One Road’ initiative on the 286 
vulnerability of the UIB to climate change?  287 

9. How do international tensions and conflicts affect the feasibility of climate change adaptation 288 
strategies in the UIB?  289 

10. How are climate-related security risks (economic, ecological, social) in the riparian countries 290 
of the UIB understood and addressed by governments/key stakeholders in the region?  291 

11. What will be the economic, ecological, and social costs of regional non-cooperation and the 292 
benefits of cooperation among the UIB countries in the face of climate change? 293 

12. How will climate change affect the water use allocations under the IWT?  294 

13. What is the potential for the UIB riparian states to consider a cooperative framework 295 
addressing the impact of climate change on the basin?  296 

3.3 Water resources management 297 

The physical, social, and political geography of the UIB is marked by uneven distribution of 298 
water resources. These are stored naturally in streams, rivers, lakes, wetlands, and aquifers, as 299 
well as artificially using dams. However, weak management of increasing water demand coming 300 
from socioeconomic changes at both national and transnational level exacerbates water resources 301 
vulnerability, e.g., resulting in overexploitation of groundwater (Zhu et al., 2021). The focus is 302 
often on increasing supplies irrespective of the financial, social, or environmental costs, rather 303 
than sustainable water resources management. Sustainable water resources management requires 304 
a willingness to do what is needed and knowledge of the multiple institutional, political, and 305 
social complexities of the UIB, as well as the relevant natural/environmental sciences and 306 
technological issues. Just how well we are able to plan and manage our water quantity, quality, 307 
and accessibility is a major determinant for the healthy functioning and resilience of ecosystems, 308 
the strength of economies, and the vitality of societies in the UIB (Loucks and Beek, 2017).  309 

Identification and evaluation of alternative water management strategies in the UIB is crucial to 310 
sustainably manage its water resources. These alternative measures need to consider the 311 
requirements of the multiple water users in the basin and should explore ways to enhance water 312 
storage (to ensure water resources are available during the dry season and/or droughts, which 313 
may alter due to climate change), improve the efficiency in current water use and allocation, 314 
increase wastewater recycling and reuse, and support the sustainable development of water 315 
infrastructure such as hydropower installations (Qureshi, 2011; Pritchard, 2019). Both traditional 316 
and modern knowledge needs to be explored to identify pathways that integrate water quantity 317 
and quality management to create new livelihood opportunities, enhance water security, and 318 
support healthy ecosystems (and associated ecosystem services). The UIB is already considered 319 
one of the most water stressed water towers in the world (Pritchard, 2019; Immerzeel et al., 320 
2020). The gap between the supply and demand of water for various uses may worsen with 321 
socioeconomic and climate change (Smolenaars et al., 2021). With this perspective, some key 322 
questions focused on identification of water management practices for the UIB, for now and in 323 
the future, are highlighted here. 324 

14. What are the main water management narratives across the UIB, how have these vested 325 
interests been used to accrue benefits, and what has been the impact on current water 326 
management challenges, including building climate change resilience?  327 
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15. What are the available indigenous water management strategies in UIB and how could they 328 
be used to improve water management and adaptation to climate change?  329 

16. How effectively has the concept of water stewardship been used in the UIB for agricultural, 330 
industrial, and domestic water use and can this concept be used for enhancing adaptation and 331 
climate resilience?  332 

17. What are the existing and projected gaps between water supply and demand in the UIB 333 
across the various human and environmental water users at both state and sub-basin level? 334 

18. What are the surface-groundwater flow relationships in regions where water 335 
infrastructure has been established or planned in the UIB, and what is the potential of this to 336 
improve water security?  337 

19. What is the effect of increasing use of wastewater and brackish groundwater for irrigation on 338 
the hydrological regime of the UIB, and how do resultant changes alter local and basin scale 339 
water availability?  340 

20. What possibility is there for decentralized water supply, irrigation, and sanitation systems in 341 
rural and urban areas to advance the transition to a more resource-efficient and circular economy 342 
in the UIB?  343 

21. What role can nature-based solutions play in water management and ecosystem conservation 344 
in the UIB?  345 

22. How can the various water storage opportunities in the UIB be utilized to achieve sustainable 346 
development goals related to water-energy-food security and climate and disaster resilience?  347 

23. How can water management provide opportunities for livelihoods in the UIB, such as eco-348 
tourism and upscaling production of high value indigenous crops?  349 

24. How will hydropower and water infrastructure expansion in the UIB affect the water and 350 
land resources available to local communities and ecosystems and alter downstream water 351 
availability? 352 

25. How can the water-energy-food-environment linkages across the riparian states in the UIB 353 
provide opportunities for transboundary cooperation at both national and provincial level?  354 

3.4 Adaptation 355 

The impacts of climate change in UIB on hydrological systems are having grave implications for 356 
water availability, agricultural yields, hydroelectric power generation and ecosystem services 357 
(Zhang et al., 2007; Garee et al., 2017; Smolenaars et al., 2021). In addition, the adverse effects 358 
of extreme weather events (see section 4.4) on the life, assets, and livelihood of communities in 359 
the region are also coming to fore (Mishra et al., 2019; Shrestha et al., 2021).  360 

Instances of adaptation responses – both autonomous and planned – abound in the UIB. Locally 361 
adopted autonomous adaption measures find their origin in community networks, indigenous 362 
knowledge, collective action, and innovation facilitated by local people and grassroots 363 
institutions. In comparison, government-initiated planned adaptation responses at national and 364 
sub-national levels are implemented through specific policies, programmes, and projects (Mishra 365 
et al., 2019). In the Hunza-Nagar, Soan and Chaj Doab basins located in the Pakistan region of 366 
the UIB, crop diversification (towards nuts, vegetables, sugarcane, medicinal plants, etc.), 367 
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change in timing of sowing, inter-cropping, and reliance on modern irrigation techniques (such 368 
as drip, sprinkler, and furrow irrigation) have increased. Farmers have also started cultivating 369 
high yielding varieties and drought resilient crop types, with greater reliance on herbicides, 370 
fertilizers, and modern agricultural practices. Switch to alternative occupations, such as 371 
handicraft manufacturing and tourism, are also being relied upon as adaptation mechanisms 372 
(Abbasi et al., 2017).  373 

Similar adaptation responses in agriculture and transitioning to alternative occupations (such as 374 
tourism and services) can also be observed in India’s Ladakh region of the UIB. With agriculture 375 
dependent on irrigation in this region (Nüsser et al., 2012; Barrett and Bosak, 2018), seasonal 376 
water deficiency has led to villagers to evolve four types of artificial ice reservoirs: basins, 377 
cascades, diversions, and ice stupas. The ice reservoirs permit water storage during the autumn 378 
and winter seasons, which freezes and is held until spring, when it melts and flows down to the 379 
agricultural fields (Clouse et al., 2017; Nüsser et al., 2019b). Dry conditions in the Chinese 380 
region of the UIB have induced farmers to select crop varieties that can adapt to water stress and 381 
yield better prices. In addition, farmers are keen to invest in improved irrigation and water-382 
saving technologies to cope better in the face of increasing water scarcity due to climate change 383 
(Wang et al., 2010). 384 

Even through there is an urgent need to adapt to climate change, the prevailing level of 385 
knowledge and understanding of adaptation needs and interventions in the UIB remain limited, 386 
especially for the mountain communities. This is compounded by socioeconomic challenges (see 387 
section 3.2) of a large and burgeoning population and urgent need for transboundary cooperation 388 
due to shared river basins of the countries in the region (Wada et al., 2019; Shrestha et al., 2021; 389 
Vinca et al., 2021). Considering these, the following research questions gain prominence. 390 

26. What measures are being taken in terms of climate-adaptive infrastructure and capacity 391 
building for the UIB communities so they can protect the environment and ecosystem as well as 392 
livelihoods of the mountain areas? 393 

27. How can the water-energy-food-climate nexus framework help identify future adaptation 394 
pathways, especially for better water resources governance, energy security, sustainable food 395 
production and ecosystems management (including protection of aquatic species) in the UIB and 396 
downstream areas? 397 

28. How do individual riparian states in the UIB address hydroclimatic adaptation and 398 
governance and have any common principles, approaches or metrics emerged that could support 399 
shared regional adaptation mechanisms?  400 

29. How are Indigenous and local knowledge in the UIB incorporated in adaptation policies and 401 
plans, and how best can we ensure an inclusive, intersectional development approach through 402 
community participation?  403 

30. How are policymakers implicitly or explicitly adapting their agendas (especially in the 404 
provisioning of sector-specific infrastructure) for climate change adaptation in the UIB and to 405 
what extent are the resulting policies actually being implemented?  406 

31. What is the local people’s perception of climate change in the UIB, including its impact and 407 
their ability to adapt? 408 
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4 Socioeconomic processes and livelihoods 409 

The UIB has undergone major socioeconomic transformations in recent decades with respect 410 
to land use change, cropping systems, digital and physical connectivity and access to markets, 411 
urbanization, demographic shifts, and human mobility along with glacio-hydrological changes. 412 
Multiple transitions are affecting socio-hydrological interactions that are context specific and 413 
require plural and place-based perspectives (Nüsser et al., 2012; Chakraborty et al., 414 
2021). Recognition of the relationships between socioeconomic development and climate change 415 
point to a need for a better understanding of the ways in which water resources are the target of 416 
national sustainable development plans.  417 

Ongoing shifts are underway from mountain livelihoods based on agro-pastoral subsistence to 418 
multi-local livelihood diversification strategies that integrate on-farm and off-farm activities 419 
(Kreutzmann, 2006; Yi et al., 2007; Mukherji et al., 2019). The shift to high-value horticultural 420 
crops and livestock products has also been facilitated by other factors, such as improved road 421 
networks providing market access for previously isolated communities, growth of remittance 422 
inflows, expansion of cooperatives, increased presence of NGOs, and targeted government 423 
activities (Dame and Nüsser, 2011; Jiwa, 2021).  424 

32. How will socioeconomic well-being and resource demands in rural and urban areas of the 425 
UIB be affected by hydroclimatic changes?  426 

33. How will hydroclimatic changes impact the dynamic of social power and irrigation water 427 
control in the UIB, particularly considering the equity and efficiency issues among the irrigation 428 
water user’s communities? 429 

34. How can increased human connectivity (both digital and physical) enhance the resilience to 430 
climate change of remote UIB communities?  431 

35. How important are migration (both internal and external) and remittances for adapting to 432 
climate change and building climate-resilient futures for the UIB communities?  433 

36. How can climate-smart tourism (or other nature-based livelihood options) that shares the 434 
benefits with the local communities in UIB become a more sustainable socioeconomic and 435 
cultural strategy?  436 

37. How are the spatial patterns and settlement processes of communities vulnerable to climate 437 
risks changing in the UIB (e.g., in socioeconomic functions, income distribution, spatial 438 
distribution, morphology, connectivity, and resource dependence)?  439 

38. How will livelihood opportunities evolve in the UIB due to changes in infrastructure 440 
development (roads, water supply, hydropower, irrigation canals) and distribution of natural 441 
resources? 442 

39. What are the potentials and opportunities for and challenges to green and inclusive farm and 443 
non-farm enterprises and sustainable development in the UIB?  444 

4.1 Vulnerability and poverty 445 

The complexity of environmental and socioeconomic aspects of mountain development shapes 446 
development pathways (Nüsser et al., 2012). Within the UIB, historic concerns of 447 
economic marginalization, poverty, inequality, and human mobilities influence current and 448 
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future plans for sustainable development. The Sendai Framework for Disaster Risk Reduction 449 
(SFDRR) synergizes risk reduction efforts with sustainable development goals (SDGs) and the 450 
post-2015 climate change agreement under the United Nations Framework Convention on 451 
Climate Change (UNFCCC). Strong parallels can be found between the SDGs and SFDRR with 452 
respect to creating resilient infrastructure (Ray et al., 2021). To meet these integrated challenges, 453 
we need to understand historical evolution and spatial patterns and bases of poverty and 454 
inequality in the UIB, vulnerability to climate change, and vulnerability trends (Fraser et al., 455 
2011). The assessment of resilience provides insights into complex interdependencies and drivers 456 
of it (Schlüter and Herrfahrdt-Pähle, 2011), which needs to be attentive to how various aspects of 457 
identity (wealth, religion, caste, class, ethnicity, and gender) intersect to produce conditions of 458 
both resilience and vulnerability and result in vastly different experiences of hydroclimatic 459 
change.  460 

40. How can the socioeconomic priorities of poverty alleviation and vulnerability mitigation be 461 
addressed in an uncertain hydroclimatic future in the UIB?  462 

41. What are the most pressing climate-sensitive health-related vulnerabilities for mountain 463 
communities in the UIB?  464 

42. How do climate and water related disasters impact communities in the UIB (e.g., wellbeing, 465 
loss of livelihoods, economic and social stability, agricultural land, and resettlement etc.) and 466 
what are the implications of these impacts for short- and long-term adaptation?  467 

4.2 Gender and social inclusion 468 

UIB communities have socio-cultural constructs that define disparate leadership roles and 469 
management responsibilities divided along gender lines (Abbasi et al., 2019). Over time, the 470 
ingrained societal inequalities among traditionally marginalized social groups such as women, 471 
Indigenous people, and ethnic and sexual minorities have severely undermined their livelihood 472 
and landholding prospects, access to knowledge, and participation in decision-making (Arora-473 
Jonsson, 2011). The drivers of such inequalities vary locally within the UIB but are collectively 474 
caused by a lack of access to adequate education and knowledge resources, lack of 475 
independence, lack of authoritative power or decision-making position, and lack of mobility (for 476 
either education or livelihood) among the marginalized social groups (Gioli et al., 2014).  477 

Below are the key socio-cultural and politico-economic questions associated with social 478 
inequalities, inclusive roles, and decision-making power among these social groups in the UIB. 479 
Social inclusion through the involvement of women and ethnic minorities is crucial for adequate 480 
maintenance, allocation, and use of shared water resources. To prioritize inclusion, we need to 481 
ensure arrangements through appropriate training programs to generate a sense of responsibility 482 
and ownership among this vulnerable group. Additionally, legal access to land and water for 483 
women-headed households and other minorities will ensure a more inclusive approach to water 484 
resources and management. It is imperative to allow and safeguard modifications in the existing 485 
regulatory and governance response towards gender sensitivity in the UIB to address the climate-486 
related water scarcity and to formulate inclusive, transparent, assured, and effective policy 487 
implementations. 488 

43. What specific policies are required to ensure involvement of socially marginalized groups in 489 
the decision-making processes to address the climate crisis and growing water challenges in the 490 
UIB?  491 
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44. What are the major drawbacks of the regulatory and governance responses towards social 492 
inclusion in the context of climate-related water scarcity in the UIB?  493 

45. How does the level and quality of participation of socially marginalized groups in the UIB 494 
vary in the development and implementation of the climate change agenda?  495 

46. How do water scarcity and related policy interventions affect people from different gender, 496 
class, and backgrounds and what are the specific exclusions and barriers faced by women, girls, 497 
and people from other backgrounds in overcoming these impacts and participating in policy 498 
formulation and implementation?  499 

47. How are socially inclusive knowledge systems contributing to building adaptive capacity and 500 
resilience in the face of water and climate stress in the UIB, and what roles are they anticipated 501 
to play in the future?  502 

4.3 Agriculture 503 

In the UIB, farmers are mainly smallholders with an average landholding size of 0.63 hectares 504 
(Hussain et al. 2016). Agriculture and livestock rearing by UIB farmers contributes around 30-505 
40% to annual food requirements of the local people (Hussain et al., 2021). Over time, the 506 
contribution of these two sub-sectors in local food requirement is gradually declining, and 507 
dependency on external food items is increasing (Kreutzmann 2000; Rasul et al., 2016). These 508 
two sub-sectors also partially or significantly contribute to the income and livelihoods of more 509 
than 80% households in the UIB. However, they are primary income source for only 10% 510 
households (Hussain et al., 2016). Among several challenges to agriculture and food systems in 511 
the UIB are climate change, loss of agrobiodiversity, deterioration of traditional irrigation 512 
systems, declining dietary diversity, a gradual shift from organic farming to additional input of 513 
industrial fertilizer, and declining interest of economically active population in farming. These 514 
changes are not only resulting in the declining contribution of agriculture and livestock in local 515 
food requirements and income but also impacting the sustainability of food systems (Hussain and 516 
Qamar, 2020).  517 

There is a need to better understand the impacts of climate change on agriculture and livestock 518 
rearing (including pastoralism and agro-pastoralism) as well as the impacts of socioeconomic 519 
changes such declining youth participation in farming, outmigration, labour shortages. Changes 520 
in local food habits are also impacting farmers decisions on diversity and types of crops and 521 
livestock (Dame and Nüsser, 2011; Rasul et al., 2019; Hussain et al., 2021). It is also important 522 
to further explore the impacts of a shift from organic to inorganic farming and declining agro-523 
biodiversity (diverse to monoculture) on water use in food systems of the UIB, provided the 524 
traditional irrigation systems fed by glaciers and snow-melt water (locally called as kuhl or gole) 525 
and springs are gradually degrading due to various climatic and non-climatic factors. In this 526 
regard, it is also important to explore how the traditional irrigation systems can be revived and 527 
better managed for improving land and water productivity in the UIB (Nüsser et al, 2019a).  528 

48. What will be the impact of climate change and associated socioeconomic changes on 529 
agricultural productivity (including livestock, agropastoralism, aquaculture, and horticulture), 530 
highland pastures and overall food security in the UIB?  531 

49. How are the diverse changes in agriculture practices across the UIB impacting the spatial 532 
variation in agricultural water availability and use?  533 
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50. How can irrigation, including irrigation from glacial melt springs, be managed (with 534 
reference to Indigenous knowledge and local knowledge) to enhance land and water productivity 535 
for crops in the UIB in response to climate change?  536 

51. What climate-resilient agriculture practices in the UIB are suitable for small farmers and can 537 
these be used to support a sustainable transition from traditional practices?  538 

4.4 Natural Hazards 539 

Natural hazards have catastrophic impacts across the UIB, including loss of human life and 540 
livestock, and damage to settlements and farmlands, infrastructure, and ecosystems. Their impact 541 
is significantly exacerbated by socioeconomic factors such as poverty and lack of adaptive 542 
capacity/preparedness (Vaidya et al., 2019) and historic inequalities in access to resources and 543 
engagement with decision making. These hazards are partly of hydrometeorological nature, 544 
including: i) floods and/or flash-floods due to localised extreme rainfall rapidly filling steep 545 
narrow valleys and rivulets (Thayyen et al., 2013; Dimri et al., 2017), ii) landslides on steep 546 
terrain triggered by heavy rainfall weakening the anchorage of soil and rock (Hunt and Dimri, 547 
2021), and iii) snow avalanches on steep terrain triggered by warmer temperatures or heavy 548 
snowfall. Glacial lake outburst flood events (involving the abrupt release of huge amounts of 549 
water stored in glacial lakes), rockfalls triggered by permafrost thaw, and glacier debuttressing 550 
pose additional catastrophic hazards for the UIB (Kääb et al., 2005; Abbas Gilany et al., 2020; 551 
Mal et al., 2021). Additionally, many glaciers in the Karakoram region are susceptible to 552 
periodic surging (Quincey et al, 2011, 2015), often creating localised hazards (e.g., Bhambri et 553 
al, 2020).  554 

The frequency and magnitude of hydrometeorological hazards in the UIB are likely to increase in 555 
the future as climatic change results in extreme rainfall increases, warmer temperatures, and 556 
precipitation falling more often as rain rather than snow at high elevations (Pandey et al., 2015). 557 
Glacial lake outburst events and associated hazards are also likely to increase as additional 558 
glacial lakes form due to climate change induced glacial retreat (Veh et al., 2020; Furian et al., 559 
2021; Zheng et al., 2021). The vulnerability to natural hazards is also impacted by societal 560 
changes, such as population and resettlement changes possibly resulting in increased numbers 561 
living in vulnerable regions, but these hazard increases can often be mitigated through planning 562 
and management adaptations (Schmidt et al., 2020). The questions here focus on improving our 563 
regional understanding of the vulnerability of the UIB to natural hazards, which is necessary to 564 
help quantify the risks, as well as deal better with the impacts and build resilience. 565 

52. Which economic sectors, industries, and large infrastructures in the UIB are most impacted 566 
by hydrometeorological and cryosphere-related hazards?  567 

53. How does vulnerability to hydrometeorological and cryosphere-related hazards vary across 568 
the UIB and how might this change due to climate and socioeconomic changes?  569 

54. What are the frequency and magnitude of hydrometeorological hazards in the UIB, and how 570 
will this be affected by climate change?  571 

55. How might climate change affect the frequency and magnitude of glacial lake outburst flood 572 
events in the UIB under different climate change scenarios, and what are the impacts on 573 
community assets and livelihoods in vulnerable regions?  574 
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56. To what degree will glacier surging in the UIB be affected by climate change in the coming 575 
decades, and does this increase or decrease surge-related hazards to communities? 576 

57. How (and where) might climate change affect slope stability, frequency and intensity of 577 
landslides, debris flows, and rockfalls in the UIB?  578 

58. Where can effective early warning systems (EWS) be developed with community knowledge 579 
and scientific basis to efficiently save lives and infrastructure in the UIB?  580 

5 Integrated Earth System processes 581 

The physical processes of the UIB form a complex Earth System that involves several diverse 582 
but interacting components, including the hydroclimate, cryosphere, hydrology, and ecosystem. 583 
Spatio-temporal variations in air temperature, precipitation, snowmelt, glacial-melt, and runoff 584 
induced by climate change in the UIB region determines future alterations in hydrology, which 585 
in turn influence the terrestrial and aquatic ecosystem components.  586 

5.1 Hydroclimatology 587 

The precipitation regime in the UIB is dominated by large-scale circulation patterns associated 588 
with both winter westerly disturbances and the summer monsoon (Bookhagen and Burbank, 589 
2010, Dimri et al., 2015; Forsythe et al., 2017; Krishnan et al., 2019). The westerly disturbances 590 
are primarily responsible for the renewal of the snowpack each winter, and the UIB is unique in 591 
the HKH in that the major contribution to runoff comes from snow and glacier meltwater (Lutz 592 
et al., 2014; Shrestha et al., 2015). The region is also characterized by pronounced local-scale 593 
variations of snow and rain due to strong orographic forcing (Bookhagen and Burbank, 2010; 594 
Baudouin et al., 2020). For example, precipitation is thought to be five to ten times higher above 595 
5000 m asl. than in the valleys (Duan et al., 2015; Immerzeel et al., 2015). The warming signal is 596 
also elevationally dependent, with stronger warming at higher elevations (Pepin et al., 2015). 597 
Knowledge of how present-day climate change is affecting frozen water reserves (attributed to 598 
elevation dependent warming temperatures) and precipitation has increased in recent years, 599 
however the complexities of different synoptic influences and considerable small-scale variation 600 
in climate variables mean there are still gaps in the understanding of present-day climate 601 
variability, trends, and extremes (Fowler and Archer, 2006; Bannister et al., 2019; Sabin et al., 602 
2020). This is partly because a profound lack of in-situ hydrometeorological data, particularly at 603 
high elevation, considerably hinders attempts to assess spatial variability and trends at the local 604 
scale (Archer and Fowler, 2004; Fowler and Archer, 2006;  Krishnan et al., 2019).  605 

Climate projections in mountainous terrain, including the UIB, have various uncertainties (Lutz 606 
et al., 2016). Despite large uncertainties, projections suggest that accelerated melting of snow 607 
and glacial reserves in the UIB will result in increased river discharge in the coming decades, 608 
with this contribution not peaking until at least 2050 (Lutz et al., 2014, 2016; Nie et al., 2021), 609 
contrasting with local trends in runoff (Sharif et al. 2013). However, considerable uncertainty 610 
regarding future water resources remains due to the possible impacts of climate change on 611 
monsoon and westerly disturbance patterns and consequently precipitation trends (Immerzeel et 612 
al., 2013, Krishnan et al., 2019; Hunt et al., 2019; Sabin et al., 2020). The impact of climate 613 
change on precipitation extremes and droughts is particularly uncertain (Wijngaard et al., 2017; 614 
Hunt et al., 2019; Krishnan et al., 2019). Reducing uncertainty in future projections is 615 
constrained by several factors, including limitations in the climate models (Sanjay et al., 2017), 616 
the large sensitivity to greenhouse gas emission scenarios (Immerzeel et al., 2013), the poor 617 
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representation of land-surface to atmosphere interactions (Pritchard et al., 2019), as well as 618 
limited understanding of the influence of anthropogenic aerosols (Sanap and Pandithurai, 2015) 619 
and global teleconnections such as El Nino – Southern Oscillation (ENSO) (Archer and Fowler, 620 
2004). The questions on hydroclimatology included here reflect some of the most pressing 621 
questions related to these aspects. 622 

59. What are the key characteristics of local and regional-scale weather and climate in the UIB 623 
(e.g., precipitation, its phase, and its spatial variation) and how well is this captured by the 624 
current observational network and climate models? 625 

60. What is the potential to narrow uncertainties in projected changes of precipitation and 626 
temperature in the UIB over the twenty-first century?  627 

61. What are the impacts of anthropogenic aerosols (such as black carbon) on the regional and 628 
large-scale circulation patterns that affect the climate of the UIB, such as winter westerly 629 
disturbances and the summer monsoon?  630 

62. What are the relationships between tropical (and extra-tropical) drivers such as ENSO and 631 
precipitation/temperature over the UIB and how are these likely to change in the future?  632 

63. How will future climate change affect the spatial and temporal dynamics of the monsoon and 633 
the monsoonal incursions into the mountain regions of the UIB, and how will these changes 634 
affect the large-scale and local-scale hydroclimate?  635 

64. How will climate change affect UIB wintertime precipitation from western disturbances, in 636 
terms of both normal and exceptional conditions?  637 

65. How will climate change affect the frequency and intensity of extremes in the UIB, such as 638 
heat waves, cold waves, and heavy precipitation events?  639 

66. What are the possible mechanisms of the propagation from meteorological drought to 640 
hydrological drought in the UIB?  641 

5.2 Cryosphere 642 

Changing climate and a continued lack of demand management across the UIB have raised 643 
crucial concerns for the discordant future of cryosphere reserves, downstream communities’ 644 
access to meltwater, downstream river flow, and sediment flux in the UIB (Kraaijenbrink et al., 645 
2017, 2021; Ashraf and Ahmad, 2021). The present and predicted glacier retreat suggests major 646 
fluctuations in the overall hydrological regime, and subsequent water availability (Hasson, 2016; 647 
Huss and Hock, 2018).  648 

It is thus imperative to discern the present, near-future, and long-term future relevance of 649 
cryosphere changes in the pattern and distribution of hydrometeorological conditions, snow 650 
cover, depth, and snow water equivalent at the watershed level, to accurately predict snow and 651 
glacier-melt runoff, and accordingly plan and support water management and adaptation 652 
strategies (Romshoo et al., 2015). Predicting climate change and associated glacier melt requires 653 
a comprehensive understanding of hydrological and climate models (Immerzeel et al., 2010; Lutz 654 
et al., 2014). Recent observational studies have shown that the rate of glacier retreat is 655 
accelerating, particularly the recession of glacier snouts and mass (Hugonnet et al., 2021). 656 
However, in the central Karakoram, comprising the highest reaches of the UIB, the balanced or 657 
even positive mass budgets of many glaciers contradicts this, indicating a divergent response to 658 
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climate change for the past several decades (Romshoo et al., 2015; Bolch et al., 2017; Berthier 659 
and Brun, 2019; Farinotti et al., 2020). Therefore, improved quality and access to physical data 660 
(glaciological, hydrological, meteorological) can help strengthen our ability to model the 661 
cryosphere. The questions here focus on research that is necessary to improve/enhance our 662 
understanding of the UIB cryosphere.  663 

67. How has UIB glacier behaviour (e.g., in terms of mass balance, velocity, and surging) 664 
changed in recent decades and how will it change in the coming decades, and how do these 665 
changes impact downstream river flows and sediment fluxes? 666 

68. What are the spatial and temporal variations in snow cover, depth, and snow water equivalent 667 
in the UIB?  668 

69. How sensitive are glacier mass balance rates and mass balance changes across the UIB to 669 
greenhouse gas emission scenarios?  670 

70. What is the impact of air pollution (e.g., black carbon) on glacier and snow melt in the UIB, 671 
and to what degree will distinct emission scenarios affect the deposition of melt-enhancing 672 
particles on the basin’s glaciers?  673 

71. Which processes are the most important and least constrained in available glacio-674 
hydrological models of the UIB, and what additional measurements are needed to reduce 675 
uncertainties?  676 

72. How will climate change impact the formation, expansion, drainage, and hazard 677 
susceptibility of the glacial lakes in the UIB and the downstream water resources they support 678 
and how will these processes affect current trajectories of hydropower and infrastructure 679 
development? 680 

73. How will the Karakoram Anomaly impact future projections of glaciers, snow cover, and 681 
water resources in the UIB?  682 

74. What is the distribution of permafrost in the UIB and what will be the (hydrologic, 683 
geomorphic, geochemical, ecosystem) impacts of climatic warming on permafrost melting?  684 

5.3 Hydrology 685 

Across the UIB, our understanding of the key hydrological fluxes and storages is limited (Qazi et 686 
al., 2020). As a result, exploring the interactions between different parts of the hydrological 687 
cycle is central to many of the questions identified in this section. Climatically driven changes in 688 
the cryosphere, for example, have a direct impact on the magnitude and timing of runoff, 689 
impacting both water resources and risks associated with extreme events (Lutz et al, 2016; Nie et 690 
al., 2021). However, a lack of observational hydrometeorological information, particularly at 691 
high altitudes, and the need for further research into the complex feedback mechanisms between 692 
different processes mean that our ability to model and project how the UIB’s hydrology may 693 
change in the near and far future is constrained (Momblanch et al., 2019a; Widmann et al., 694 
2018).   695 

Human interactions with the hydrological cycle vary significantly across the UIB. Naturally, 696 
these interactions are also subject to change over time. Urban migration, for example, can drive 697 
agricultural land degradation in rural mountainous areas, changing the way springs, field runoff 698 
and local water storages are managed, which ultimately impacts water availability. Many dams 699 



manuscript submitted to Earth’s Future 

18 
 

and barrages are proposed in national plans to support hydropower production and irrigation; 700 
materialization of these infrastructures will alter the timing and quality of river flows. When 701 
coupled with uncertainties around water availability as a result of the changing climate, such 702 
alterations in land and water use practices present complex questions around the response of 703 
hydrological systems to anthropogenic stressors. 704 

Hydrological changes in the UIB have significant implications for both the mountain ecosystems 705 
and livelihoods within the upper basin as well as downstream areas, impacting both the quantity, 706 
timing, and quality of water available for anthropogenic and environmental needs. Questions on 707 
water management are included in another section (3.3) while the questions here focus on the 708 
advances necessary in our understanding of hydrological processes and their modelling.  709 

75. How is the seasonality, partitioning and variability of stream flow and stream temperature in 710 
the UIB responding to climate change? 711 

76. What are the tipping points for hydrological changes in the UIB?  712 

77. What can paleo-climatic and hydrological proxies tell us about the frequency and intensity of 713 
past hydroclimatic events in the UIB?  714 

78. How are hydroclimatic extremes (floods and droughts) expected to change over the UIB in 715 
the future?  716 

79. How will spatio-temporal patterns of groundwater availability in the UIB be impacted by 717 
changes in precipitation and the cryosphere, and will this mitigate or exacerbate water scarcity? 718 

80. How much of the observed spatio-temporal changes in springs in the UIB are driven by 719 
climatic and non-climatic changes and how are these impacting the importance of springs as 720 
water resource in different parts of the UIB?  721 

81. How do changes in upstream hydrology and catchment connectivity in the UIB affect the 722 
spatial/temporal patterns of downstream water availability, both in the present and future?     723 

82. How can we better understand and model the complex interactions between climatic and 724 
non-climatic drivers (e.g., land cover, population change) that alter the hydrological response of 725 
the UIB?  726 

83. How do hydroclimatic, biological, geochemical, and socioeconomic processes interacted to 727 
impact water quality in the UIB and how could this change in the future?  728 

84. How can socio-hydrological studies be used to improve the understanding of interactions 729 
between hydrological changes and their implications in the UIB? 730 

85. What advances are necessary in integrated data, process-based, and/or system-based 731 
modelling approaches to improve quantification of key hydrological processes in the UIB and 732 
to minimize uncertainty under current and future climate, land use and socioeconomic 733 
scenarios?   734 

5.4 Ecosystems 735 

Owing to the large variability in topographic, meteorological, and geological conditions, the UIB 736 
holds very diverse and unique ecosystems that support well-being in its multiple dimensions, 737 
both locally and in hydrologically connected downstream regions (Xu et al., 2019; Momblanch 738 
et al., 2020). Freshwater ecosystems in the UIB evolve from glacial lakes and alpine rivers at 739 
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high elevations to lowland rivers and wetlands at mountain foothills. These factors are known to 740 
generate drastic variations in biodiversity, metabolic performance, nutrient uptake and, thereby, 741 
the services ecosystems provide (Peralta-Maraver et al., 2021). Those ecosystems sustain iconic 742 
and endangered species of flora and fauna which play a key role for biodiversity in the region 743 
such as the snow leopard (Khan and Baig, 2020) and the Indus River Dolphin (Braulik et al., 744 
2015). 745 

Variations in temperature, flow regimes, and sediment loads caused by climate change are 746 
known to alter freshwater ecosystems energetics, which cascade into metabolic changes and food 747 
web dynamics (Kraemer et al., 2017; Bernhardt et al., 2018), modifying biodiversity and 748 
ecosystem functions. However, little is known about remote UIB ecosystems in terms of their 749 
structure, current status, and sensitivity to climatic factors which hinders our ability to 750 
understand their future evolution and, thus, develop protection and conservation interventions. 751 
These key research gaps are summarised in the questions below.  752 

86. What is the current state of terrestrial and freshwater ecosystems in the UIB?  753 

87. What are the impacts of current and future developments and interventions in the headwaters 754 
of UIB on ecosystems?  755 

88. What are the impacts of re-vegetation on water availability and ecosystems in the UIB?  756 

89. What are the impacts of transient glacial meltwater inputs on the glacier lake ecosystems in 757 
the UIB?  758 

90. What should be the key priorities and strategies for conservation of iconic species, habitats, 759 
and ecosystems in the UIB?  760 

91. What are the key drivers of change (physical and social factors) that impact ecosystems, 761 
habitats, and biodiversity in the UIB?  762 

92. How does biodiversity and natural resource conservation contribute to building climate 763 
resilience in UIB?  764 

93. What is the ecological status and condition of forests in the UIB (e.g., species diversity, 765 
regenerative capacity) and how is it being impacted by climate change?  766 

5.5 Data 767 

Improved quality and access to data in the UIB is vital to provide evidence-based support for 768 
adaptation to climate change (Salzmann et al., 2014; Singh and Thadani, 2015) as well as 769 
effective resource management more generally. The extremely complex topography that 770 
characterizes the UIB results in pronounced local-scale gradients in precipitation, and thus runoff 771 
from rain and snowmelt (Fowler and Archer, 2006; Immerzeel et al., 2015; Shrestha et al., 2015). 772 
Variability in mass balance is also apparent in the many glaciers that are located in the UIB 773 
(Kääb et al., 2015; Bolch et al., 2017; Azam et al., 2018), which affects the contribution of 774 
glacier melt runoff to flows. Furthermore, land use change and changing climate are affecting the 775 
numerous and highly diverse ecosystems that are located in the UIB (Xu et al., 2019). However, 776 
our ability to assess the present-day baseline state of these components is hampered by a 777 
profound lack of ground observations of the physical (glaciological, hydrological, 778 
meteorological) and ecological (biodiversity, land use, forest cover, and ecosystem services) 779 
components of the integrated UIB Earth system. For example, only a handful of glaciers and 780 



manuscript submitted to Earth’s Future 

20 
 

rivers in the UIB are regularly revisited and directly measured (Afran et al., 2019) and long-term 781 
analyses are only possible in a few cases (Nüsser and Schmidt, 2021). Furthermore, our 782 
knowledge of the volume of water stored in glacier ice is poorly understood, as are estimates of 783 
snowfall (Pritchard, 2021). There is also a need for better data on socio-demographic variables 784 
and human factors such as water demands, food demand, agricultural practices, cropping 785 
patterns, and infrastructure (Gioli et al., 2019; Rasul et al., 2019). 786 

Attempts to understand trends, physical processes, evaluate extremes, and assess the accuracy of 787 
climate, hydrological, and water resource system models (Jain et al., 2010; Momblanch et al., 788 
2019b) are also hindered by sparse and short observations. Additionally, exchanging data 789 
between the four UIB member countries is complicated (Salzmann et al., 2014; Qamar et al., 790 
2019). Efforts to overcome the paucity of direct observations in the UIB include using gridded 791 
observational datasets (from sources such as gauge and satellite measurements) and reanalysis, 792 
which have various levels of accuracy and also can give contradictory results (Palazzi et al., 793 
2013; Li et al., 2018; Dahri et al., 2021b). The questions below reflect attempts to improve data 794 
collection and monitoring across the UIB. 795 

94. What is the quality of the physical, ecological, socio-demographic, and anthropogenic data 796 
available for the UIB, and can they be integrated to define the baseline present-day conditions for 797 
the region against which future changes can be measured against? 798 

95. How accurate are available gridded datasets in the UIB, and how suitable are they for 799 
understanding hydrology, glaciology, climate, and meteorology at a range of spatial and 800 
temporal scales?  801 

96. How can we transfer quantitative understanding from datasets, tools, and techniques from 802 
relatively well-instrumented/understood HKH catchments, and use this to fill information gaps in 803 
other parts of the UIB?  804 

97. How can new sources of observational data, such as low-cost sensor networks or new 805 
measurement devices, be best harnessed to inform understanding and modelling of the UIB at 806 
different spatial (especially at high altitudes) and temporal scales?  807 

98. How can crowdsourcing, via grassroot citizen science or Internet of Things, be leveraged to 808 
find novel ways to gather climatic, hydrological, ecological, and geophysical data in the UIB?  809 

99. How can we ensure that climate data collected and produced in the UIB is useful for decision 810 
support, and which climate indicators are most useful for each sector and how are these best 811 
communicated?  812 

100. How/where should new meteorological, cryospheric and hydrological stations be ideally 813 
placed to monitor the spatiotemporal heterogeneity in the UIB, as well as to provide a stronger 814 
basis for the validation of remote sensing data products? 815 

6 Discussion and Conclusions   816 

The horizon scanning exercise used to generate our 100 questions has been previously used 817 
extensively in multi- and cross-disciplinary settings to identify knowledge gaps relevant to 818 
emerging global challenges. We used a modified version of this process to identify knowledge 819 
gaps relevant to climate change and water resources in the UIB, a region characterised by 820 
significant social-ecological dynamism and recognised vulnerability to environmental change. 821 
Our resulting list of 100 questions is organised into 14 themes, selected by us from an initial list 822 
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of 249 questions received after canvassing a wide multi-disciplinary field of relevant experts. 823 
Within this discussion, we reflect on a few salient features of our methodology, the final list of 824 
questions, their implications for on-going research and the research funding and policy 825 
environment.  826 

First, given the strong linkages between climate, water resources, and human activities in the 827 
UIB, many of the questions identified in this study are cross-disciplinary. For example, although 828 
questions 32 and 33 are related to socioeconomic processes and livelihoods, they both require a 829 
robust understanding of hydroclimatic change. While question 76, which is focused on the 830 
tipping points for hydrological changes in the UIB, will require a robust understanding of how 831 
this affected by climate change as well as changing water management regimes and changes in 832 
demands from different sectors. This has implications for the ways in which questions are 833 
addressed, implying the need for multi-disciplinary consortia supported by novel partnerships 834 
between (traditionally discipline-centric) funding bodies.  835 

Second, it is important to note that the spread of questions we present here cannot be considered 836 
fully comprehensive (covering all the most pressing knowledge gaps that could be considered 837 
important by all scholars in the field). As with other scans (Bharucha et al., 2020), ours is 838 
contingent on the process, the particular group of scholars involved, the networks they 839 
canvassed, and the deliberations we undertook to edit and select the final list of questions.  840 

Third, it is also important to note that not all questions posed or included in the final list may 841 
necessarily be considered completely ‘novel’, in the sense of opening up new fields of enquiry. 842 
While ‘novelty’ was indeed a key criterion which we asked participants to consider when posing 843 
questions, our final list of questions was oriented towards selecting those considered to be most 844 
important - rather than focussing solely on novelty. For example, efforts to narrow uncertainties 845 
in projected changes of precipitation and temperature in the UIB over the twenty-first century 846 
(question 60) have existed since the development of climate models, with frameworks such as 847 
the Coupled Model Intercomparison Project (CMIP) setup in 1995 to foster this (Meehl et al., 848 
1997). This reflects the considered view of our research consortium on the continued relevance 849 
of as yet under-researched problems.  850 

Two features of our methodology that researchers may wish to consider when designing future 851 
scanning exercises are the following. Firstly, like several recent scanning exercises (Bharucha et 852 
al., 2020; Foulds et al., 2020), ours has been run entirely online. The online nature of the exercise 853 
has facilitated inclusivity and wider participation from many countries (at no cost), as well as 854 
introducing some challenges. Online facilitation has also allowed participants to convene several 855 
times, as well benefit from joint working tools, allowing participants to deliberate over shared 856 
documents and jointly edit questions over a longer timeframe than would be possible in a single, 857 
time-limited in-person meeting. On the other hand, ensuring in-depth deliberation on online 858 
platforms has been challenging. Given the multi- and cross-disciplinary nature of our topic, we 859 
would have benefited from the opportunity to facilitate in-person events with sufficient time for 860 
participants to bridge disciplinary divides through extended, in-person conversation. Secondly, 861 
we asked all contributors to provide a ‘justification’ for each question they wished to propose. 862 
These justifications, first used in scanning exercises in Foulds et al. (2020) were an important 863 
stand-in for cross-disciplinary conversation. They allowed our SG to understand the importance 864 
and thinking behind each question which was proposed, particularly those from other disciplines. 865 
Justifications were also important for editing questions, allowing us to reword for clarity while 866 
retaining the original meaning of questions.  867 
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One of the main priorities of this study was to emphasise the importance of identifying 868 
knowledge gaps in both the natural and social sciences, as research efforts to identify the impacts 869 
of climate change on the latter have for a long time often been neglected in favour of the former 870 
(Heberlein, 2008; Pederson, 2016; Billi et al., 2019). The consequences of neglecting social 871 
sciences are that our understanding of the dynamics and impacts of climate change are often 872 
limited. A clear indicator of the importance of the social sciences in this study is that both the 873 
most questions and most participants (29 of the 50 experts) are associated with various social 874 
science disciplines. Moreover, the comprehensive assessment of the HKH region by Wester et al. 875 
(2019) already includes input from a diverse range of experts, practitioners, researchers, and 876 
policymakers – so the importance of multi- and cross-disciplinary research integrating the social 877 
and natural/environmental sciences in this region (and by extension the UIB) has already been 878 
recognised. Moreover, the International Centre for Integrated Mountain Development (ICIMOD) 879 
and platforms like the Upper Indus Basin Network and the Indus Forum also promote bringing 880 
together different disciplines to better understand exisiting and future challenges due to climate 881 
change.  882 

Due to the transboundary nature of the UIB the list of 100 questions is relevant to all four 883 
riparian countries. Therefore, despite being often challenging, harnessing cross-country (and 884 
regional) cooperation would be immensely beneficial to addressing these knowledge gaps 885 
(Molden et al., 2017; Vinca et al., 2021). The aforementioned ICIMOD, the Upper Indus Basin 886 
Network, and the Indus Forum encourage better transboundary and regional collaboration to 887 
address these challenges. This study has promoted this cooperation by bringing together 24 888 
experts from the four riparian countries (and 26 experts located globally), despite China and 889 
Afghanistan (two participants each) being comparatively under-represented compared to 890 
Pakistan (nine) and India (eleven). Moreover, many of the research challenges are common 891 
throughout the HKH, suggesting that promoting better transboundary and regional collaboration 892 
across all HKH countries is necessary (Molden et al., 2017; Wester et al., 2019).  893 

The questions listed in this paper require immediate attention from researchers, which will have 894 
implications for funding bodies and organisations looking to support these activities over the 895 
coming years. For example, Pederson (2016) point out that while stakeholders acknowledge the 896 
need to include social sciences research into cross-disciplinary research to address key societal 897 
challenges such as climate change, efforts to improve the funding of such opportunities are still 898 
required. Additionally, the transboundary nature of the questions suggests that ideally research 899 
funding would also support cross-boundary and international collaboration. Overcoming both 900 
these obstacles is essential to reduce the gaps in knowledge relevant to climate change and water 901 
resources in the UIB. 902 
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Figure 1. (Top) Map showing the geographical limits of the Upper Indus Basin (shaded 1341 
blue) used in the scan, which is shared by Pakistan, Indian, Afghanistan, and China. 1342 
(Bottom) Zoom-in of the Upper Indus Basin region (shaded blue), defined as the region 1343 
from the high-mountains of the Hindu-Kush Karakoram Himalaya (HKH) to the 1344 
confluence or merger of the Upper Indus, the Kabul, the Jhelum, the Chenab, the Ravi, the 1345 
Beas, and the Satluj rivers. 1346 
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 1349 

Figure 2. Sankey diagram illustrating the diversity of the 50 participants involved in this 1350 
study in terms of their location, gender, discipline, and whether they are frontrunners (i.e., 1351 
new entrants) or gatekeepers (i.e., already established). Here SSH refers to ‘social sciences 1352 
and humanities’, and STEM refers to ‘science, technology, engineering, and mathematics’.  1353 
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