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Abstract

Nepal’s hydrological regime, shaped by steep topography, monsoon-dominated rainfall, and
extensive cryospheric systems, offers a useful testbed for understanding how climate change and
human activities are reshaping water resources in mountain regions globally. Despite abundant
water sources, Nepal faces persistent water security challenges driven by extreme seasonality, rising
temperatures, shifting precipitation patterns, and rapid land-use change. In this review, we syn-
thesize current evidence on anthropogenic drivers of hydrological change in Nepal and draw les-
sons relevant to other data-sparse, high-mountain and monsoon-influenced regions. We find

that warming-induced glacial retreat, altered snowmelt timing, and changing monsoon dynam-
ics are intensifying wet-season flood risks while heightening dry-season water scarcity, patterns
increasingly observed across the Himalaya, Andes, and other mountain systems. Human activities,
including urban expansion, agricultural intensification, hydropower, and extraction of sediments
from rivers, further modify river flows, reduce groundwater recharge, and increase vulnerability
to extremes. Yet major uncertainties persist, especially concerning high-elevation hydrology, per-
mafrost dynamics, sediment extraction, and the cumulative impacts of expanding infrastructure.
Nepal’s pronounced topographic and climatic gradients limit broad generalizations, underscor-
ing the need for region-specific hydrological monitoring and modeling. These challenges mirror
global limitations in mountain hydrology, where sparse observations and rapidly changing condi-
tions constrain predictive capacity. By identifying key knowledge gaps and highlighting cascading
impacts on agriculture, hydropower, domestic water supply, and aquatic ecosystems, this review
emphasizes the urgency of strengthening monitoring networks and integrating uncertainty into
water management and climate adaptation strategies. Nepal’s experience offers broader insights for
countries facing similar pressures at the intersection of climate change, development, and fragile

mountain water systems.

1. Introduction

Human activities are reshaping hydrological regimes
globally, undermining water management strategies
grounded in historical patterns and posing sig-
nificant challenges for both societies and ecosys-
tems (OECD 2013). Nepal, located in the High
Mountain Asia region, represents an important case
for examining these dynamics, as its exposure to
climate extremes and socioeconomic constraints

© 2026 The Author(s). Published by IOP Publishing Ltd

heighten its sensitivity to hydrological change (Miyan
2015, Chalise and Naranpanawa 2016, Bhandari
2023). Although the country encompasses 20% of
the Himalayan Mountains (Apollo 2017) and spans
~147 500 km? with a population of ~30 million
(NSO 2021), it increasingly struggles with seasonal
water scarcity and uneven water availability through-
out the year (Chaudhary and Aryal 2009). Despite
abundant freshwater resources, some regions exper-
ience severe flooding during the monsoon season yet
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lack sufficient water for domestic and agricultural
needs during dry months (Merz et al 2003).

Nepal exhibits exceptional climatic diversity
(Clemens et al 2021), ranging from tropical and
subtropical zones to alpine and tundra/nival envir-
onments (Paudel et al 2021b). The national average
annual temperature is ~14.5 °C, with regional means
ranging from ~1.2 °C in the High Himalayas (up to
8848.6 m, Mt Everest; figure 1) to ~25 °C in the Terai
lowlands (as low as 60 m; DHM 2024). Regional cli-
mates are shaped by the interaction of the South Asian
summer monsoon, westerly winds, and steep topo-
graphic gradients. The monsoon, active from June to
September, contributes 70%-80% of the country’s
annual rainfall. Precipitation varies substantially,
from less than 200 mm in northern rain-shadow
zones such as Mustang to more than 5000 mm in the
central and eastern hills (Sharma et al 2020, Maharjan
et al 2023). Orographic processes produce two rain-
fall peaks around 500-700 m and 2000-2200 m, with
precipitation declining sharply at elevations exceed-
ing 3000 m (Maharjan et al 2023).

Nepal’s water resources are highly diverse in type
and distribution (figure 2; Shrestha and Aryal 2011,
Talchabhadel and Chhetri 2023). The country con-
tains about 3800 glaciers, 2070 glacial lakes, more
than 3000 non-glacial lakes and reservoirs, and nearly
6000 perennial and seasonal rivers (Bajracharya et al
2014, 2020, NLCDC 2021). River systems are sus-
tained by three dominant sources of water: (1) snow
and glacial melt that support year-around flow; (2)
monsoon rains and groundwater recharge feeding
rivers in the middle mountains, and (3) monsoon-
fed seasonal rivers originating in the Siwalik range
(figure 1; Shrestha et al 2018). About 60%—-85% of
annual river discharge occurs during the summer
monsoon (Shrestha ef al 2018). Most rivers flow from
north to south and eventually join the Ganges River
system in India.

Over recent decades, Nepal has experienced sub-
stantial changes in water resources, including the sea-
sonal disappearance of springs, accelerated glacial
melting, altered snowfall patterns, overextraction of
water, and increasing fragmentation of natural river
flows (figures 2 and 3). These changes are expec-
ted to intensify as climate change, land-use conver-
sions, and water infrastructure development accel-
erate (Nepal et al 2014a, Shrestha et al 2018, Nie
et al 2021). Such alterations directly affect water-
dependent sectors, particularly the agricultural and
fisheries sectors, which support ~70% of the popu-
lation, more than half of whom are women (Dhakal
et al 2022, NSCA 2022). Reliance on monsoon rain-
fall makes agriculture specifically vulnerable to shifts
in rainfall timing and intensity, and increasing tem-
peratures and extreme events (Karki and Gurung
2012, Choquette-Levy et al 2021, KC et al 2022). For
example, in central Nepal, declining winter rainfall,
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rising temperatures, and erratic monsoon patterns
have reduced productivity of traditional crops such as
wheat and cardamom (Subedi et al 2023, Tiwari et al
2023). Hydrological changes have also magnified the
country’s exposure to natural hazards. Intensifying
monsoon rains increase the frequencies of flash floods
and landslides (Harvey et al 2024). Rapid glacier
retreat has increased the formation of glacial lakes (i.e.
low-lying areas that accumulate meltwater), many of
which are dammed by unstable moraines (figure 3;
Compagno et al 2022).

As glaciers thin and flatten, debris-covered ice
surfaces form supraglacial ponds that may coalesce
into larger lakes (Watson et al 2016). The prolifera-
tion of moraine-dammed and supraglacial lakes elev-
ates the risk of Glacial Lake Outburst Floods (GLOFs),
which involve the sudden release of stored meltwater,
triggered by glacier calving, moraine failure, or seis-
mic activity. Nearly one million people in Nepal have
been considered at risk from GLOFs since the 1990s
(Nieetal 2021, David Raj et al 2023, Taylor et al 2023 ).
A recent example is the August 2024 GLOF in Thame
village in the Everest region, which caused major
infrastructure damage and community displacement
(ICIMOD 2024). As of 2010, 14 GLOF events have
been documented in Nepal with additional events ori-
ginating in Tibet and affecting downstream Nepali
communities (ICIMOD et al 2011, 2023).

Rising risks from anthropogenic drivers under-
score the need for integrated water management
approaches that address the connections among
water, food, energy, and ecosystems (Pokharel et al
2024). While numerous studies have examined spe-
cific drivers, most notably climate-change and its
impacts on high-altitude water systems (Nie et al
2021, Yao et al 2022, David Raj et al 2023, Khadka
et al 2023), a comprehensive understanding of the
combined impacts of multiple anthropogenic drivers
is still lacking (Dainese et al 2024). Understanding
interactions and feedbacks among drivers is particu-
larly important, as these processes can either amplify
or moderate hydrological change (Bloschl et al 2019).

In this review, we examine how anthropogenic
drivers collectively influence the size, distribution,
and connectivity of major water pools in Nepal and
the fluxes that govern exchanges among them. Water
pools are defined as the compartments where water
is stored (e.g. surface water, groundwater), and fluxes
as the processes that move water between pools (e.g.
precipitation, infiltration, runoff, and evapotranspir-
ation; Chapin et al 2012). Our focus is on the impact
of climate change and land-related drivers, including
land cover change and sand mining, on water avail-
ability, seasonal patterns, and connectivity of sur-
face and sub-surface water systems. We also discuss
uncertainties, data limitations, and knowledge gaps
that complicate attribution and prediction. Based on
these insights, we outline implications for policy and
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Figure 1. Nepal’s physiographic regions include the Terai (60-200 m), Siwalik (200-1200 m), Middle Mountains (1000-2500 m),
High Mountains (2200-4000 m), and High Himalayas (4000—-8848.6 m; Gurung et al 2019).
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Figure 2. Anthropogenic threats to water resources in Nepal’s diverse topography, including high mountains with glaciers and
snowpack, hills with forests and agriculture, and lowland agricultural areas. Key water resources include perennial and seasonal
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water management and identify priority areas for
future research. This synthesis of hydrological inter-
actions and knowledge gaps provides vital insights for
other climate-sensitive, data-scarce mountain regions
facing similar anthropogenic pressures.

This review does not address soil moisture, atmo-
spheric water vapor, water quality, water pollution,
sedimentation, or water temperature, although these
topics are critically important for Nepal’s water man-
agement (Balkhi et al 2023). Our literature search

relied primarily on Scopus and Google Scholar. We
prioritized recent publications to highlight the latest
advancements, incorporating older works only when
recent studies were unavailable or lacked coverage
of specific topics. To ensure a balanced perspective,
we aimed to represent studies that employed diverse
approaches, including empirical field studies, mod-
eling, and analyses based on global datasets. Due to
limited studies at the national-scale, we incorpor-
ated findings from global, regional, national, and
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Figure 3. Examples of glacier retreat and glacier-lake expansion in Nepal as indicators of climate-driven surface-water change.

(a) Major river basins of Nepal and glacier distribution, along with the locations of the two glaciers highlighted in this figure. (b)
Tsho Rolpa glacial lake, located in the Koshi Basin of eastern Nepal at ~4550 m. A comparison of 2016 and 2025 satellite imagery
shows that the lake has expanded up-valley. This expansion is likely linked to glacier retreat or thinning, consistent with docu-
mented long-term lake growth in this basin (Kayastha and Maskey 2024). (c) Glacial lakes in the Karnali Basin of western Nepal.
Two adjacent lakes at ~4430 m (right) and ~4640 m (left) have expanded and merged between 2018 and 2025. The areas of not-
able change are outlined in yellow. All satellite images use 10 m Sentinel-2 Level-1C and Level-2A obtained via Google Earth
Engine. Images are displayed using false-color band combinations with enhanced visualization parameters. Contains modified

Copernicus Sentinel data 2016, 2018, 2025.

watershed-level studies. Although we primarily relied
on peer-reviewed articles, we occasionally considered
reports published in English. We acknowledge that
relevant and insightful documents written in Nepali
were not consulted.

In this review, we categorize anthropogenic
drivers into two groups: climate-change drivers
and land -related drivers (e.g. land-cover change,
sand mining). For each set of drivers, we first
discuss the impacts of drivers on water pools
and fluxes considering past observations as well
as future projections. We next address uncer-
tainties and important feedback mechanisms
that could potentially alter Nepal’s hydrological
regime.

2. Anthropogenic drivers and the water
cycle

2.1. Climate change

Air temperatures across Nepal exhibited a consistent
warming pattern during the past few decades, and
this trend is expected to continue. Since the mid-
1970s, the annual mean temperature has increased
by ~0.03 °C yr~! (Shrestha et al 2019b , Thakuri
et al 2019). Rates of change vary significantly across
geography, elevations and seasons, with the greatest
increase observed in winter in the High Himalayas,
where maximum winter temperatures increased by
up to 0.1 °C yr=! (from 1970 to 2014; DHM
2017). The smallest annual increase was observed
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in the Terai, where the increased maximum tem-
perature was estimated to be 0.021 °C yr~! (from
1970 to 2014; DHM 2017). Researchers consist-
ently report that maximum temperatures have risen
faster (~0.04 °Cyr~!) than minimum temperatures
(~0.02 °C yr~!) throughout Nepal (Karki et al 2020,
Poudel et al 2020).

In the Koshi River basin between 1962 and
2022, significant warming was primarily observed
at higher elevations, with maximum temperatures
increasing during the pre-monsoon in the High
Himalayas (0.02 °C yr~!) and during the post-
monsoon (0.02 °C yr~!) and winter (0.03 °C yr™!)
in the High Mountains. The daily maximum temper-
ature increase in the Koshi basin was 0.058 °C yr—!
for the last four decades (Nepal 2016). Significant
increases in average temperatures occur across mul-
tiple seasons, and recent warming is most pro-
nounced in the upper Koshi River basin; however, the
Siwalik and Terai regions exhibited significant cool-
ing, particularly during the monsoon and winter sea-
sons (Puri et al 2024). In high elevation areas of the
Gandaki River basin in central Nepal, the greatest
increases in maximum temperatures between 1960
and 2020 were observed in winter (0.06 °Cyr—!) and
monsoon (0.05 °C yr~!), while trends in other sea-
sons were less consistent or lacked statistical signific-
ance (Chand etal 2021, Adhikari and Mathema 2023).

Climate models project sustained warming across
Nepal, with pronounced regional and elevation-
dependent differences in both rate and intens-
ity (Bastola et al 2024, Marta et al 2023). By
2100, average temperatures are expected to rise
by approximately 1.3 °C, 2 °C-4 °C, and 4 °C-
7 °C under low, moderate, and high greenhouse
gas emission scenarios, respectively. These scenarios
follow the Shared Socioeconomic Pathways (SSPs)
framework—global narratives combined with cli-
mate forcing assumptions—and their approximate
equivalents in the older Representative Concentration
Pathways (RCPs): SSP1-2.6 ~ RCP2.6; SSP2—4.5; and
SSP5-8.5. Projected warming becomes increasingly
uncertain under high-emission pathways (Almazroui
et al 2020, GoN 2021, DHM 2024).

2.1.1. Precipitation patterns and projections

In recent decades, Nepal’s precipitation regime has
shifted toward longer dry spells and, in many
areas, longer wet spells, though the magnitude of
these changes varies regionally. Consecutive dry days
increased by about 10%-15% between the 1970s and
2015 (Maharjan et al 2023, Luo et al 2024), while con-
secutive wet days rose by roughly 22% nationwide
over the same period (Luo et al 2024). Regionally,
western Nepal has become wetter in recent years, with
a greater frequency of extreme rainfall events since
2003. In contrast, eastern Nepal has trended drier,
especially during the post-monsoon season (Luo et al
2024). Seasonally, post-monsoon rainfall has declined
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across much of the country, pre-monsoon totals have
increased in the Terai, rainfall has decreased in the
High Himalayas, and monsoon rainfall has increased
in the west and central hills but decreased in the east
(DHM 2017, Karki et al 2017). These patterns suggest
uneven regional changes and more frequent extremes
in the west. Precipitation patterns reflect complex
interactions between large-scale climate drivers, like
the Indian Ocean Basin Mode, Fl Nino-Southern
Oscillation (ENSO), and western disturbances, and
Nepal’s steep terrain, which creates strong windward—
leeward contrasts. These interactions make generaliz-
ations about changes in precipitation challenging.

The mixed evidence for changes in precipitation
extremes across Nepal results from the use of dif-
ferent precipitation data, spatial coverage, and ana-
lysis periods. For example, Luo et al (2024) iden-
tified a drying tendency, with maximum 1 d rain-
fall (RX1day) decreasing by 7%, rainfall on extremely
wet days (R99pTOT) down by 20%, and fewer mod-
erate to heavy rainfall days (R10, R20). Karki et al
(2017) reported similar declines in moderate precip-
itation from 1970 to 2012. By contrast, Maharjan et al
(2023) found intensification when comparing condi-
tions in 1976—1995 with those in 1996-2015: RX1day;,
RX5day, and R20 increased by 5%-7%, and days with
>50 mm (R50) rose by nearly 8% in the later period.

Gridded and reanalysis products (e.g.
APHRODITE, ERA5-Land) often diverge with gauge
records maintained by the Department of Hydrology
and Meteorology (DHM) due to interpolation errors
or assimilation challenges over steep terrain (DHM
2017, Karki et al 2017, Sigdel et al 2022, Luo et al
2024). Findings from studies that rely on grid-
ded or reanalysis products are sensitive to the tim-
ing of the study period, treatment of missing data
and station heterogeneity, and the specific rain-
fall metrics analyzed (totals, wet-day frequency,
intensity, or extremes; Karki et al 2017, Shrestha
2019b, Maharjan et al 2023). Trend inference also
varies across methods: Mann—-Kendall (including
seasonal/autocorrelation-corrected variants), Sen’s
slope, and change-point tests can yield contrasting
results if strong seasonality or multiple testing issues
are not explicitly addressed (Gautam and Acharya
2012, Nepal 2016, Karki et al 2017, Thapa et al
2020, Maharjan et al 2023). Interpretation is further
complicated by known measurement issues, such as
snow undercatch and wind-induced error in precip-
itation gauges, and by evolving reanalysis products
whose assimilation methods and data inputs change
over time (Karki et al 2017, Veldhuijsen et al 2022,
Luo et al 2024).

Future research should prioritize developing a
harmonized workflow for precipitation-trend assess-
ment in Nepal. This workflow should include stand-
ardized protocols for data quality control and sta-
tion record homogenization, apply transparent gap-
filling methods with quantified uncertainty, use trend
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Table 1. Examples of projected precipitation changes for Nepal’s three major river basins under SSP2-4.5 (approximately equivalent to
RCP4.5) and SSP5-8.5 climate change scenarios. These results are drawn from comparable studies selected for consistency in reported
outcomes. Time horizons represent the Near-Future (NF, /& 2020-2050), Mid-Future (MF, /& 2050-2070), and Far-Future (FF, &

2070-2100) relative to baseline periods between 1957 and 2015. The number of stations contributing to each row ranges from 1 to 30.

NF MF FF
Basin SSP2-4.5 SSP5-8.5 SSP2-4.5 SSP5-8.5 SSP2-4.5 SSP5-8.5 References
Koshi
Low elevation 9 14.5 17 29 20 48.5 Pradhan and Shrestha (2022)
Mid elevation 10 13 15 25 19 48
High elevation 7.5 10 17 31 22.5 71
Gandaki 4 5 12 20 16 40 Sigdel et al (2022)
Karnali
Low elevation 5 9 7 9 6 6 Pandey et al (2020)
Mid elevation 5 8 9 11 11 13
High elevation 4 7 10 10 13 17

Model configurations: Pradhan and Shrestha (2022) used Coupled Model Intercomparison Project Phase 6 (CMIP6) models,
specifically BCC-CSM2-MR, CanESM5, CNRM-CM6, and IPSL-CM6A-LR. Sigdel et al (2022) used 13 bias-corrected CMIP6 models:
ACCESS-CM2, ACCESS-ESM1-5, BCC-CSM2-MR, CanESM5, EC-Earth3, EC-Earth3-Veg, INM-CM4-8, INM-CM5-0,
MPI-ESM1-2-HR, MPI-ESM1-2-LR, MRI-ESM2-0, NorESM2-LM, and NorESM2-MM. Pandey et al (2020) used RCMs for

precipitation from ICHEC-RCA4 and CNRM-CCAM.

tests that explicitly account for strong seasonality and
serial dependence with appropriate field-significance
adjustments, and incorporate formal sensitivity ana-
lyses across alternative baselines and analysis win-
dows to ensure estimates are robust and comparable
across studies (DHM 2017, Karki et al 2017, Maharjan
et al 2023, Luo et al 2024).

Between 2030 and 2050, most regions of the coun-
try are projected to experience an increase in annual
precipitation of less than 20% under either moder-
ate or high emissions scenarios (DHM 2024, GoN
2021; table 1). This increase is largely due to monsoon
precipitation, which is projected to rise by about 3%
under SSP2-4.5 and nearly 8% under SSP5-8.5 at the
national scale, with some western basins experiencing
much larger increases (GoN 2021). In contrast, winter
precipitation is projected to decrease under moder-
ate scenarios (e.g. —5.8% under RCP4.5) but increase
under high emissions (e.g. 7.2% under SSP5-8.5),
with strong regional contrasts (DHM 2024). By the
end of the 21st century, mean precipitation in Nepal
is projected to increase by ~3%—4% under SSP1-2.6,
~11%-13% under SSP2-4.5, and ~19%-23% under
SSP5-8.5, with greater uncertainty under higher emis-
sions scenarios (Almazroui et al 2020, GoN 2021).
However, these national averages mask large regional
and seasonal variations. While most seasons are pro-
jected to see increases, pre-monsoon precipitation is
expected to decline by ~8% under SSP2-4.5 and 3%
under SSP5-8.5 (GoN 2021). In drier regions, such
as northern areas, annual precipitation could increase
by up to 110% under SSP5-8.5, yet winter precipita-

tion is still projected to decline by 11%-16% (DHM
2024).

Projections across Nepal’s major river basins con-
sistently point to a seasonal imbalance, with monsoon
and transitional seasons expected to become wet-
ter, while winter shows the least and most uncertain
change, raising concerns for dry-season water avail-
ability. At the same time, the range of projected values
across studies is large, and results often diverge. For
example, some studies project sharp pre-monsoon
increases of up to 30% in the southwest (Bhattarai
et al 2023), while others report declines in parts of the
Koshi River basin (Agarwal et al 2014), highlighting
the strong dependence of these outcomes on season,
region, and modeling approach.

Projecting future precipitation in Nepal remains
one of the most challenging aspects of climate mod-
eling. Unlike temperature, which is relatively uni-
form and strongly constrained by global energy
balance, precipitation is governed by small-scale
processes such as cloud microphysics, convection,
and orographic uplift. These processes occur at
scales finer than those resolved by global climate
models (GCMs), leading to biases and large inter-
model variability (Prein et al 2015, DHM 2024).
Although downscaling through regional climate
models (RCMs) or statistical methods improves spa-
tial representation (Prein et al 2015), uncertain-
ties persist, particularly in mountainous regions
like Nepal where precipitation is heterogeneous
(Maharjan et al 2023). Sparse observational net-
works in high-altitude areas further compound
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uncertainty, as limited data availability hampers
both model calibration and the evaluation of satel-
lite or reanalysis products (Fugger et al 2024,
Miao et al 2024).

Uncertainty also stems from structural differences
among models and the scenarios under which they
are evaluated. CMIP-class models often disagree not
only on the magnitude but even on the direction of
precipitation change for a given location or season.
This inconsistency reflects both model-specific for-
mulations of atmospheric dynamics and the strong
influence of natural climate variability, such as ENSO
and the Indian Ocean Dipole, which can obscure
long-term trends (Sharma et al 2020, Dawadi et al
2023). Finally, scenario uncertainty, including differ-
ences in future greenhouse gas emissions and land-
use trajectories, increases toward the end of the cen-
tury (Rounce et al 2023, Zekollari et al 2024).

Future studies should work to improve pre-
cipitation models by integrating station records
with satellite and reanalysis products. For example,
blending DHM rain gauge networks with Climate
Hazards Group InfraRed Precipitation with Station,
APHRODITE (Asian Precipitation Highly Resolved
Observational Data Integration Towards Evaluation
of Water Resources), or Tropical Rainfall Measuring
Mission precipitation estimates to address gaps in
high mountain regions (Maharjan et al 2023, Luo et al
2024). Bias correction and high-resolution downscal-
ing methods need to be refined to better capture
local variability and extremes. Using multi-model
ensembles can help reduce uncertainty, and future
research should emphasize approaches that make
these ensembles more consistent and less biased for
Nepal’s complex terrain (DHM 2017, Karki et al 2017,
Mabharjan et al 2023, Luo et al 2024).

2.1.2. Changes in snowfall and snowmelt

Although snowfall in the high-elevation regions of
Nepal constitutes ~10% of the total precipitation in
the country (WEPA 2021), it sustains water avail-
ability during the dry season through snowmelt
(Bookhagen and Burbank 2010, Kraaijenbrink et al
2021, Thapa et al 2021a) and inhibits glacier retreat
by providing a protective layer from solar radiation
(Malmros et al 2018, Nepal et al 2025). Since the
1980s, rising temperatures have reduced snow days
and shifted precipitation from snow to rain, contrib-
uting to a sustained decline in snow cover extent,
especially in lower elevations (Viste and Sorteberg
2015, Kattel and Yao 2024, Kuttippurath et al 2024,
Nepal et al 2025). Between 2001 and 2021, Nepal
lost 31% of its perennial snow and ice, the highest
rate in the Hindu Kush Himalaya (Khan ef al 2024,
Bernat et al 2025). Basin-scale contrasts show sig-
nificant snow cover loss in the high-elevation Koshi
River basin (>4500 m, 2002-2014), but little change
in the Gandaki and Karnali River basins, reflecting
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differences in monsoon and westerly influence and
elevation-driven snow-rain shifts (Thapa et al 2020,
2021b, Nepal et al 2025).

On average, between May and October, snow-
melt accounts for approximately 12.5% of river dis-
charge in Nepal (Bookhagen and Burbank 2010).
On a basin level, estimates indicate that snowmelt
contribution to river discharge ranges between 9%
and 20.5% (Bookhagen and Burbank 2010, Thapa
et al 2021b) and varies with season and elevation. In
high-elevation sub-basins, snowmelt generally con-
tributes a greater amount to river discharge than in
low-elevation sub-basins. For example, in the Dudh
Koshi basin (Mt. Everest region), snowmelt accounts
for more than 40% of annual water inputs into
the Pheriche sub-catchment (Mimeau et al 2019).
Further at the Rabuwabazar gauging station in the
Dudh Koshi basin, hydrological modeling shows that
snowmelt contributes about 17% of annual flow from
non-glaciated areas, plus an additional 10% from
snowfall on glacier surfaces, giving a total contri-
bution of 29% (Nepal et al 2014b, Nepal 2016).
Similarly, in the nearby Langtang catchment in cent-
ral Nepal, snowmelt contributes ~35% of annual
runoff (Buri ef al 2023, Fugger et al 2024).

The snowmelt period in Nepal and the eastern
Himalayas is longer than in the central and west-
ern regions, a timing shift that heightens flood risk
by increasing the likelihood of overlap with early
monsoon rains (Panday et al 2011). This earlier
onset of snowmelt in the eastern Himalayas is driven
by rising temperatures in sub-basins such as the
Langtang and Melamchi-Indrawati within the Koshi
River basin (Stigter et al 2017, Baniya et al 2024). This
earlier snowmelt occurs during the pre-monsoon and
early monsoon seasons, compounding flood risk in
meltwater-fed rivers. The co-occurrence of snowmelt
and monsoon rains reduces the system’s capacity to
absorb runoff and increases flood risk. Unlike the
historically gradual release of meltwater over sev-
eral weeks or months, current conditions often pro-
duce faster, more concentrated flows (Panday et al
2011, Musselman et al 2018, Thapa et al 2020,
Nepal et al 2025).

Climate change is expected to significantly alter
snowmelt dynamics and river discharge in Nepal.
Projections under RCP4.5 and RCP8.5 suggest that
while overall discharge may increase due to higher
rates of snowmelt and monsoon precipitation, the
increase will occur primarily in the pre-monsoon and
monsoon seasons, leaving winters and post-monsoon
seasons drier (Dahal et al 2020). This pattern is con-
cerning for downstream water availability, because
snowmelt typically sustains river flow when rainfall
tapers off. For example, in the Langtang basin the
peak discharge is projected to shift from August to
July by 2050 (Pradhananga et al 2014). The com-
bined effects of reduced snowpack and earlier melting
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diminish the steady contribution of meltwater dur-
ing the post-monsoon season, reducing water avail-
ability for agriculture and hydropower and disrupting
ecosystem stability (Immerzeel et al 2010, Wood et al
2020, Bajracharya et al 2024).

Apart from changes in the volume and timing of
snowmelt, the dynamics of refreezing of meltwater
are changing in response to climate change. In the
Langtang catchment, ~21% of snowmelt refreezes,
temporarily delaying its contribution to river flows
(Veldhuijsen et al 2022). However, with projected
temperature increases of 2 °C by 2050, refreezing
is expected to decrease by 35%, leading to more
immediate runoff and reducing the amount of melt-
water that contributes to river flow later in the
year (Veldhuijsen et al 2022). Higher temperatures
can simultaneously reduce snowfall and snowpack
while accelerating snowmelt, yet current estimates
and future projections of snow dynamics within
Nepal’s hydrological regime remain highly uncertain
(Ackroyd et al 2021).

Nepal’s estimate of snow depth and cover remain
severely limited by both satellite constraints and
the absence of long-term ground validation (Smith
and Bookhagen 2018, Chandel and Ghosh 2021,
Nie et al 2021). Current assessments rely primarily
on satellite remote sensing, yet uncertainties remain
high due to the scarcity of in situ observations
(Mudbhari et al 2022, Bajracharya et al 2023, Luo
et al 2024); only twelve snow stations exist nation-
wide (DHM n.d), leaving most high-altitude regions
entirely unmonitored. MODIS and Landsat products
are commonly used to address these gaps (Thapa
et al 2020, Khan et al 2024), but they face per-
sistent challenges, including coarse spatial resolu-
tion (e.g. MODIS 500 m; Friedl et al 2002, Khan
et al 2024), frequent cloud contamination (Thapa
et al 2021b, Veldhuijsen et al 2022), misclassifica-
tion in debris-covered terrain and mountain shad-
ows, and spectral confusion with bright surfaces such
as glacial lakes (Khan et al 2024). Even with cloud-
gap interpolation or higher-resolution Landsat map-
ping, these issues persist, and reported accuracies
for snow cover detection across the Hindu Kush
Himalaya vary widely from 46% to 90% depend-
ing on season and landscape (Thapa et al 2021b,
Khan et al 2024).

2.1.3. Glacial retreat and GLOFs

Like glaciers in other mountainous regions through-
out the world, rising temperatures have led to gla-
cial retreat in Nepal. Between 1980 and 2010, Nepal’s
glaciers exhibited a varied pattern of shrinkage, with
annual reductions in glaciated areas ranging from 1
to 5 km? (Khadka et al 2023). From 2000 to 2019, gla-
ciers across high mountain areas of Asia experienced
an average specific-mass change of —0.22 + 0.05
meters water equivalent (w.e.) per year, meaning the
annual loss was equivalent to removing a uniform
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~0.22 m layer of water from the entire glaciated area
(Hugonnet et al 2021). Glacial retreat is projected
to continue throughout the 21st century, and gla-
ciers in the high mountains of Asia, including Nepal,
could lose between 49% (SSP1-1.9) and 89% (SSP5-
8.5) of their area by 2100 relative to 2020 extents
(Bosson et al 2023). Losses are expected under all
SSP scenarios until about 2040, after which the rate
depends on future (and uncertain) greenhouse gas
emissions. Mass- and volume-based projections of
loss show similar changes, with all Himalayan sub-
regions projected to lose at least 35% of present-
day glacier volume by 2100 because they are out
of equilibrium with the current climate (Miles et al
2021). Under future warming scenarios, losses for
South Asia East (including Nepal), may be as high
as 60%—-100% of glacier mass with peak mass-loss
between 2025 and 2030, after which the net rate of
glacier mass loss is projected to decline (Rounce et al
2023).

Similar to snowmelt, glacial meltwater plays a cru-
cial role as a buffer during the dry seasons (Pritchard
2019). In the lowlands (Terai) of Nepal, the contribu-
tion of glacial meltwater to river discharge is estim-
ated to range between 10% and 30% (Biemans et al
2019). As glaciers retreat, the resulting changes in
the volume and flow rate of meltwater can signific-
antly alter the region’s hydrology, potentially caus-
ing shifts in water availability, river flow dynamics,
and flood risk. The Ganges River basin, for example,
exhibited an increase in annual excess discharge of
between 2000 and 2016, with excess discharge defined
as water originating from the net loss of glacier mass
and reaching 84 m? s~! (Brun et al 2017). However,
as glaciers lose more mass, excess discharge is likely
to decrease in the region (Huss and Hock 2018,
Hock et al 2019). Himalayan glacial lake volumes are
expected to peak between 2040 and 2050 (Compagno
et al 2022). Afterward, lake volumes are projected to
decline as the supply of meltwater diminishes (Huss
and Hock 2018, Hock et al 2019, Rounce et al 2023,
Zekollari et al 2024).

The effects of climate change on the season-
ality and spatial patterns of glacial meltwater in
Nepal remain poorly described due to limited high-
elevation observations and complex cryospheric—
hydrological interactions. In the Upper Dudh Koshi
River basin, snow- and glacier-melt contributions to
annual streamflow are estimated to range from 4% to
60%, depending on model configuration and defin-
itions used (Mimeau et al 2019). In the Langtang
catchment, projections suggest increased water avail-
ability during the next several decades with lim-
ited seasonal shifts, although large-scale glacier mod-
els often fail to capture key high-altitude processes
(Ragettli et al 2016). These wide ranges underscore
the substantial uncertainty that remains in both cur-
rent estimates and future projections of meltwater
contributions to streamflow.
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Extensive glacial retreat and mass loss in Nepal
are reshaping the hydrological landscape, leading to
the formation of new glacial lakes (figure 3), even at
lower elevations (~2450 m above sea level; Kandel
et al 2023) and increasing risks of GLOFs. Between
2000 and 2015, a study of 153 glacial lakes in Nepal
found a 15.6% increase in their area, with growth
occurring primarily at elevations of 4000-6000 m
(Shugar et al 2020). This expansion rate is the highest
rate observed in the Himalayas (Nie et al 2017). A
distinctive feature of Nepal is its high proportion of
moraine-dammed lakes, formed as glaciers retreat
and leave behind unstable debris dams (Zheng et al
2021). These lakes develop when retreating glaciers
deposit moraines that act as natural dams. About 32%
of Nepal’s moraine-dammed glacial lakes are at high
or very high risk of causing GLOFs, and new high-risk
areas likely to emerge by the end of the century, par-
ticularly under high greenhouse gas emission scen-
arios (Zheng et al 2021).

Uncertainty in glacier measurement and model-
ing in Nepal remains high due to data scarcity, com-
plex terrain, and modeling limitations. Monitoring
of high-altitude glaciers is sparse, and harsh condi-
tions combined with poor station maintenance fur-
ther compromise data quality (Nepal et al 2014b,
Mimeau et al 2019). Precipitation, a key driver of
glacial mass balance, remains poorly observed at the
elevations where most glaciers occur (Bookhagen and
Burbank 2010, Shrestha and Aryal 2011, Dawadi et al
2023). Glacier-specific uncertainties include diffi-
culties in accurately representing debris-covered gla-
ciers, supraglacial ponds, and ice cliffs (Watson et al
2016, Mimeau et al 2019) as well as limited knowledge
of ice thickness and conditions at the ice-bedrock or
ice-debris interface (Hugonnet et al 2021). Additional
uncertainty arises from simplified representations of
internal glacier hydrology, such as englacial water
storage, and omission of avalanche contributions to
glacier accumulation (Mimeau et al 2019). Errors
also occur when converting volume-based metrics to
mass-based changes, and projections of future melt
remain uncertain as glacier areas shrink and the tim-
ing and volume of meltwater runoff continue to shift
(Rounce et al 2023, Zekollari et al 2024).

2.1.4. Permafrost thawing

Alpine permafrost, which is more sensitive to cli-
mate change than Arctic permafrost, exhibits signi-
ficant thawing and degradation with rising temperat-
ures (Cheng et al 2022). Specific studies about Nepal’s
alpine permafrost, which is estimated to cover an
area of 6,400-16,100 km? (Gruber et al 2017), are
scarce, but insights from other regions suggest that
accelerated thawing could significantly alter Nepal’s
hydrological regime. Permafrost degradation con-
tributes water to river systems, destabilizes glacial and
moraine dams, and increases the frequency of GLOFs

S S Sayedi et al

(Veh et al 2022). Processes associated with perma-
frost degradation such as ground-ice melt, soil sub-
sidence, and reduced subsurface storage, could alter
both the timing and magnitude of river flows, but the
net impact on dry-season water availability and flood
risks remains uncertain.

Global alpine research suggests that acceleration
of thawing permafrost can modify groundwater flow
(Hayashi 2020, Kuang et al 2024), peak discharge,
and low-flow conditions in rivers (Qin et al 2022).
It also alters subsurface drainage and the ground-
water storage (Walvoord and Kurylyk 2016), though
such changes have not yet been documented in Nepal
(Gruber et al 2017). Insights from the Qinghai—Tibet
Plateau suggest that permafrost degradation in the
Himalayas is likely to reduce shallow subsurface water
storage (Gao et al 2020, 2025), because a deepen-
ing active layer and steep slopes accelerate vertical
and downslope drainage, weakening the frozen layer’s
role in retaining near-surface moisture. At the same
time, thawing often enhances deeper infiltration and
subsurface connectivity, opening new flow pathways
and allowing water to move more freely into deeper
or downslope soil horizons (Walvoord and Kurylyk
2016, Lafreniére and Lamoureux 2019). These con-
trasting responses can cause short- to mid-term
increases in groundwater contributions to streams,
followed by potential long-term declines as shal-
low storage diminishes (Walvoord and Kurylyk 2016,
Kuang et al 2024). Because intact permafrost pro-
motes rapid surface runoff, its degradation would
generally reduce, rather than amplify, surface run-
off relative to current frozen conditions (Baral et al
2023a). No studies, to our knowledge, have examined
these specific permafrost-related effects within Nepal
or the broader Hindu Kush Himalaya, creating a
major source of uncertainty in hydrological projec-
tions (Vishwakarma et al 2022). Addressing this gap
should be a priority for future research.

2.1.5. Alterations to rivers

Changes in seasonal precipitation and meltwater
dynamics affect flow and water availability in Nepal’s
rivers, a pattern that will continue with climate
change. Analysis of streamflow from 23 hydrolo-
gical stations across Nepal for 1965-1995 (Gautam
and Acharya 2012) shows that about two-thirds of
stations exhibited no significant changes in annual
or seasonal flow. Where trends occurred, annual
river flows declined more often than increased,
monsoon-season flows showed mixed directions but
no consistent pattern, and pre-monsoon and winter
flows increased consistently, likely reflecting con-
tributions from snow and glacier melt during dry
periods. Large basins (>5000 km?) generally exhib-
ited no trends. The Koshi River basin recorded the
highest proportion of significant changes in river
discharge (streamflow), with upward trends (24%
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Middle Mountains (1000-2500 m), and High Mountains (2200-4000 m). Data for the High Himalaya (>4000 m) are not shown
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of stations) outnumbering declines (12% of sta-
tions; Gautam and Acharya 2012). A subsequent
analysis that broadened the time period of study
(1962-2015) and included six stations in the low-
lands identified basin-specific change points between
1984 and 2003 (Aryal et al 2023). In the period after
the change point, mean annual discharge decreased
by ~6% in major rivers (Karnali, Narayani, and
Koshi rivers) and ~8% in medium rivers (West
Rapti, Bagmati, and Kankai rivers). Notably, sharp
declines in mean annual discharge occurred in the
Bagmati River (—1.9 m® s™! per year) and increases
occurred in the Kankai River (2.07 m?® s~! per
year; Aryal et al 2023). In the Babai River, median
monthly flows declined in 6 of 12 months after
2002, spanning both wet and dry seasons (Aryal
et al 2024), signaling a reduced flow regime with
moderate variability that heightens the risk of sea-
sonal water stress, and potentially affects agricultural
production, hydropower generation, and ecosystem
resilience.

Assessing changes in streamflow in Nepal over
recent decades is limited by short and spatially
uneven gauge records, with most monitoring stations
concentrated in the Siwalik (figure 4) and limited
representation of high-altitude (>3000 m) hydro-
logy (Gautam and Acharya 2012, Luo et al 2024).
Many records contain multi-year gaps or inconsist-
encies, and flood discharges are often estimated by
extrapolating from measurements taken during low
flows, a process that introduces substantial uncer-
tainty (Chandel and Ghosh 2021). Region-wide gen-
eralizations in streamflow trends are often unreli-
able because observed trends in annual and sea-
sonal flows are spatially heterogeneous, with some
rivers showing decreases, others showing increases,
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and many exhibiting no change in discharge (Gautam
and Acharya 2012, Aryal et al 2023). Moreover, most
studies analyze total streamflow without resolving
its components (runoff, baseflow, snowmelt, glacier
melt), each of which may change independently and
sometimes in opposing directions, further obscuring
long-term understanding (Chandel and Ghosh 2021,
Lamichhane et al 2024a).

Future projections across Nepal indicate broad
agreement among studies: average annual river dis-
charge will likely increase under climate change
(figure 5). While the magnitude of that increase var-
ies by climate scenarios and future timeline, nearly
all studies indicate wetter futures on an annual basis,
largely driven by the intensification of the summer
monsoon (Babel et al 2014, Bajracharya et al 2018,
2023, Dahal et al 2020, Lamichhane et al 2024a,
Chaulagain et al 2025). Yet, when examined at sea-
sonal and monthly scales, the signal is more com-
plex. Projections consistently indicate stronger mon-
soon flows (e.g. +60% to +124% in the Karnali under
SSP5-8.5; Lamichhane et al 2024a), while winter
and pre-monsoon flows decline across many basins,
and post-monsoon flows remain variable. However,
annual average increases are largely an artifact of a
few extreme monsoon months, with flows in most
other months projected to decline. In effect, such
intra-annual patterns suggest greater flows overall,
but lower availability during some months, because
surplus monsoon water manifests as floods while
dry-season shortages persist. While Nepal’s rivers are
likely to become wetter overall, the timing, distribu-
tion, and form of runoff will shift in ways that increase
variability in water availability, creating a hydrolo-
gical future of wetter annual means but more pro-
nounced seasonal deficits and surpluses.
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Figure 5. (a) Long-term average monthly discharge for three rivers (2000-2010), based on data from the Government of Nepal,
Department of Hydrology and Meteorology. (b) Projected percentage change in seasonal discharge under climate change, com-
piled from multiple studies (Babel et al 2014, Dahal et al 2020, Pandey et al 2020, Kaini et al 2021, Bajracharya et al 2023, Sharma
et al 2024, Maharjan et al 2025, Pradhananga et al 2025). Values represent averages across reported hydrologic stations, cli-

mate scenarios, and three future projection periods. Bars illustrate the direction and magnitude of projected changes relative

to baselines. Although climate scenarios (e.g. RCP4.5, SSP2-4.5) and baseline periods (~1980-2015) differ among studies, results
are combined to show overall patterns relative to each study’s baseline. Positive values indicate increases; negative values indic-
ate decreases in seasonal discharge. (c) Projected seasonal discharge changes (%) for individual stations, averaged within each
season. Interpretation notes and axis labels follow panel (b) with the exception of the Bagmati River, where seasonal labels are
restricted to Premonsoon, Monsoon, and Postmonsoon. Esri. ‘World Hillshade’ [basemap]. Scale Not Given. ‘ArcGIS Living Atlas
of the World’. October 23, 2025. https://services.arcgisonline.com/arcgis/rest/services/Elevation/World_Hillshade/MapServer

(November 20, 2025).

Many rivers in Nepal are expected to experience
increased annual flows, but this trend is not con-
sistent across the entire river network. For example,
mean annual discharge in the Tila River (western
Nepal, elevation ~2160 m) is expected to decline by
13%-22%, with reductions across nearly all months
and seasons under RCP4.5 and RCP8.5 scenarios
(Pandey et al 2020). Similarly, the Marsyangdi River
(elevation ~370 m) is projected to show a 6%-—
19% decrease in average discharge, likely driven by
enhanced evapotranspiration (Mudbhari et al 2022).
In contrast, streamflow in the nearby Kaligandaki
River is expected to increase (figure 5). In the upper

Bagmati River (elevation ~ 180 m), pre- and post-
monsoon flows are projected to decline, intensifying
seasonal water stress despite higher annual averages
(Babel et al 2014).

Sub-basin contrasts are also evident, such as in
the Dudh Koshi River basin, where reduced snow-
fall and snowmelt are projected to shift the sys-
tem from melt-dominated to rain-dominated by the
late century, even as overall river flows increase
(Nepal 2016). These findings suggest that the projec-
ted national scale increase in streamflow may partly
reflect the dynamics at lower elevations, where hydro-
logy stations are concentrated and where runoff
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increases can strongly amplify downstream flows. In
contrast, stations at higher elevations and those in low
elevations with small drainage areas (e.g. the upper
Bagmati) are expected to exhibit different trends.

Uncertainty in future discharge projections for
Nepal stems from a combination of climate projection
scenarios, model structure, and assumptions about
future conditions. Many studies rely on short cli-
mate and streamflow (less than three decades) and
a sparse observational baseline (figure 4), increasing
the risk of conflating natural variability with long-
term change (Gautam and Acharya 2012, Bhattarai
etal 2023).

A second source of uncertainty arises from the
climate model inputs that drive hydrological sim-
ulations. GCMs often produce contrasting runoff
trends under same forcing, reflecting differences in
how physical processes are represented and the influ-
ence of internal climate variability (Agarwal et al
2014, Babel et al 2014, Thapa et al 2021a). This
divergence is especially pronounced for precipitation,
where one model may project substantial increases
while another may project decline for the same basin
and time horizon (Mudbhari et al 2022).

Hydrological modeling frameworks add further
complexity to these uncertainties. Nepalese stud-
ies primarily use the SWAT model for rainfall-
runoff simulation, and although this model is widely
applied in Himalayan basins, it has well-documented
limitations in representing cryospheric processes
(Krysanova and Arnold 2008). While SWAT performs
reliably for rainfall and runoff, its snow and glacier
melt components are comparatively weak, reducing
model performance in snowmelt-dominated catch-
ments (Krysanova and Arnold 2008, Pandey et al
2020, Bajracharya et al 2023). As a result, projec-
tions may underestimate or mischaracterize discharge
changes driven by accelerated melting under climate
change. Model accuracy is further constrained by
the quality of digital elevation models, soil maps,
and land-cover datasets, which in the Himalayas are
often coarse, inconsistent in resolution, or incomplete
due to rugged terrain and observational challenges
(Khan et al 2024, Chaulagain et al 2025). Finally,
many hydrological studies (figure 5) assume static
land cover in future simulations, overlooking likely
changes in agricultural, deforestation, or infrastruc-
ture development that could alter runoff generation
(Sharma et al 2024, Chaulagain et al 2025).

Future research on streamflow response to climate
change should move beyond reliance on short hydro-
logical and climate records and adopt approaches
that better capture discharge dynamics in Himalayan
basins. Integrating isotope tracers with hydrolo-
gical models can help disentangle contributions of
rainfall, snowmelt, glacier melt, and groundwater,
providing an external benchmark for model per-
formance (Chandel and Ghosh 2021). Models also
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need enhanced cryospheric modules that incor-
porate sublimation, refreezing, avalanche inputs,
and changing glacier albedo, as current tools con-
sistently underestimate meltwater contributions
(Nepal 2016). Improved precipitation inputs require
high-resolution downscaling and refined bias-
correction methods, while multi-model ensembles
combined with explicit uncertainty quantification
can strengthen discharge trend projections (Dahal
et al 2020, Lamichhane et al 2024a). Additionally,
paleo-hydrological studies using ice cores or lake sed-
iments can extend streamflow records to centuries
or millennia (Guo et al 2025), offering critical con-
text for understanding long-term climate—streamflow
relationships at high elevations and other areas.
Together, these research directions could build a more
reliable foundation for projecting future streamflow
under climate change.

2.2. Land alterations

Hydrological processes are shaped by land char-
acteristics and climate, with certain components
of the water cycle, such as baseflow, being more
strongly impacted by land features than by climate
factors (Tomer and Schilling 2009). Globally, human-
induced changes in land cover have resulted in a
5% decrease in terrestrial evapotranspiration and a
7.6% increase in runoff, primarily due to an increase
in the number of reservoirs and the degradation of
wetlands (Sterling et al 2013). Land use changes in
Nepal, such as urban expansion and fluctuations in
forest cover, sand and gravel mining from riverbeds
and floodplains, hydropower development, and water
diversions, have significantly altered the hydrological
regime (Baral et al 2023D).

2.2.1. Land-cover change

Nepal’s land cover has undergone major transitions,
driven by rapid urban expansion and fluctuations
in forest and cropland extent. Forests and crop-
lands remain the dominant land-cover types (figure 6;
table 2), but urban growth since the 1990s contrasts
sharply with steady declines in agricultural land and
notable forest recovery (Fox et al 2019, Bista et al
2021, Ojha et al 2022, Devkota et al 2023, Koirala and
Bashyal 2025). These shifts reflect broader socioeco-
nomic changes, including human migrations, farm
abandonment, and forest conservation efforts (Ning
et al 2023). While these trends represent overarching
national patterns, regional trajectories remain highly
heterogeneous.

Research on land-use impacts on Nepal’s hydro-
logy remains limited, with a notable absence of com-
prehensive spatial analyses across the country. The
studies summarized in table 3, though regional in
scope, consistently show that urban expansion and
the decline of agricultural land reduce baseflow,
while the spread of built-up areas intensifies surface



10P Publishing

Environ. Res. Lett. 21 (2026) 013003

S S Sayedi et al

- o
40 e—e—— Forest
§
)
c 251
(0]
L
(6]
p .
()]
>
(@]
Q
O 4
= 10
@
-
0.51
Built-up
01 v . v .
2000 2005 2010 2015 2020
Year
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2022).

Table 2. Land use and land cover across Nepal’s physiographic regions, indicating regional land area percentages and the proportional

composition of major land use and cover types for 2022.

Physiographic Percent of

region land area Major land use and cover percent®

High Himalayas 24% Barerock (58%); Snow and Glacier (25%)
High Mountains 21% Forest (55%); Cropland (18%)

Middle 29% Forest (63%); Cropland (30%)
Mountains (Hill)

Siwalik 12% Forest (72%); Cropland (20%)

Terai 14% Cropland (68%); Forest (23%)

2 Data source: FRTC 2022

runoff. Although forest cover has increased nationally
through the establishment of community forests, loc-
alized deforestation and ongoing forest degradation
in some mid-hills and western watersheds continue
to alter infiltration and groundwater recharge, under-
scoring the need for systematic research across differ-
ent watersheds at the national scale (Aryal ef al 2021).

Community forestry programs have often relied
on fast-growing pine plantations, which differ ecolo-
gically from native broadleaf forests. Hydrologically,
fast-growing pine plantations can intensify water
stress by intercepting more rainfall, increasing evapo-
transpiration, and reducing dry-season streamflow
(Ghimire et al 2012, Badu et al 2019, Jin et al 2025).
The intensive use of community forests, such as lit-
ter removal and trampling, can compact soils, lower
infiltration and contribute to greater runoff, erosion,
and sediment loss (Badu et al 2019). In contrast,
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less disturbed sites show improved soil structure and
infiltration capacity, suggesting that careful manage-
ment can enhance groundwater recharge and stabilize
landscapes.

Alterations in land use, coupled with prolonged
dry periods, have led to the degradation of many
springs that are used by communities for household
water, with effects especially pronounced in the Hill
region (Adhikari et al 2020). At the watershed scale,
forest clearance and land fragmentation have been
directly linked to declining spring discharge (Pandit
et al 2024). National reviews emphasize the reduction
in infiltration and groundwater recharge in regions
such as Kathmandu, where extensive agricultural land
and forest cover have been converted to built-up
areas, and in parts of the mid-hills and the Rangun
Khola watershed, where localized deforestation and
agricultural expansion have occurred (Sharma et al



Table 3. Land use changes in selected catchments over specified time periods, with corresponding hydrological metrics, showing percentage changes and/or total values, along with source reference.

Study area Land use type or change (%) Time period Hydrologic metrics Change (%) or value References
Kathmandu 30% increase in built-up area 2000-2010 Surface runoff contribution to 27% increase Pokhrel (2018)
Valley—Bagmati streamflow
Lateral flow contribution to 25% decrease
streamflow
Groundwater flow contribution to 21% decrease
streamflow
6% increase in built-up area per decade 2020-2050 Mean flow 1.3% increase Lamichhane et al
Low flow 3.45% decrease (2024b)
190% increase in built-up area 1990-2040 Surface runoff contribution to 66% increase Acharya et al
basin water yield (2023)
Groundwater flow contribution to 21.62% decrease
= basin water yield
Lateral flow contribution to basin 9% decrease
water yield
21% increase in built-up area; 20% decrease of 2020-2050 Seasonal river runoff 21% decrease to 35% Lamichhane and
agriculture; 0.9% decrease of forest increase Shakya (2019)
Jikhu Khola catchment Natural broadleaf forest 2010-2011 Rainfall interception (% of gross 22.6% Ghimire et al
Pine plantation rainfall) 19.4% (2012)
Roshi Khola catchment Regenerating broadleaf, intensively used 2015 Saturated hydraulic conductivity 21-52mmh™! Badu et al (2019)
Predominantly planted pine, less intensively used (range of median values across 34-98 mmh™!
Mixed pine-broad-leaved, more intensively used depths levels) 1621 mmh™!
Religious forest, minimally disturbed 19-75mmh™!
Regenerating broadleaf, intensively used 2015-2016 Stemflow (% of incident 1.6% Badu et al (2022)
Predominantly planted pine, less intensively used precipitation) 0.6%
Mixed pine-broad-leaved, more intensively used 1.3%
Nepal (5465 springs across Increasing urbanization and the expansion of Various Spring flow Dried up (16%); Chauhan et al
12 research studies) settlement areas Declining (~60%) (2023)
Rangun Khola watershed Deforestation and land fragmentation 1990-2018 Spring flow Dried up(2%); Pandit et al
(1122 springs) Declining (73%) (2024)
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2016, Chauhan et al 2023). Urbanization increases
the extent of impervious surfaces, altering recharge
dynamics, and promoting over-extraction of ground-
water, with semi-urban areas showing especially high
levels of spring modification (Chauhan et al 2023).

Haphazard infrastructure development, includ-
ing roads, tunnels, and irrigation canals, disrupts hill-
slope hydrology and groundwater pathways, contrib-
uting to spring drying and reduced seasonal flows
(Chauhan et al 2023, Pandit et al 2024). The dis-
appearance of ponds and wallows, once important
recharge features, has further weakened spring resi-
lience (Sharma et al 2016). Collectively, these find-
ings indicate that local forest loss, urban expansion,
and infrastructure development exert the strongest
and most widespread impacts on spring resources in
Nepal.

Accurately representing land-use and land-
cover dynamics is essential for reliable hydrolo-
gical projections, as changes in forests, croplands,
and urban areas directly alter runoff, recharge, and
evapotranspiration. These changes are shaped by
complex socio-economic, demographic, and policy
factors, and their hydrological impacts are often non-
linear and regionally variable (Acharya et al 2023).
Neglecting future land-use trajectories risks mis-
representing interactions with climate change, par-
ticularly because combined effects on water-yield
components are rarely additive. As a result, pro-
jections of groundwater depletion, flood risk, or
hydropower potential may be systematically biased,
limiting the reliability of hydrological models for
water management and planning under climate
change.

Future hydrological projections should incor-
porate dynamic land-use and land-cover traject-
ories derived from observed historical trends and
linked to plausible climate scenarios. This requires
generating high-resolution, annually updated land-
use maps that capture cropland expansion, forest
regrowth, and urbanization, supported by expan-
ded ground-based monitoring networks to improve
calibration and validation of land surface models.
Remote sensing approaches, particularly those used
to estimate evapotranspiration, also need methodolo-
gical improvements to reduce biases caused by mixed
land covers and complex topography. Currently, most
studies are concentrated in the Bagmati River basin;
extending similar analyses to other regions of Nepal
is essential given their distinct climatic regimes and
land-use pressures.

2.2.2. Sand and gravel mining

Sand and gravel mining in rivers and floodplains
alters river flow and water velocity by modifying river-
bed morphology and sediment transport dynam-
ics (Koehnken ef al 2020). Sediment removal deep-
ens and sometimes widens the riverbed, changing
channel morphology and stability (Kondolf 1997,
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Bajracharya and Tamrakar 2007, Hackney et al 2020).
While incision and steepening can locally increase
stream power (Kondolf 1997), widening often pro-
duces a shallower channel that may reduce flow velo-
city and increase turbulence (Hackney et al 2020).
Sand and gravel removal also reduces the sediment
supply to the river, intensifying bed and bank erosion
as the channel seeks to reestablish its sediment bal-
ance (Kondolf 1997, Hackney et al 2020). Although
research on the broader impacts of sand and gravel
mining is limited, studies of the Seti Khola River
in central Nepal document significant hydrodynamic
effects, including inundation of mining sites and
nearby settlements, hydraulic ponding and backwater
flooding, altered channel roughness, and enhanced
bank erosion and cliff collapse (Fischer et al 2022).
A separate study across seven rivers documented a
sharp rise in sand-mining pits, with some rivers show-
ing a 350% increase between 2011 and 2023, though
trends fluctuated during the study period (Kshetri
2025). Unregulated mining can expand barren land
along riverbanks and elevate flood risks during peak
monsoon flows (Fischer et al 2022). The largely illegal
and unmonitored nature of this activity raises serious
environmental concerns (Hoffmann 2021, Koyuncu
et al 2021, Hatlebakk 2023, Fabrizio et al 2025), yet it
remains an important income source for many rural
communities (UNEP 2019).

2.2.3. Hydropower and irrigation development
Nepal’s topography and abundant water resources,
particularly in its highlands, offer substantial poten-
tial for hydropower development (Sharma and Awal
2013). Utilizing only 2% of its estimated hydro-
power capacity (Agrawal and Pandey 2019), 175
hydropower projects >1 MW are currently opera-
tional, and these projects generate 3009 MW of elec-
tricity (MoEWRI 2025a). Moreover, 18 plants that
generate <1 MW each, generate a total of 14 MW
(MoEWRI 2025b). Most hydropower dams are ‘run
of river’ dams, except for one reservoir dam, the
Kulekhani Reservoir Dam on the Kulekhani River
(60 MW; Shrestha et al 2021). Run-of-river dams are
thought to have a lower impact on the river’s hydro-
logical regime than reservoir dams, because run-of-
river dams do not submerge large upstream areas
(Kuriqi et al 2021). However, they still modify flow
regimes, especially during the dry season, by creating
dewatered reaches downstream of the diversion struc-
ture (ADB 2018, Neupane et al 2022). Throughout
Nepal, significant changes in river dynamics have
been observed after dam construction. For instance,
the Kali Gandaki Hydropower Dam in north-central
Nepal reduced downstream discharge by diverting
water to the powerhouse, creating a dewatered zone
(Baniya et al 2021). Between 2006 and 2019, down-
stream discharge declined by up to 85% during the
pre-monsoon season and up to 94% during the winter
season (Baniya et al 2021).
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Although river infrastructure such as hydropower
dams and barrages (type of dam with multiple gates
used to control the amount of water flow) alter river
flow, their broader impacts on aquatic communities
and the connectivity of aquatic ecosystems in Nepal
remain understudied (Fabrizio et al 2025). River con-
nectivity encompasses longitudinal, lateral, vertical,
and temporal aspects, which are crucial for sustain-
ing ecological, hydrological, and geomorphological
processes (Wohl 2017). Disruptions to connectiv-
ity can lead to ecological imbalances, affecting spe-
cies composition, sediment transport, and floodplain
dynamics (Palmer and Ruhi 2019). Globally, river
infrastructure has caused substantial reductions in
connectivity, with about half of the world’s rivers
affected, and nearly 10% experiencing major losses
in connectivity (Grill et al 2019). In Nepal, the rapid
expansion of hydropower dams and barrages sug-
gests similar declines in connectivity (Tachamo-Shah
et al 2025), but standard indices of river connectiv-
ity and systematic ecological monitoring are lacking
in Nepal. Several studies have raised concerns about
aquatic habitat degradation due to reduced con-
nectivity (Shaha and Paudel 2016, Gillette et al 2022).
For example, agricultural water diversion projects in
the Western Himalayas have reduced discharge in
headwaters and weakened connections between the
river and its riparian zone (Tachamo Shah et al 2020).
Quantitative analysis on river connectivity in Nepal is
lacking, but would be useful for better understand-
ing the ecological, cultural, and economic impacts of
river infrastructure (Fabrizio et al 2025).

Irrigation practices in Nepal aim to mitig-
ate seasonal water variability particularly between
November and June when water availability is low-
est (Thapa and Scott 2019). From 1990 to 2019, the
Government of Nepal implemented twelve major
irrigation projects, supplying water to 570 000 hec-
tares of agricultural land (DWRI 2019). To cope
with dry-season deficits, farmers increasingly rely
on groundwater (Tachamo Shah et al 2020). This
reliance has grown markedly in the lowlands, where
seasonal rivers dominate and prolonged dry periods
occur. Between 2011 and 2022, the proportion of
farmers using tube wells rose from 26.9% to 36.4%,
and the share of cultivated land irrigated by tube
wells increased from 29.8% to 41.7% (CBS 2013,
2023). These changes reflect a growing dependence
on groundwater for irrigation despite an overall 8%
reduction in total irrigated area (CBS 2013, 2023).
By 2018, total groundwater use in the Terai reached
roughly 22% of the annual groundwater recharge ,
up from 10% in 1996 (Shrestha et al 2018). In the
Koshi River basin, groundwater withdrawals equival-
ent to 30% of dry-season streamflow have reduced
baseflow in the Koshi River by up to 4% (Khan et al
2022). Groundwater table fluctuations are partic-
ularly significant in the Terai, where groundwater
levels interact with wetlands and smaller water bodies
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that support local ecosystems and influence seasonal
water availability (Ghimire and Regmi 2024). Unlike
glacial lakes, low-elevation surface water bodies such
as lakes and wetlands remain understudied, and the
broader impact of irrigation on these aquatic systems
is not well understood. Comprehensive assessments
of the hydrological balance of these low-elevation
lakes and wetlands are necessary (Bhuju et al 2012,
Khatiwada et al 2021).

3. Compound uncertainties from
anthropogenic drivers

Uncertainty intensifies when climate-driven changes
in hydrological regimes are influenced by human
interventions. Activities such as infrastructure,
hydropower operations, water diversions, and irrig-
ation withdrawals alter the timing and distribution
of river flows, often obscuring, or even overpower-
ing, climate signals (Nepal et al 2014a, Arheimer et al
2017). However, many human activities are poorly
monitored or undocumented, including the opera-
tion of dams and diversions, and groundwater extrac-
tions. Urban expansion, deforestation, reforestation,
road and infrastructure construction, sand mining,
and other land-use changes modify infiltration rates,
recharge processes, evapotranspiration, hydrological
connectivity, and sediment transport, complicating
efforts to attribute observed seasonal patterns in river
flow to a single driver.

Moreover, nonlinear feedback or threshold effects
that are unaccounted can introduce model uncer-
tainty and lead to bias in estimates of how dif-
ferent anthropogenic drivers affect the water cycle
(Clark et al 2016). Examples include (1) fire-
albedo—melt interactions where black carbon depos-
ition from wildfires reduces surface reflectivity
and accelerates snow and ice melt (Sarangi et al
2020, You and Xu 2022, Pokharel et al 2023), and
(2) infrastructure—demand feedback, where dams
and irrigation increase water and energy availab-
ility, stimulate agricultural expansion, and facilit-
ate population growth. Such processes can acceler-
ate change or trigger abrupt shifts in system beha-
vior, phenomena which are poorly represented in
most climate-hydrology models, especially in data-
sparse regions like Nepal and other high-mountain
nations.

Unlike the emerging global pattern, which sug-
gests upstream areas may experience increased
streamflow in a warming climate while downstream
areas experience a decline (Feng and Gleason 2024),
climate projections for Nepal generally indicate an
increase in downstream flows. This mismatch sug-
gests the presence of structural biases in models such
as SWAT that are calibrated to short, low-elevation
records of rainfall and runoff. In addition, model
omissions of explicit representation of cryosphere
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dynamics, reservoir operations, and irrigation prac-
tices may contribute to observed deviations in pre-
dictions from global models, rather than reflecting a
true departure from globally observed hydrological
system functions in high mountain areas like Nepal
and elsewhere.

Many hydrological frameworks have been
developed and validated on long, continuous river
records, particularly in Europe and North America
where observations extend to the 19th century
(Probst and Tardy 1987). In contrast, Nepal’s hydro-
logical records, like those of other High Mountain
Asia countries such as Bhutan, India, China, and
Pakistan, are relatively short and discontinuous,
with limited observations at high elevations where
snow and ice dominate runoff (Caretta et al 2022,
Mudbhari et al 2022, Bajracharya et al 2023). Without
expanding the temporal range and continuity of
such records, model calibration, change detec-
tion, and climate-change impact assessments will
remain highly uncertain (Biswas and Tortajada 2016,
Krabbenhoft et al 2022).

4. Implications for management and
policy

Evidence-based water management is vital in Nepal,
where water security underpins food production,
flood risk, and livelihoods. As a High Mountain
Asia country, Nepal also illustrates challenges shared
across mountain regions globally, which is con-
sequential given that 1.5 billion people are expec-
ted to depend heavily on mountain runoff by mid-
century (Caretta et al 2022). The studies reviewed
in this paper consistently highlight significant lim-
itations and uncertainties due to limited empirical
evidence and observations from hydrological sys-
tems. Expanding meteorological stations in under-
represented regions throughout high mountain areas,
particularly in western and eastern Nepal, is cru-
cial to improve the representativeness and reliability
of atmospheric and cryospheric observations (Karki
etal 2017, Miao et al 2024, Wang et al 2024). Similarly,
establishing a network of hydrological stations across
Nepal’s diverse topography is necessary for continu-
ous monitoring of streamflow in high- and low-
elevation rivers and streams. River gauge placements
should facilitate flow assessment upstream and down-
stream of all major dams and barrages. Although sev-
eral rivers are gauged in Nepal, independent monit-
oring of rivers is needed to ensure the accuracy and
completeness of hydrological information. Accurate
measurements of precipitation, including snowfall,
and glacial attributes such as ice thickness, mass bal-
ance, snow dynamics, and permafrost volume are
also critical (Lama et al 2015) but are currently
lacking. Even for relatively well-documented metrics,
such as glacial area, significant uncertainty persists,
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with some estimates varying by up to a factor of
two (Azam et al 2021). Additionally, comprehensive
spatio-temporal assessments of groundwater volume
and spring discharge rates are needed to inform man-
agement of Nepal’s subsurface water resources, which
are critical for drinking water and irrigation dur-
ing dry seasons (pre-monsoon, winter, and post-
monsoon).

Comprehensive water inventories must be con-
ducted across the diverse physiographic regions and
watersheds of Nepal with sufficient temporal fre-
quency to accurately estimate water pools and fluxes.
To achieve this, substantial and sustained support
from the government of Nepal is required as is
commitment from research institutions. Current
watershed-level hydrology studies exhibit significant
spatial bias, with studies primarily concentrated in
central Nepal. For glacier and snow-related research,
Nepal often relies on global or regional analyses (e.g.
Himalayas), or on a limited number of focused stud-
ies in small watersheds, such as Langtang and Dudh
Koshi in north-central Nepal, which has become the
prime area for most high-altitude research on snow
and glacial processes. In contrast, studies examining
the hydrological response of lowlands to climate
and land-use change are predominantly focused on
the Bagmati River basin (home to Kathmandu).
Few studies investigate the impact of anthropogenic
drivers on the hydrological regime of rivers in other
watersheds. This narrow geographic scope of current
research is insufficient for informed decision-making,
given that spatial variability in hydrological response
across Nepal appears significant. A spatially broader
and more comprehensive body of work is needed to
establish a consensus on hydrological regimes across
the country’s diverse regions. This situation mirrors
a systemic issue in the Global South, where limited
observational networks and research funding com-
promise the ability to capture high spatial variab-
ility, and complicate climate adaptation and water
resource management (Caretta et al 2022).

Nepal’s hydrological regime has been studied for
decades, and these investigations provide a valu-
able foundation, but expanding data coverage and
improving monitoring networks are critical for
advancing the science needed to inform effective
resource planning. To make informed decisions,
responsible government agencies must prioritize and
support the development and application of stand-
ardized methods to obtain robust, long-term meteor-
ological and hydrological observations. Monitoring
networks are often costly, especially in high-elevation,
snow- and glacier-dominated regions. As in many
other low-income countries, Nepal faces finan-
cial and technical constraints to the independent
development and maintenance of such networks.
Consequently, international aid and collaboration
are essential to bridge these gaps (Stumm et al 2021,
Wagnon et al 2021, Khadka et al 2024) to ensure
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comprehensive monitoring of water systems in high-
altitude mountainous regions in Nepal and else-
where so that challenges posed by climate change
can be effectively addressed. While Nepal oper-
ates one of the more open data-sharing systems
in South Asia, further efforts to streamline access
and improve timely data sharing between govern-
ment agencies and universities, alongside investment
in local capacity to ensure Nepal-based researchers
are involved in the co-development of hydrological
and climate-change models, are essential to reduce
reliance on potentially biased global and regional
simulations.

Decision makers must recognize that land man-
agement and environmental policies affect multiple
components of the water cycle, with impacts that may
be immediate or delayed, localized or widespread,
and moderate or extreme. Historically, Nepal’s water
governance has been influenced by sectoral interests,
limiting integrated management approaches essential
for long-term sustainable development and climate
resilience (Biggs et al 2013). This sectoral approach
creates significant challenges, weakening the nexus
among water, energy, food, and ecosystem sectors
(Baral et al 2023b). The lack of coordination and
cooperation among sectors obstructs progress, espe-
cially because the impacts of climate change are cross-
sectoral (Baral et al 2023b, Pokharel et al 2024).

A prevalent assumption in national water policies
(2002 & 2005) is that Nepal has a water surplus
(Johnson et al 2021, Sharma et al 2023); this assump-
tion led to the development of policies that prior-
itized water accessibility for household use, irriga-
tion, and hydropower. Such policies often overlooked
the diverse threats to water resources and failed to
fully account for ecological effects (Johnson et al
2021). As such, the potential for long-term environ-
mental consequences of anthropogenic activities has
not been addressed (Johnson et al 2021). Some pro-
gress has been made, however. For instance, a min-
imum downstream flow of 10% of the minimum
monthly average discharge is required at all dams
(Government of Nepal 2001, Adhikari 2012). Run-
of-river dams must now be designed to maintain
flows that occur 45% of the time (Bhattarai and
Shrestha 2023). However, violations of these policies
remain largely unchecked due to the absence of inde-
pendent monitoring and inadequate enforcement of
environmental regulations (ADB 2018, ISET 2020).
The National Water Resources Policy of 2020 adopts
Integrated Water Resources Management (IWRM)
principles and establishes river basin organizations
to enhance water resource management. The policy
seeks to sustainably conserve, manage, and develop
water resources for economic prosperity and social
transformation (Investopaper 2020).

Land-use changes have significantly impacted
water fluxes and pools in Nepal, demonstrating that
policies that are seemingly unrelated to water can
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have profound long-term effects on water resources.
Nepal’s land- use policies evolved alongside shifting
political regimes, with each regime influencing water
dynamics in different ways. Before 1951, land-use
policies focused on maximizing economic output by
use of unpaid labor and land taxation, resulting in
widespread deforestation and agricultural expansion.
After 1951, the focus shifted toward agricultural land
redistribution, marking a significant change in land
management. Subsequently, policies emphasized land
conservation and community involvement (Nepal
et al 2020). A major milestone in sustainable land
management was the introduction of community-
based forests in 1978, which played a pivotal role
in forest restoration at the national level. By 2018,
forests covered 44.47% of Nepal’s land area, doub-
ling the coverage observed in 1992 despite ongo-
ing urban development (Fox et al 2019, Paudel and
Adhikari 2021a). Some studies, however, question
whether these efforts have restored native species and
fully functional forests (Shrestha 2019a). Many eco-
nomic sectors such as energy and agriculture have
a direct influence on hydrological regimes. Due to
the interconnected nature of natural and economic
resources, changes in one sector can trigger cascad-
ing effects in the other. For example, water used
for energy production can reduce its availability
for irrigation, and the extraction of groundwater
to supplement surface irrigation can affect ground-
water pools. An integrated and holistic approach
to resource management is essential to effectively
address these complex dependencies. Although
IWRM offers such an approach, critics argue that
its water-centric focus limits its effectiveness (Benson
et al 2020). Alternative frameworks, such as water-
energy-food and ecosystem-based approaches, offer
more comprehensive frameworks and can help
recognize and address synergies and trade-offs
(Huntington et al 2021).

Even if Nepal takes all possible actions to man-
age its water resources effectively, the magnitude
of climate-driven change remains largely beyond its
control, reflecting a wider environmental injustice in
which many low-emitting nations bear dispropor-
tionate impacts despite contributing little to global
greenhouse gas emissions (Crippa et al 2021, IPCC
2023). This reality underscores the urgent need for
the international community to act on mitigating
global greenhouse gas emissions (UNFCCC 2025).
Anthropogenic climate change is already reshaping
the country’s hydrology and will continue to do so,
as evidenced in this review. These changes have the
potential to impact millions of people in Nepal and
millions more downstream in the Ganges River basin,
the most populous river basin in the world. Nepal can
benefit from climate-change adaptation by enhan-
cing resilience, promoting sustainable agriculture,
and improving water management while empowering
communities to adapt to change.
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5. Conclusion

This review synthesized the impacts of anthropo-
genic drivers on Nepal’s hydrological regime, while
highlighting critical knowledge gaps, understud-
ied processes, and key sources of uncertainty. Our
review demonstrates that climate change, manifested
through rising temperatures and shifting precipita-
tion patterns, intensifies flood risks while exacerbates
seasonal water shortages. Glacial retreat and earlier
snowmelt reduce the buffering capacity of melt-
water and amplify seasonal imbalances that adversely
affect downstream sectors dependent on a year-round
consistent water supply. In parallel, human activit-
ies such as land-use change, sand mining, hydro-
power development, and river diversions have altered
river flows, fragmented aquatic ecosystems, reduced
groundwater recharge, and increased vulnerability to
extreme hydrological events, further compounding
water scarcity and flood risks.

This review underscores that many of these
impacts remain poorly quantified, particularly for
components such as permafrost, springs, lowland
lakes, and dammed and diverted rivers, contribut-
ing to high uncertainty in current assessments of the
country’s future water security. Nepal’s extreme topo-
graphic variability and diverse climate zones further
limit the ability to generalize hydrological responses,
emphasizing the need for spatially and tempor-
ally focused studies to capture local and regional
dynamics.

Alterations to the hydrological regime pose sig-
nificant risk to water-dependent sectors, includ-
ing the domestic water supply, sanitation, agricul-
ture, hydropower, and subsistence fisheries, with dir-
ect implications for food security, human health,
and livelihoods. Addressing these challenges requires
integrated, adaptive water management strategies
and infrastructure planning that incorporate both
immediate and long-term impacts, particularly for
climate-sensitive and socially vulnerable communit-
ies (Fabrizio et al 2025). Closing critical know-
ledge gaps, such as feedback mechanisms among
hydrological drivers and water cycle components,
will improve the accuracy of future projections and
inform evidence-based policy interventions. This
review emphasizes the urgency of incorporating these
findings into water management policies and infra-
structure planning.

Importantly, while this review focuses on Nepal,
the challenges identified, including high topographic
and climatic variability, reliance on meltwater- and
rainwater-dependent systems, along with limited
observational data, are emblematic of many moun-
tainous, climate-sensitive regions worldwide. The
synthesis, methods, and research priorities high-
lighted here provide insights that are broadly applic-
able to other data-scarce mountain systems, offering a
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framework to enhance global understanding, monit-
oring, and management of hydrological change under
evolving climate and land-use pressures.

Data availability statement
No new data were created or analysed in this study.
Acknowledgments

We express our gratitude to William & Mary’s Global
Research Institute (GRI), and the Virginia Institute
of Marine Science at William & Mary. We also thank
AidData staff for valuable feedback, which enhanced
the quality of this manuscript. Five anonymous
reviewers and the editors provided insightful and
helpful suggestions that broadened the scope of our
study and improved the manuscript. This study was
undertaken as part of the Nepal Water Initiative at
William & Mary. We acknowledge the logistical and
additional financial support provided by Drs. Michael
Tierney, Ryan Musto, and Ariel BenYishay (GRI,
William & Mary). We are grateful to the CGIAR Policy
Innovations program for supporting Dr. Santosh
Nepal’s time to contribute to this paper. We thank
Seyda Safdar (William & Mary) for assistance in cre-
ating figure 3.

Open research

All datasets used are publicly available, with the
exception of the data used for Figure 5a, which are
available from Nepal’s Department of Hydrology and
Meteorology (DHM).

Author Contribution

SSS, KKS, and MCF conceptualized the study. SSS
drafted the manuscript and prepared the visualiza-
tions. KKS and MCF provided supervision and guid-
ance. SN contributed data for selected figures. All
authors participated in the review and editing of the
manuscript.

ORCID iDs

Sayedeh Sara Sayedi @ 0000-0001-5272-4383
Kunwar K Singh 0000-0002-9788-1822
Mary C Fabrizio 0000-0002-6115-5490
Santosh Nepal @ 0000-0002-7415-2299
References

Acharya S, Hori T and Karki S 2023 Assessing the spatio-temporal
impact of landuse landcover change on water yield dynamics
of rapidly urbanizing Kathmandu valley watershed of Nepal
J. Hydrol. 50 101562

Ackroyd C, Skiles S M, Rittger K and Meyer ] 2021 Trends in snow
cover duration across river basins in High Mountain Asia


https://orcid.org/0000-0001-5272-4383
https://orcid.org/0000-0001-5272-4383
https://orcid.org/0000-0002-9788-1822
https://orcid.org/0000-0002-9788-1822
https://orcid.org/0000-0002-6115-5490
https://orcid.org/0000-0002-6115-5490
https://orcid.org/0000-0002-7415-2299
https://orcid.org/0000-0002-7415-2299
https://doi.org/10.1016/j.ejrh.2023.101562
https://doi.org/10.1016/j.ejrh.2023.101562

10P Publishing

Environ. Res. Lett. 21 (2026) 013003

from daily gap-filled MODIS fractional snow covered area
Front. Earth Sci. 9 713145

ADB 2018 Impact of Dams on Fish in the Rivers of Nepal (Asian
Development Bank)

Adhikari A P and Mathema A B 2023 Examining trends in
temperature and precipitation mean/extremes over Gandaki
Province Nepal J. Water Clim. Change 14 2342-61

Adhikari D 2012 Sustainability analysis of hydropower in Nepal
(available at: www.theseus.fi/handle/10024/38475)

Adhikari S, Gurung A, Chauhan R, Rijal D, Dongol B S, Aryal D
and Talchabhadel R 2020 Status of springs in mountain
watershed of western Nepal Water Policy 23 142-56

Agarwal A, Babel M S and Maskey S 2014 Analysis of future
precipitation in the Koshi river basin Nepal J. Hydrol.

513 422-34

Agrawal S and Pandey R 2019 Current status of small/micro
hydropower in Nepal: a case study of Giringdi SHP J. Inst.
Eng. 1521-27

Almazroui M, Saeed S, Saeed E, Islam M N and Ismail M 2020
Projections of precipitation and temperature over the South
Asian countries in CMIP6 Earth Syst. Environ. 4 297-320

Apollo M 2017 The population of Himalayan regions—by the
numbers: past, present and future pp 145-60

Arheimer B, Donnelly C and Lindstrém G 2017 Regulation of
snow-fed rivers affects flow regimes more than climate
change Nat. Commun. 8 62

Aryal A, Pandey V P, Talchabhadel R and Thapa B R 2024
Hydro-climatic extremes in a medium range River Basin in
western Nepal: learning from analysis of observed data
Stoch. Environ. Res. Risk Assess. 38 85-105

Aryal A, Shrestha M, Aryal S, Upadhyay S and Maharjan M 2023
Spatio-temporal variability of streamflow in major and
medium rivers of Nepal J. Hydrol.: Reg. Stud. 50 101590

Aryal RR et al 2021 Lessons learned while implementing a
time-series approach to forest canopy disturbance detection
in Nepal Remote Sens. 13 2666

Asian Development Bank 2018 Impact of dams on fish in the
rivers of Nepal (Asian Development Bank) (available at:
www.adb.org/sites/default/files/publication/480221/impact-
dams-fish-rivers-nepal.pdf)

Azam M F et al 2021 Glaciohydrology of the
Himalaya-Karakoram Science 373 eabf3668

Babel M S, Bhusal S P, Wahid S M and Agarwal A 2014 Climate
change and water resources in the Bagmati River Basin,
Nepal Theor. Appl. Climatol. 115 63954

Badu M, Ghimire C P, Bruijnzeel L A, Nuberg I and Meyer W S
2022 Net precipitation, infiltration and overland flow
production in three types of community-managed forest in
the Mid-hills of East Central Nepal Trees For. People 8 100218

Badu M, Nuberg I, Ghimire C P, Bajracharya R M and Meyer W S
2019 Negative trade-offs between community forest use and
hydrological benefits in the forested catchments of Nepal’s
mid-hills Mt. Res. Dev. 39 R22

Bajracharya A R, Bajracharya S R, Shrestha A B and Maharjan S B
2018 Climate change impact assessment on the hydrological
regime of the Kaligandaki Basin, Nepal Sci. Total Environ.
625 83748

Bajracharya R and Tamrakar N K 2007 Environmental status of
Manahara River, Kathmandu, Nepal Bull. Dep. Geol.

10 21-32

Bajracharya S R, Maharjan S B, Shrestha E, Bajracharya O R and
Baidya S 2014 Glacier Status in Nepal and Decadal Change
from 1980 to 2010 Based on Landsat Data Kathmandu:
ICIMOD (available at: https://lib.icimod.org/records/pgbnf-
p3v73)

Bajracharya S R, Maharjan S B, Shrestha F, Sherpa T C, Wagle N
and Shrestha A B 2020 Inventory of glacial lakes and
identification of potentially dangerous glacial lakes in the
Koshi, Gandaki, and Karnali River Basins of Nepal, the Tibet
Autonomous Region of China, and India. ICIMOD and
UNDP (available at: https://nepal.un.org/sites/default/files/
2020-10/Inventory_Glacial_Lakes_2020_Full2.pdf)

20

S S Sayedi et al

Bajracharya S R, Pradhananga S, Shrestha A B and Thapa R 2023
Future climate and its potential impact on the spatial and
temporal hydrological regime in the Koshi Basin, Nepal J.
Hydrol. 45 101316

Bajracharya S, Gunawardhana L N, Sirisena J, Bamunawala J,
Rajapakse L and Odara M G N 2024 Unlocking the
mysteries of drought: integrating snowmelt dynamics into
drought analysis at the Narayani River Basin, Nepal Nat.
Hazards 121 5267-91

Balkhi S A A, Karki B K, Philip L and Maliyekkal S M 2023 Water
quality status and challenges in India and Nepal
Technological Solutions for Water Sustainability: Challenges
and Prospects Towards a Water-secure India vol 13

Baniya M B, Fujino T, Baniya A, Shivaram K C and Jha B 2021
Dam-induced alteration in seasonal fluvial discharge time
series in Kali Gandaki Hydropower Dam, Syangja, Nepal: an
application of wavelet analysis J. Water Environ. Technol.

19 198-211

Baniya R, Regmi R K, Talchabhadel R, Sharma S, Panthi J,
Ghimire G R, Bista S, Thapa B R, Pradhan A M S and
Tamrakar ] 2024 Integrated modeling for assessing climate
change impacts on water resources and hydropower
potential in the Himalayas Theor. Appl. Climatol.

155 3993-4008

Baral P, Allen S, Steiner ] F, Gurung T R and McDowell G 2023a
Climate change impacts and adaptation to permafrost
change in High Mountain Asia: a comprehensive review
Environ. Res. Lett. 18 093005

Baral S, Nepal S, Pandey V P, Khadka M and Gyawali D 2023b
Position paper on enhancing water security in Nepal
(available at: https://dwri.gov.np/un2023waterconference/
Position-Paper.pdf)

Bastola S, Cho J, Kam J and Jung Y 2024 Assessing the influence of
climate change on multiple climate indices in Nepal
using CMIP6 global climate models Atmos. Res.

311 107720

Benson D, Gain A K and Giupponi C 2020 Moving beyond water
centricity? Conceptualizing integrated water resources
management for implementing sustainable development
goals Sustain. Sci. 15 671-81

Bernat M, Miles E S, Kneib M, Fujita K, Sasaki O, Shaw T E and
Pellicciotti F 2025 Precipitation phase drives seasonal and
decadal snowline changes in high mountain Asia Environ.
Res. Lett. 20 064039

Bhandari M P 2023 Using Nepal to understand the nexus of
climate change and land-use Strateg. Plan. Energy Environ.
42 72548

Bhattarai S B and Shrestha R M 2023 Analysis of implications of a
regulation on design discharge of run-of-river hydropower
projects in Nepal Sustain. Water Resour. Manag. 9 80

Bhattarai T N, Ghimire S, Aryal S, Baaniya Y, Sharma S,
Bhattarai S and Pandey V P 2023 Projected changes in
hydro-climatic extremes with CMIP6 climate model
outputs: a case of rain-fed river systems in Western Nepal
Stoch. Environ. Res. Risk Assess. 37 965-87

Bhuju D, Sharma S, Jha P and Gaire N 2012 Scientific discourse of
lakes in Nepal Nepal J. Sci. Technol. 13 147-58

Biemans H et al 2019 Importance of snow and glacier meltwater
for agriculture on the Indo-Gangetic Plain Nat. Sustain.

2 594-601

Biggs E M, Duncan ] M A, Atkinson P M and Dash ] 2013 Plenty
of water, not enough strategy: how inadequate accessibility,
poor governance and a volatile government can tip the
balance against ensuring water security: the case of Nepal
Environ. Sci. Policy 33 388-94

Bista R, Zhang Q, Parajuli R, Karki R, Chhetri B B K and Song C
2021 Cropland abandonment in the community-forestry
landscape in the Middle Hills of Nepal Earth Interact.

25 136-50

Biswas A K and Tortajada C (eds) 2016 Water security, climate
change and sustainable development (Springer) (https://doi.
0rg/10.1007/978-981-287-976-9)


https://doi.org/10.3389/feart.2021.713145
https://doi.org/10.3389/feart.2021.713145
https://doi.org/10.2166/wcc.2023.066
https://doi.org/10.2166/wcc.2023.066
https://www.theseus.fi/handle/10024/38475
https://doi.org/10.2166/wp.2020.187
https://doi.org/10.2166/wp.2020.187
https://doi.org/10.1016/j.jhydrol.2014.03.047
https://doi.org/10.1016/j.jhydrol.2014.03.047
https://doi.org/10.3126/jie.v15i3.31993
https://doi.org/10.3126/jie.v15i3.31993
https://doi.org/10.1007/s41748-020-00157-7
https://doi.org/10.1007/s41748-020-00157-7
https://doi.org/10.1038/s41467-017-00092-8
https://doi.org/10.1038/s41467-017-00092-8
https://doi.org/10.1007/s00477-023-02552-8
https://doi.org/10.1007/s00477-023-02552-8
https://doi.org/10.1016/j.ejrh.2023.101590
https://doi.org/10.1016/j.ejrh.2023.101590
https://doi.org/10.3390/rs13142666
https://doi.org/10.3390/rs13142666
https://www.adb.org/sites/default/files/publication/480221/impact-dams-fish-rivers-nepal.pdf
https://www.adb.org/sites/default/files/publication/480221/impact-dams-fish-rivers-nepal.pdf
https://doi.org/10.1126/science.abf3668
https://doi.org/10.1126/science.abf3668
https://doi.org/10.1007/s00704-013-0910-4
https://doi.org/10.1007/s00704-013-0910-4
https://doi.org/10.1016/j.tfp.2022.100218
https://doi.org/10.1016/j.tfp.2022.100218
https://doi.org/10.1659/MRD-JOURNAL-D-18-00066.1
https://doi.org/10.1659/MRD-JOURNAL-D-18-00066.1
https://doi.org/10.1016/j.scitotenv.2017.12.332
https://doi.org/10.1016/j.scitotenv.2017.12.332
https://doi.org/10.3126/bdg.v10i0.1417
https://doi.org/10.3126/bdg.v10i0.1417
https://lib.icimod.org/records/pgbnf-p3v73
https://lib.icimod.org/records/pgbnf-p3v73
https://nepal.un.org/sites/default/files/2020-10/Inventory_Glacial_Lakes_2020_Full2.pdf
https://nepal.un.org/sites/default/files/2020-10/Inventory_Glacial_Lakes_2020_Full2.pdf
https://doi.org/10.1016/j.ejrh.2023.101316
https://doi.org/10.1016/j.ejrh.2023.101316
https://doi.org/10.1007/s11069-024-07004-2
https://doi.org/10.1007/s11069-024-07004-2
https://doi.org/10.2965/jwet.20-133
https://doi.org/10.2965/jwet.20-133
https://doi.org/10.1007/s00704-024-04863-4
https://doi.org/10.1007/s00704-024-04863-4
https://doi.org/10.1088/1748-9326/acf1b4
https://doi.org/10.1088/1748-9326/acf1b4
https://dwri.gov.np/un2023waterconference/Position-Paper.pdf
https://dwri.gov.np/un2023waterconference/Position-Paper.pdf
https://doi.org/10.1016/j.atmosres.2024.107720
https://doi.org/10.1016/j.atmosres.2024.107720
https://doi.org/10.1007/s11625-019-00733-5
https://doi.org/10.1007/s11625-019-00733-5
https://doi.org/10.1088/1748-9326/adcf39
https://doi.org/10.1088/1748-9326/adcf39
https://doi.org/10.13052/spee1048-5236.4247
https://doi.org/10.13052/spee1048-5236.4247
https://doi.org/10.1007/s40899-023-00860-z
https://doi.org/10.1007/s40899-023-00860-z
https://doi.org/10.1007/s00477-022-02312-0
https://doi.org/10.1007/s00477-022-02312-0
https://doi.org/10.3126/njst.v13i2.7728
https://doi.org/10.3126/njst.v13i2.7728
https://doi.org/10.1038/s41893-019-0305-3
https://doi.org/10.1038/s41893-019-0305-3
https://doi.org/10.1016/j.envsci.2013.07.004
https://doi.org/10.1016/j.envsci.2013.07.004
https://doi.org/10.1175/EI-D-21-0006.1
https://doi.org/10.1175/EI-D-21-0006.1
https://doi.org/10.1007/978-981-287-976-9
https://doi.org/10.1007/978-981-287-976-9

10P Publishing

Environ. Res. Lett. 21 (2026) 013003

Bloschl G et al 2019 Twenty-three unsolved problems in hydrology
(UPH)—a community perspective Hydrol. Sci. ]. 64 1141-58

Bookhagen B and Burbank D W 2010 Toward a complete
Himalayan hydrological budget: spatiotemporal distribution
of snowmelt and rainfall and their impact on river discharge
J. Geophys. Res. Earth Surf. 115 F03019

Bosson ] B, Huss M, Cauvy-Fraunié S, Clément ] C, Costes G,
Fischer M, Poulenard J and Arthaud F 2023 Future
emergence of new ecosystems caused by glacial retreat
Nature 620 562-9

Brun E Berthier E, Wagnon P, Kééb A and Treichler D 2017 A
spatially resolved estimate of High Mountain Asia glacier
mass balances from 2000 to 2016 Nat. Geosci. 10 668-73

Buri P et al 2023 Land surface modeling in the Himalayas: on the
importance of evaporative fluxes for the water balance of a
high-elevation catchment Water Resour. Res.

59 €2022WR033841

Caretta M A et al 2022 Water Climate Change 2022: Impacts,
Adaptation and Vulnerability. Contribution of Working Group
II to the Sixth Assessment Report of the Intergovernmental
Panel on Climate Change ed H-O Pértner et al (Cambridge
University Press) pp 551712

CBS 2013 National Sample Census of Agriculture Nepal 2011/12
Government of Nepal, National Planning Commission
Secretariat, Central Bureau of Statistics (available at: https://
www.fao.org/fileadmin/templates/ess/ess_test_folder/
World_Census_Agriculture/Country_info_2010/Reports/
Reports_5/NPL_EN_REP_2011-12.pdf)

CBS 2023 National Sample Census of Agriculture Nepal 2021/22
Government of Nepal, National Planning Commission
Secretariat, Central Bureau of Statistics (available at: https://
nsonepal.gov.np/content/7507/7507-national-sample-
census-of-agri/)

Chalise S and Naranpanawa A 2016 Climate change adaptation in
agriculture: a computable general equilibrium analysis of
land-use change in Nepal Land Use Policy 59 241-50

Chand M B, Bhattarai B C, Pradhananga N S and Baral P 2021
Trend analysis of temperature data for the Narayani River
Basin, Nepal Science 3 1

Chandel V S and Ghosh S 2021 Components of Himalayan River
flows in a changing climate Water Resour. Res.

57 €2020WR027589

Chapin F S, Matson P A and Vitousek P M 2012 Principles of
Terrestrial Ecosystem Ecology (Springer) (https://doi.org/
10.1007/978-1-4419-9504-9)

Chaudhary P and Aryal K 2009 Global Warming in Nepal:
challenges and Policy Imperatives For. Livelihood 8 5-15
(available at: https://nepjol.info/index.php/JFL/article/view/
1877)

Chauhan R, Shrestha A, Oh S E and Gurung A 2023 The
degradation of spring water resources in Nepal: some policy
gaps Water Policy 25 338-58

Chaulagain D, Ray R L, Yakub A O, Same N N, Jong ] P, Roh W,
Suh D, Lim J-O and Huh J-S 2025 Impacts of climate change
on hydrological patterns and implications for hydroelectric
power generation in Khimti River Basin, Nepal Discov. Appl.
Sci. 7 688

Cheng F et al 2022 Alpine permafrost could account for a quarter
of thawed carbon based on Plio-Pleistocene paleoclimate
analogue Nat. Commun. 13 1329

Choquette-Levy N, Wildemeersch M, Oppenheimer M and
Levin S A 2021 Risk transfer policies and climate-induced
immobility among smallholder farmers Nat. Clim. Change
11 104654

Clark M P, Wilby R L, Gutmann E D, Vano J A, Gangopadhyay S,
‘Wood A W, Fowler H J, Prudhomme C, Arnold J R and
Brekke L D 2016 Characterizing uncertainty of the
hydrologic impacts of climate change Curr. Clim. Change
Rep. 2. 55-64

Clemens S C, Yamamoto M, Thirumalai K, Giosan L, Richey J N,
Nilsson-Kerr K, Rosenthal Y, Anand P and McGrath S M
2021 Remote and local drivers of Pleistocene South Asian

S S Sayedi et al

summer monsoon precipitation: a test for future predictions
Sci. Adv. 7 eabg3848

Compagno L, Huss M, Zekollari H, Miles E S and Farinotti D
2022 Future growth and decline of high mountain Asia’s
ice-dammed lakes and associated risk Commun. Earth
Environ. 3 191

Crippa M et al 2021 GHG Emissions of All World Countries: 2021
Report (Publications Office of the European Union, LU)
(https://doi.org/10.2760/173513, JRC126363)

Dahal P, Shrestha M L, Panthi ] and Pradhananga D 2020
Modeling the future impacts of climate change on water
availability in the Karnali River Basin of Nepal Himalaya
Environ. Res. 185 109430

Dainese M et al 2024 Global change experiments in mountain
ecosystems: a systematic review Ecol. Monogr. 94 1632

David Raj A, David Raj A and Sooryamol K R 2023 Climate
change and Himalayan glaciers: a socio-environmental
concern in Anthropocene Epoch Climate Crisis: Adaptive
Approaches and Sustainability ed U Chatterjee, R Shaw,

S Kumar, A D Raj and S Das (Springer) pp 53—73

Dawadi B, Sharma S, Reynard E and Shahi K 2023 Climatology,
variability, and trend of the winter precipitation over Nepal
Earth Syst. Environ. 7 381-91

Devkota P, Dhakal S, Shrestha S and Shrestha U B 2023 Land use
land cover changes in the major cities of Nepal from 1990 to
2020 Environ. Sustain. Indic. 17 100227

Dhakal A, Pandey M, Kayastha P, Suwal G, Suwal B and Xiao X
2022 An overview of status and development trend of
aquaculture and fisheries in Nepal Adv. Agric.

2022 4206401

DHM 2017 Observed climate trend analysis of Nepal (1971-2014)
(Department of Hydrology and Meteorology) (available at:
www.dhm.gov.np/uploads/dhm/climateService/
Observed_Climate_Trend_Analysis_Report_2017.pdf)

DHM 2024 Update of climate change study of Nepal (Department
of Hydrology and Meteorology) (available at: www.dhm.gov.
np/uploads/dhm/climateService/Update_of_Climate_
Change_Study_of_Nepal_compressed.pdf)

DHM 2025 List of Published Stations Department of Hydrology
and Meteorology. Ministry of Energy, Water Resources and
Irrigation, Government of Nepal (available at: https://dhm.
gov.np/pages/data)

DHM n.d High Altitude Station. Department of Hydrology and
Meteorology (available at: https://dhm.gov.np/hydrology/
snow-monitoring) (Accessed September 2025)

DWRI 2019 Irrigation Master Plan 2019 (Department of Water
Resources and Irrigation Ministry of Energy, Water
Resources, and Irrigation Government of Nepal) (available
at: https://faolex.fao.org/docs/pdf/NEP219411.pdf)

Fabrizio M C et al 2025 Hurdles and opportunities for
conservation of native fish biodiversity in Nepal Fisheries
vuaf067

Feng D and Gleason C J 2024 More flow upstream and less flow
downstream: the changing form and function of global
rivers Science 386 1305-11

Fischer M, Brettin J, Roessner S, Walz A, Fort M and Korup O
2022 Rare flood scenarios for a rapidly growing
high-mountain city: Pokhara, Nepal Nat. Hazards Earth
Syst. Sci. 22 3105-23

Fox J, Saksena S, Hurni K, Van Den Hoek J, Smith A, Chhetri R
and Sharma P 2019 Mapping and understanding changes in
tree cover in Nepal: 1992-2016 J. For. Livelihood 18 1-11

Friedl M A, Mclver D K, Hodges J C, Zhang X Y, Muchoney D,
Strahler A H, Woodcock C E, Gopal S, Schneider A and
Baccini A 2002 Global land cover mapping from MODIS:
algorithms and early results Remote Sens. Environ. 83
287-302

FRTC 2022 Land cover of Nepal [Data set] FRTC (https://doi.org/
10.26066/RDS.1972729)

Fugger S et al 2024 Hydrological regimes and evaporative flux
partitioning at the climatic ends of High Mountain Asia
Environ. Res. Lett. 19 044057

21


https://doi.org/10.1080/02626667.2019.1620507
https://doi.org/10.1080/02626667.2019.1620507
https://doi.org/10.1029/2009JF001426
https://doi.org/10.1029/2009JF001426
https://doi.org/10.1038/s41586-023-06302-2
https://doi.org/10.1038/s41586-023-06302-2
https://doi.org/10.1038/ngeo2999
https://doi.org/10.1038/ngeo2999
https://doi.org/10.1029/2022WR033841
https://doi.org/10.1029/2022WR033841
https://doi.org/10.1017/9781009325844.006
https://www.fao.org/fileadmin/templates/ess/ess_test_folder/World_Census_Agriculture/Country_info_2010/Reports/Reports_5/NPL_EN_REP_2011-12.pdf
https://www.fao.org/fileadmin/templates/ess/ess_test_folder/World_Census_Agriculture/Country_info_2010/Reports/Reports_5/NPL_EN_REP_2011-12.pdf
https://www.fao.org/fileadmin/templates/ess/ess_test_folder/World_Census_Agriculture/Country_info_2010/Reports/Reports_5/NPL_EN_REP_2011-12.pdf
https://www.fao.org/fileadmin/templates/ess/ess_test_folder/World_Census_Agriculture/Country_info_2010/Reports/Reports_5/NPL_EN_REP_2011-12.pdf
https://nsonepal.gov.np/content/7507/7507-national-sample-census-of-agri/
https://nsonepal.gov.np/content/7507/7507-national-sample-census-of-agri/
https://nsonepal.gov.np/content/7507/7507-national-sample-census-of-agri/
https://doi.org/10.1016/j.landusepol.2016.09.007
https://doi.org/10.1016/j.landusepol.2016.09.007
https://doi.org/10.3390/sci3010001
https://doi.org/10.3390/sci3010001
https://doi.org/10.1029/2020WR027589
https://doi.org/10.1029/2020WR027589
https://doi.org/10.1007/978-1-4419-9504-9
https://doi.org/10.1007/978-1-4419-9504-9
https://nepjol.info/index.php/JFL/article/view/1877
https://nepjol.info/index.php/JFL/article/view/1877
https://doi.org/10.2166/wp.2023.159
https://doi.org/10.2166/wp.2023.159
https://doi.org/10.1007/s42452-025-07304-7
https://doi.org/10.1007/s42452-025-07304-7
https://doi.org/10.1038/s41467-022-29011-2
https://doi.org/10.1038/s41467-022-29011-2
https://doi.org/10.1038/s41558-021-01205-4
https://doi.org/10.1038/s41558-021-01205-4
https://doi.org/10.1007/s40641-016-0034-x
https://doi.org/10.1007/s40641-016-0034-x
https://doi.org/10.1126/sciadv.abg3848
https://doi.org/10.1126/sciadv.abg3848
https://doi.org/10.1038/s43247-022-00520-8
https://doi.org/10.1038/s43247-022-00520-8
https://doi.org/10.2760/173513, JRC126363
https://doi.org/10.1016/j.envres.2020.109430
https://doi.org/10.1016/j.envres.2020.109430
https://doi.org/10.1002/ecm.1632
https://doi.org/10.1002/ecm.1632
https://doi.org/10.1007/978-3-031-44397-8_4
https://doi.org/10.1007/s41748-023-00338-0
https://doi.org/10.1007/s41748-023-00338-0
https://doi.org/10.1016/j.indic.2023.100227
https://doi.org/10.1016/j.indic.2023.100227
https://doi.org/10.1155/2022/4206401
https://doi.org/10.1155/2022/4206401
https://www.dhm.gov.np/uploads/dhm/climateService/Observed_Climate_Trend_Analysis_Report_2017.pdf
https://www.dhm.gov.np/uploads/dhm/climateService/Observed_Climate_Trend_Analysis_Report_2017.pdf
https://www.dhm.gov.np/uploads/dhm/climateService/Update_of_Climate_Change_Study_of_Nepal_compressed.pdf
https://www.dhm.gov.np/uploads/dhm/climateService/Update_of_Climate_Change_Study_of_Nepal_compressed.pdf
https://www.dhm.gov.np/uploads/dhm/climateService/Update_of_Climate_Change_Study_of_Nepal_compressed.pdf
https://dhm.gov.np/pages/data
https://dhm.gov.np/pages/data
https://dhm.gov.np/hydrology/snow-monitoring
https://dhm.gov.np/hydrology/snow-monitoring
https://faolex.fao.org/docs/pdf/NEP219411.pdf
https://doi.org/10.1093/fshmag/vuaf067
https://doi.org/10.1126/science.adl5728
https://doi.org/10.1126/science.adl5728
https://doi.org/10.5194/nhess-22-3105-2022
https://doi.org/10.5194/nhess-22-3105-2022
https://doi.org/10.3126/jfl.v18i1.59607
https://doi.org/10.3126/jfl.v18i1.59607
https://doi.org/10.1016/S0034-4257(02)00078-0
https://doi.org/10.1016/S0034-4257(02)00078-0
https://doi.org/10.26066/RDS.1972729
https://doi.org/10.26066/RDS.1972729
https://doi.org/10.1088/1748-9326/ad25a0
https://doi.org/10.1088/1748-9326/ad25a0

10P Publishing

Environ. Res. Lett. 21 (2026) 013003

Gao Z, Niu F and Lin Z 2020 Effects of permafrost degradation on
thermokarst lake hydrochemistry in the Qinghai-Tibet
Plateau, China Hydrol. Process. 34 565973

Gao Z, Yin G, Niu F, Wang Y, Luo J, Lin Z and Liu W 2025
Dynamics and drivers of suprapermafrost groundwater on
the Qinghai-Tibet Plateau under climate change Water
Resour. Res. 61 €2025WR040246

Gautam M R and Acharya K 2012 Streamflow trends in Nepal
Hydrol. Sci. ]. 57 344-57

Ghimire C P, Bruijnzeel L A, Lubczynski M W and Bonell M
2012 Rainfall interception by natural and planted forests
in the Middle Mountains of Central Nepal J. Hydrol.

475 270-80

Ghimire M and Regmi T 2024 Distribution, importance, threats
and management strategies of Wetlands in Nepal Wetlands
44 106

Gillette D P, Edds D R, Jha B R and Mishra B 2022 Thirty years of
environmental change reduces local, but not regional,
diversity of riverine fish assemblages in a Himalayan
biodiversity hotspot Biol. Conserv. 265 109427

GoN 2021 National adaptation plan (NAP) 2021-2050
(Government of Nepal, Ministry of Forests and
Environment) (available at: https://dpnet.org.np/uploads/
files/NAP-2021-2050-1700841577%202024-06-13%2010-
21-57.pdf)

Government of Nepal 2001 The Hydropower Development Policy,
2058 (2001) Kathmandu Ministry of Energy, Water
Resources and Irrigation

Grill G et al 2019 Mapping the world’s free-flowing rivers Nature
569 215-21

Gruber S, Fleiner R, Guegan E, Panday P, Schmid M O, Stumm D,
Wester P, Zhang Y and Zhao L 2017 Inferring permafrost
and permafrost thaw in the mountains of the Hindu Kush
Himalaya region Cryosphere 11 81-99

Guo R, Nguyen H T T, Galelli S, Ceola S and Montanari A 2025
Bridging information from paleo-hydrological and climate
model ensembles to assess long term hydrological drought
hazard AGU Adv. 6 €2024AV001393

Gurung A, Adhikari S, Chauhan R, Thakuri S, Nakarmi S,

Ghale S, Dongol B S and Rijal D 2019 Water crises in a
water-rich country: case studies from rural watersheds of
Nepal’s mid-hills Water Policy 21 82647

Hackney C R, Darby S E, Parsons D R, Leyland J, Best J L, Aalto R,
Nicholas A P and Houseago R C 2020 River bank instability
from unsustainable sand mining in the lower Mekong River
Nat. Sustain. 3 217-25

Harvey E L et al 2024 Review of landslide inventories for Nepal
between 2010 and 2021 reveals data gaps in global landslide
hotspot Nat. Hazards 121 5075-101

Hatlebakk M 2023 River sand mining as a livelihood activity: the
case of Nepal Extr. Ind. Soc. 14 101266

Hayashi M 2020 Alpine hydrogeology: the critical role of
groundwater in sourcing the headwaters of the world
Groundwater 58 498-510

Hock R et al 2019 High Mountain Areas Page in IPCC Special
Report on the Ocean and Cryosphere in a Changing Climate
(Stati Uniti D’america) pp 131-202

Hoffmann M P 2021 Digging for sand after the revolution: mafia,
labor, and shamanism in a Nepali sand mine Dialect.
Anthropol. 45 117-33

Hugonnet R et al 2021 Accelerated global glacier mass loss in the
early twenty-first century Nature 592 72631

Huntington H P et al 2021 Applying the food—energy—water nexus
concept at the local scale Nat. Sustain. 4 672-9

Huss M and Hock R 2018 Global-scale hydrological response to
future glacier mass loss Nat. Clim. Change 8 135-40

ICIMOD 2011 Glacial Lakes and Glacial Lake Outburst Floods in
Nepal Kathmandu: ICIMOD (available at: https://lib.
icimod.org/records/2kqn5-yrm13)

ICIMOD 2023 ICIMOD strategy 2030: moving mountains
(available at: https://doi.org/10.53055/ICIMOD.1027)

ICIMOD 2024 GLOF from thyanbo glacial lake sweeps
away Thame village—ICIMOD (available at:

22

S S Sayedi et al

https://www.icimod.org/press-release/glof-from-thyanbo-
glacial-lake-sweeps-away-thame-village/)

Immerzeel W W, van Beek L P H and Bierkens M F P 2010 Climate
change will affect the Asian water towers Science 328 1382-5

Investopaper 2020 Government issues “national water resources
policy —2077 (available at: www.investopaper.com/news/
national-water-resources-policy-2077/)

IPCC 2023 Climate Change (2022)—impacts, Adaptation and
Vulnerability: Working Group II Contribution to the Sixth
Assessment Report of the Intergovernmental Panel on Climate
Change 1st edn (Cambridge University Press)

ISET 2020 Rivers, Hydropower and Eflow: Development &
Conservation Challenges in Nepal (Institute for Social and
Environmental Transition-Nepal)

Jin K, Liu N, Tang R, Sun G and Hao L 2025 Quantifying long
term (2000-2020) water balances across Nepal by
integrating remote sensing and an ecohydrological model
Remote Sens. 17 1819

Johnson A, Belbase M, Adhikari K, Shrestha M and Haensch J
2021 Nepal: a country where water policy is in flux Water
Markets A Global Assessment (Edward Elgar Publishing)
pp 112-25

Kaini S, Nepal S, Pradhananga S, Gardner T and Sharma A K 2021
Impacts of climate change on the flow of the transboundary
Koshi River, with implications for local irrigation Int. J.
Water Resour. Dev. 37 929-54

Kandel S, Khadka N, Tiwari D, Shrestha D and Rijal K 2023
Evolution and bathymetry of glacial lake at the lowest
elevation in Nepal Himalaya J. Mt. Sci. 20 1414

Karki R and Gurung A 2012 An overview of climate change and
its impact on agriculture: a review from least developing
country, Nepal Int. J. Ecosys. 2 19-24

Karki R, Ul Hasson S, Gerlitz L, Talchabhadel R, Schickhoff U,
Scholten T and B6hner J 2020 Rising mean and extreme
near-surface air temperature across Nepal Int. J. Climatol.
40 2445-63

Karki R, Ul Hasson S, Schickhoff U, Scholten T and Béhner J 2017
Rising precipitation extremes across Nepal Climate 5 4

Kattel D B and Yao T 2024 Forces for recent snow cover variation
on the Mount Everest region J. Earth Syst. Sci. 134 16

Kayastha R B and Maskey S 2024 Glacial lake outburst flood
(GLOF) modeling of Tsho Rolpa glacial lake, Nepal Proc.
IAHS 387 59-63

Kc K B, Tzadok E and Pant L 2022 Himalayan ecosystem services
and climate change driven agricultural frontiers: a scoping
review Discov. Sustain. 3 35

Khadka A, Brun F, Wagnon P, Shrestha D and Sherpa T C 2024
Surface energy and mass balance of Mera Glacier (Nepal,
Central Himalaya) and their sensitivity to temperature and
precipitation J. Glaciol. 70 80

Khadka N, Chen X, Sharma S and Shrestha B 2023 Climate
change and its impacts on glaciers and glacial lakes in Nepal
Himalayas Reg. Environ. Change 23 143

Khan A, Potapov P, Hansen M C, Pickens A H, Tyukavina A,
Serna A H, Uddin K and Ahmad ] 2024 Perennial snow and
ice cover change from 2001 to 2021 in the Hindu-Kush
Himalayan region derived from the Landsat analysis-ready
data Remote Sens. Appl. 34 101192

Khan M R, Michael H A, Bresnyan E W and Yu W 2022 Impacts
of basin-wide irrigation pumping on dry-period stream
baseflow in an alluvial aquifer in the Kosi Fan region of
India and Nepal Hydrogeol. J. 30 1899-910

Khatiwada J R, Adhikari J N, Rijal D and Sharma L N 2021
Freshwater biodiversity in western Nepal: a review Nepalese
J. Zoology 5 34—46

Koehnken L, Rintoul M S, Goichot M, Tickner D, Loftus A C and
Acreman M C 2020 Impacts of riverine sand mining on
freshwater ecosystems: a review of the scientific evidence
and guidance for future research River Res. Appl. 36 36270

Koirala S and Bashyal S 2025 The land left behind: a systematic
review of transnational migration-induced change and its
implication for rural sustainability in Nepal Humanit. Soc.
Sci. Commun. 12 1-12


https://doi.org/10.1002/hyp.13987
https://doi.org/10.1002/hyp.13987
https://doi.org/10.1029/2025WR040246
https://doi.org/10.1029/2025WR040246
https://doi.org/10.1080/02626667.2011.637042
https://doi.org/10.1080/02626667.2011.637042
https://doi.org/10.1016/j.jhydrol.2012.09.051
https://doi.org/10.1016/j.jhydrol.2012.09.051
https://doi.org/10.1007/s13157-024-01861-0
https://doi.org/10.1007/s13157-024-01861-0
https://doi.org/10.1016/j.biocon.2021.109427
https://doi.org/10.1016/j.biocon.2021.109427
https://dpnet.org.np/uploads/files/NAP-2021-2050-1700841577%202024-06-13%2010-21-57.pdf
https://dpnet.org.np/uploads/files/NAP-2021-2050-1700841577%202024-06-13%2010-21-57.pdf
https://dpnet.org.np/uploads/files/NAP-2021-2050-1700841577%202024-06-13%2010-21-57.pdf
https://doi.org/10.1038/s41586-019-1111-9
https://doi.org/10.1038/s41586-019-1111-9
https://doi.org/10.5194/tc-11-81-2017
https://doi.org/10.5194/tc-11-81-2017
https://doi.org/10.1029/2024AV001393
https://doi.org/10.1029/2024AV001393
https://doi.org/10.2166/wp.2019.245
https://doi.org/10.2166/wp.2019.245
https://doi.org/10.1038/s41893-019-0455-3
https://doi.org/10.1038/s41893-019-0455-3
https://doi.org/10.1007/s11069-024-07013-1
https://doi.org/10.1007/s11069-024-07013-1
https://doi.org/10.1016/j.exis.2023.101266
https://doi.org/10.1016/j.exis.2023.101266
https://doi.org/10.1111/gwat.12965
https://doi.org/10.1111/gwat.12965
https://doi.org/10.1007/s10624-020-09615-0
https://doi.org/10.1007/s10624-020-09615-0
https://doi.org/10.1038/s41586-021-03436-z
https://doi.org/10.1038/s41586-021-03436-z
https://doi.org/10.1038/s41893-021-00719-1
https://doi.org/10.1038/s41893-021-00719-1
https://doi.org/10.1038/s41558-017-0049-x
https://doi.org/10.1038/s41558-017-0049-x
https://lib.icimod.org/records/2kqn5-yrm13
https://lib.icimod.org/records/2kqn5-yrm13
https://doi.org/10.53055/ICIMOD.1027
https://www.icimod.org/press-release/glof-from-thyanbo-glacial-lake-sweeps-away-thame-village/
https://www.icimod.org/press-release/glof-from-thyanbo-glacial-lake-sweeps-away-thame-village/
https://doi.org/10.1126/science.1183188
https://doi.org/10.1126/science.1183188
https://www.investopaper.com/news/national-water-resources-policy-2077/
https://www.investopaper.com/news/national-water-resources-policy-2077/
https://doi.org/10.3390/rs17111819
https://doi.org/10.3390/rs17111819
https://doi.org/10.4337/9781788976930.00016
https://doi.org/10.1080/07900627.2020.1826292
https://doi.org/10.1080/07900627.2020.1826292
https://doi.org/10.1007/s11629-022-7615-z
https://doi.org/10.1007/s11629-022-7615-z
https://doi.org/10.5923/j.ije.20120202.03
https://doi.org/10.5923/j.ije.20120202.03
https://doi.org/10.1002/joc.6344
https://doi.org/10.1002/joc.6344
https://doi.org/10.3390/cli5010004
https://doi.org/10.3390/cli5010004
https://doi.org/10.1007/s12040-024-02472-3
https://doi.org/10.1007/s12040-024-02472-3
https://doi.org/10.5194/piahs-387-59-2024
https://doi.org/10.5194/piahs-387-59-2024
https://doi.org/10.1007/s43621-022-00103-9
https://doi.org/10.1007/s43621-022-00103-9
https://doi.org/10.1017/jog.2024.42
https://doi.org/10.1017/jog.2024.42
https://doi.org/10.1007/s10113-023-02142-y
https://doi.org/10.1007/s10113-023-02142-y
https://doi.org/10.1016/j.rsase.2024.101192
https://doi.org/10.1016/j.rsase.2024.101192
https://doi.org/10.1007/s10040-022-02527-z
https://doi.org/10.1007/s10040-022-02527-z
https://doi.org/10.3126/njz.v5i1.38290
https://doi.org/10.3126/njz.v5i1.38290
https://doi.org/10.1002/rra.3586
https://doi.org/10.1002/rra.3586
https://doi.org/10.1057/s41599-024-04180-1
https://doi.org/10.1057/s41599-024-04180-1

10P Publishing

Environ. Res. Lett. 21 (2026) 013003

Kondolf G M 1997 PROFILE: hungry water: effects of dams and
gravel mining on river channels Environ. Manage. 21 53351

Koyuncu A, Bates M N, Petrin Z, Cope M, McCoy S I, Prata N,
Sijali T R and Harris-Adamson C 2021 Heavy load carrying
and musculoskeletal health: an exploratory study of
biomechanical risk factors among sand miners in Pokhara,
Kaski District, Nepal Int. J. Ind. Ergon. 85 103187

Kraaijenbrink P D A, Stigter E E, Yao T and Immerzeel W W 2021
Climate change decisive for Asia’s snow meltwater supply
Nat. Clim. Change 11 591-7

Krabbenhoft C A et al 2022 Assessing placement bias of the global
river gauge network Nat. Sustain. 5 58692

Krysanova V and Arnold J G 2008 Advances in ecohydrological
modelling with SWAT—a review Hydrol. Sci. J. 53 939-47

Kshetri T B 2025 Monitoring sand mining in Nepalese rivers
using deep learning and Earth observation Master’s Thesis
University of Calgary (available at: https://hdl.handle.net/
1880/120411)

Kuang X et al 2024 The changing nature of groundwater in the
global water cycle Science 383 eadf0630

Kurigi A, Pinheiro A N, Sordo-Ward A, Bejarano M D and
Garrote L 2021 Ecological impacts of run-of-river
hydropower plants—current status and future prospects on
the brink of energy transition Renew. Sustain. Energy Rev.
142 110833

Kuttippurath J, Pate] V K and Sharma B R 2024 Observed changes
in the climate and snow dynamics of the Third Pole npj
Clim. Atmos. Sci. 7 1-14

Lafreniére M ] and Lamoureux S F 2019 Effects of changing
permafrost conditions on hydrological processes and fluvial
fluxes Earth Sci. Rev. 191 212-23

Lama L, Kayastha R B, Maharjan S B, Bajracharya S R, Chand M B
and Mool P K 2015 Glacier area and volume changes of
Hidden Valley, Mustang, Nepal from ~1980s to 2010 based
on remote sensing Proc. IAHS 368 57-62

Lamichhane M, Phuyal S, Mahato R, Shrestha A, Pudasaini U,
Lama S D, Chapagain A R, Mehan S and Neupane D 2024a
Assessing climate change impacts on streamflow and
baseflow in the Karnali River Basin, Nepal: a CMIP6
multi-model ensemble approach using SWAT and
web-based hydrograph analysis tool Sustainability 16 3262

Lamichhane S, Devkota N, Subedi T R and Thapa A B 2024b
Impact of land use and land cover change in river flow and
hydro-energy generation: the case of Bagmati basin in
central Nepal Energy Nexus 14 100305

Lamichhane S and Shakya N M 2019 Integrated assessment of
climate change and land use change impacts on hydrology in
the Kathmandu Valley Watershed, Central Nepal Water
11 2059

Luo Y, Wang L, Hu C, Hao L and Sun G 2024 Changing extreme
precipitation patterns in Nepal over 1971-2015 Earth Space
Sci. 11 €2024EA003563

Mabharjan K R, Bhattarai U, Bhattarai P K and Devkota L P 2025
Climate change impacts on flood dynamics and seasonal
flow variability in central Nepal: the Kaligandaki River Basin
case Theor. Appl. Climatol. 156 149

Maharjan M, Yoneda M, Talchabhadel R, Thapa B R and Aryal A
2023 Use of indices on daily timescales to study changes in
extreme precipitation across Nepal over 40 years
(1976-2015) Earth Space Sci. 10 e2020EA001509

Malmros J K, Mernild S H, Wilson R, Tagesson T and Fensholt R
2018 Snow cover and snow albedo changes in the central
Andes of Chile and Argentina from daily MODIS
observations (2000-2016) Remote Sens. Environ. 209 240-52

Marta S et al 2023 Heterogeneous changes of soil microclimate in
high mountains and glacier forelands Nat. Commun.
14 5306

Merz J, Nakarmi G, Shrestha S K, Dahal B M, Dangol P M,
Dhakal M P, Dongol B S, Sharma S, Shah P B and
Weingartner R 2003 Water: a scarce resource in rural
watersheds of Nepal’s Middle Mountains Mt. Res. Dev.
23 41-49

23

S S Sayedi et al

Miao C, Immerzeel W W, Xu B, Yang K, Duan Q and Li X 2024
Understanding the Asian water tower requires a redesigned
precipitation observation strategy Proc. Natl Acad. Sci.

121 2403557121

Miles E, McCarthy M, Dehecq A, Kneib M, Fugger S and
Pellicciotti F 2021 Health and sustainability of glaciers in
High Mountain Asia Nat. Commun. 12 1-10

Mimeau L, Esteves M, Zin I, Jacobi H-W, Brun F, Wagnon P,
Koirala D and Arnaud Y 2019 Quantification of different
flow components in a high-altitude glacierized catchment
(Dudh Koshi, Himalaya): some cryospheric-related issues
Hydrol. Earth Syst. Sci. 23 3969-96

Miyan M A 2015 Droughts in Asian least developed countries:
vulnerability and sustainability Weather Clim. Extrem.

7 8-23

MoEWRI 2025a Power plants :: hydro (more than IMW).
Government of Nepal ministry of energy, water resources,
and irrigation

MoEWRI 2025b Power plants :: hydro (less than IMW).
Government of Nepal ministry of energy, water resources,
and irrigation

Mudbhari D, Kansal M L and Kalura P 2022 Impact of climate
change on water availability in Marsyangdi river basin,
Nepal Q. J. R. Meteorol. Soc. 148 1407-23

Musselman K N, Lehner F, Ikeda K, Clark M P, Prein A F, Liu C,
Barlage M and Rasmussen R 2018 Projected increases and
shifts in rain-on-snow flood risk over western North
America Nat. Clim. Change 8 808—12

Nepal J, Bhlon R, Wang L, Shrestha M, Chen D, Liu H, Li X and
Li X 2025 Quantifying the impact of snow drought on
glacier melting at a Himalayan mountain basin J. Hydrol.
661 133736

Nepal P, Khanal N R, Zhang Y, Paudel B and Liu L 2020 Land use
policies in Nepal: an overview Land Degrad. Dev. 31 220312

Nepal S 2016 Impacts of climate change on the hydrological
regime of the Koshi river basin in the Himalayan region J.
Hydroenviron. Res. 10 76-89

Nepal S, Fliigel W-A and Shrestha A B 2014a
Upstream-downstream linkages of hydrological processes in
the Himalayan region Ecol. Process. 3 19

Nepal S, Krause P, Fliigel W-A, Fink M and Fischer C 2014b
Understanding the hydrological system dynamics of a
glaciated alpine catchment in the Himalayan region using
the J2000 hydrological model Hydrol. Process. 28 132944

Neupane S, Das B, Velvizhi G, Neupane S and Pradhan P M 2022
Impact of thirteen run-of-river hydroelectric projects on
land use land cover and ecosystem services in Nepal Int. J.
Energy Water Resour. 7 513-33

Nie Y et al 2021 Glacial change and hydrological implications in
the Himalaya and Karakoram Nat. Rev. Earth Environ.
291-106

Nie Y, Sheng Y, Liu Q, Liu L, Liu S, Zhang Y and Song C 2017 A
regional-scale assessment of Himalayan glacial lake changes
using satellite observations from 1990 to (2015) Rermnote
Sens. Environ. 189 1-13

Ning C, Subedi R and Hao L 2023 Land use/cover change,
fragmentation, and driving factors in Nepal in the last 25
years Sustainability 15 6957

NLCDC 2021 Inventory of lakes in Nepal (main report) (National
Lake Conservation Development Committee
(NLCDC)/Ministry of Forests and
Environment/Government of Nepal) p 145

NSCA 2022 National sample census of agriculture 2021/22, NSCA
2021/22 (National Statistics Office) (available at: https://
microdata.nsonepal.gov.np/index.php/catalog/134/related-
materials)

NSO 2021 National Population and Housing Census 2021 (National
Report) National Statistics Office (NSO), Government of
Nepal (available at: https://censusnepal.cbs.gov.np/results)

OECD 2013 Water and Climate Change Adaptation: Policies to
Navigate Uncharted Waters (Organization for Economic
Co-operation and Development)


https://doi.org/10.1007/s002679900048
https://doi.org/10.1007/s002679900048
https://doi.org/10.1016/j.ergon.2021.103187
https://doi.org/10.1016/j.ergon.2021.103187
https://doi.org/10.1038/s41558-021-01074-x
https://doi.org/10.1038/s41558-021-01074-x
https://doi.org/10.1038/s41893-022-00873-0
https://doi.org/10.1038/s41893-022-00873-0
https://doi.org/10.1623/hysj.53.5.939
https://doi.org/10.1623/hysj.53.5.939
https://hdl.handle.net/1880/120411
https://hdl.handle.net/1880/120411
https://doi.org/10.1126/science.adf0630
https://doi.org/10.1126/science.adf0630
https://doi.org/10.1016/j.rser.2021.110833
https://doi.org/10.1016/j.rser.2021.110833
https://doi.org/10.1038/s41612-024-00710-5
https://doi.org/10.1038/s41612-024-00710-5
https://doi.org/10.1016/j.earscirev.2019.02.018
https://doi.org/10.1016/j.earscirev.2019.02.018
https://doi.org/10.5194/piahs-368-57-2015
https://doi.org/10.5194/piahs-368-57-2015
https://doi.org/10.3390/su16083262
https://doi.org/10.3390/su16083262
https://doi.org/10.1016/j.nexus.2024.100305
https://doi.org/10.1016/j.nexus.2024.100305
https://doi.org/10.3390/w11102059
https://doi.org/10.3390/w11102059
https://doi.org/10.1029/2024EA003563
https://doi.org/10.1029/2024EA003563
https://doi.org/10.1007/s00704-025-05378-2
https://doi.org/10.1007/s00704-025-05378-2
https://doi.org/10.1029/2020EA001509
https://doi.org/10.1029/2020EA001509
https://doi.org/10.1016/j.rse.2018.02.072
https://doi.org/10.1016/j.rse.2018.02.072
https://doi.org/10.1038/s41467-023-41063-6
https://doi.org/10.1038/s41467-023-41063-6
https://doi.org/10.1659/0276-4741(2003)023[0041:WASRIR]2.0.CO;2
https://doi.org/10.1659/0276-4741(2003)023[0041:WASRIR]2.0.CO;2
https://doi.org/10.1073/pnas.2403557121
https://doi.org/10.1073/pnas.2403557121
https://doi.org/10.1038/s41467-021-23073-4
https://doi.org/10.1038/s41467-021-23073-4
https://doi.org/10.5194/hess-23-3969-2019
https://doi.org/10.5194/hess-23-3969-2019
https://doi.org/10.1016/j.wace.2014.06.003
https://doi.org/10.1016/j.wace.2014.06.003
https://doi.org/10.1002/qj.4267
https://doi.org/10.1002/qj.4267
https://doi.org/10.1038/s41558-018-0236-4
https://doi.org/10.1038/s41558-018-0236-4
https://doi.org/10.1016/j.jhydrol.2025.133736
https://doi.org/10.1016/j.jhydrol.2025.133736
https://doi.org/10.1002/ldr.3621
https://doi.org/10.1002/ldr.3621
https://doi.org/10.1016/j.jher.2015.12.001
https://doi.org/10.1016/j.jher.2015.12.001
https://doi.org/10.1186/s13717-014-0019-4
https://doi.org/10.1186/s13717-014-0019-4
https://doi.org/10.1002/hyp.9627
https://doi.org/10.1002/hyp.9627
https://doi.org/10.1007/s42108-021-00178-6
https://doi.org/10.1007/s42108-021-00178-6
https://doi.org/10.1038/s43017-020-00124-w
https://doi.org/10.1038/s43017-020-00124-w
https://doi.org/10.1016/j.rse.2016.11.008
https://doi.org/10.1016/j.rse.2016.11.008
https://doi.org/10.3390/su15086957
https://doi.org/10.3390/su15086957
https://microdata.nsonepal.gov.np/index.php/catalog/134/related-materials
https://microdata.nsonepal.gov.np/index.php/catalog/134/related-materials
https://microdata.nsonepal.gov.np/index.php/catalog/134/related-materials
https://censusnepal.cbs.gov.np/results

10P Publishing

Environ. Res. Lett. 21 (2026) 013003

Ojha R B, Atreya K, Kristiansen P, Devkota D and Wilson B 2022
A systematic review and gap analysis of drivers, impacts, and
restoration options for abandoned croplands in Nepal Land
Use Policy 120 106237

Palmer M and Ruhi A 2019 Linkages between flow regime, biota,
and ecosystem processes: implications for river restoration
Science 365 eaaw2087

Panday P K, Frey K E and Ghimire B 2011 Detection of the timing
and duration of snowmelt in the Hindu Kush-Himalaya
using QuikSCAT, 2000-2008 Environ. Res. Lett. 6 024007

Pandey V P, Dhaubanjar S, Bharati L and Thapa B R 2020
Spatio-temporal distribution of water availability in
Karnali-Mohana Basin, Western Nepal: climate change
impact assessment (Part-B) J. Hydrol. 29 100691

Pandit A, Batelaan O, Pandey V P and Adhikari S 2024 Depleting
spring sources in the Himalayas: environmental drivers or
just perception? J. Hydrol. 53 101752

Paudel B and Adhikari B R 2021a Land use and land cover The
Soils of Nepal ed R B Ojha and D Panday (Springer) pp
41-51

Paudel B, Panday D and Dhakal K 2021b Climate The Soils of
Nepal ed R B Ojha and D Panday (Springer) pp 15-27

Pokharel B K et al 2024 An Analysis of the Water, Energy, Food and
Ecosystem (WEFE) Nexus for Nepal (International Water
Management Institute (IWMI). CGIAR Initiative on
NEXUS Gains) p 84

Pokharel B et al 2023 Amplified drought trends in Nepal increase
the potential for Himalayan wildfires Clim. Change 176 17

Pokhrel B K 2018 Impact of land use change on flow and sediment
yields in the Khokana Outlet of the Bagmati River,
Kathmandu, Nepal Hydrology 5 22

Poudel A, Cuo L, Ding J and Gyawali A R 2020 Spatio-temporal
variability of the annual and monthly extreme temperature
indices in Nepal Int. J. Climatol. 40 495677

Pradhan P and Shrestha S 2022 Climate-change projections in the
Himalayan River Basin using CMIP6 GCMs: a case study in
the Koshi River Basin, Nepal Handbook of Himalayan
Ecosystems and Sustainability vol 2 (CRC Press)

Pradhananga N S, Kayastha R B, Bhattarai B C, Adhikari T R,
Pradhan S C, Devkota L P, Shrestha A B and Mool P K 2014
Estimation of discharge from Langtang River basin, Rasuwa,
Nepal, using a glacio-hydrological model Ann. Glaciol.

55 223-30

Pradhananga S, Nepal S, Kamal S K and Hafeez M 2025 Climate
change will exacerbate seasonal flow variability in the
Karnali River basin: implications for water, energy, and
agriculture sectors Hydrol. Res. 56 471-91

Prein A F et al 2015 A review on regional convection-permitting
climate modeling: demonstrations, prospects, and
challenges Rev. Geophys. 53 32361

Pritchard H D 2019 Asia’s shrinking glaciers protect large
populations from drought stress Nature 569 649-54

Probst J L and Tardy Y 1987 Long range streamflow and world
continental runoff fluctuations since the beginning of this
century J. Hydrol. 94 289-311

Puri B P, Adhikari T R, Sigdel M, Devkota B and Shrestha S 2024
Spatial and temporal variations of surface air temperature
(1962-2022) across physiographic regions in the Koshi
Basin, Nepal J. Hydrol. Meteorol. 12 46-57

Qin J, Ding Y, Han T, Chang Y, Shi F and You Y 2022 The
hydrothermal changes of permafrost active layer and their
impact on summer rainfall-runoff processes in an alpine
meadow watershed, northwest China Res. Cold Arid Reg.

14 361-9

Ragettli S, Immerzeel W W and Pellicciotti F 2016 Contrasting
climate change impact on river flows from high-altitude
catchments in the Himalayan and Andes Mountains Proc.
Natl Acad. Sci. USA 113 9222-7

Rounce D R et al 2023 Global glacier change in the 21st
century: every increase in temperature matters Sciernce
379 78-83

24

S S Sayedi et al

Sarangi C, Qian Y, Rittger K, Leung L R, Chand D, Bormann K J
and Painter T H 2020 Dust dominates high-altitude snow
darkening and melt over high-mountain Asia Nat. Clim.
Change 10 1045-51

Shaha K and Paudel S 2016 Connecting flows and ecology in
Nepal: current state of knowledge for the Koshi Basin
Ecology of crocodile and dolphin in the Koshi Basin ed T M
Doody, S M Cuddy and L D Bhatta (Sustainable
Development Investment Portfolio (SDIP) project. CSIRO,
Australia) pp 123-38

Sharma B, Nepal S, Gyawali D, Pokharel G S, Wahid S, Mukherji A,
Acharya S and Shrestha A B 2016 Springs, Storage Towers,
and Water Conservation in the Midhills of Nepal.
Kathmandu, Nepal: International Centre for Integrated
Mountain Development. ICIMOD Working Paper 2016/3
(available at: https://hdl.handle.net/10568/90599)

Sharma L, Gupta N and Basnayake S 2023 Assessment of Water
Sector Policies and Guidelines of Nepal: 1dentifying Gaps and
Addressing Needs (Asian Disaster Preparedness Center)

Sharma N, Mishra B K and Baral S 2024 Climate change impacts
on Seti Gandaki River flow from hydropower perspectives
Sustain. Water Resour. Manag. 10 1-18

Sharma R H and Awal R 2013 Hydropower development in Nepal
Renew. Sustain. Energy Rev. 21 684-93

Sharma R H and Awal R 2013 Hydropower development in Nepal
Renew. Sustain. Energy Rev. 21 684-93

Sharma S, Hamal K, Khadka N and Joshi B B 2020 Dominant
pattern of year-to-year variability of summer precipitation
in Nepal during 1987-2015 Theor. Appl. Climatol.

142 1071-84

Shrestha A B and Aryal R 2011 Climate change in Nepal and its
impact on Himalayan glaciers Reg. Environ. Change
11 65-77

Shrestha A, Shrestha S, Tingsanchali T, Budhathoki A and
Ninsawat S 2021 Adapting hydropower production to
climate change: a case study of Kulekhani Hydropower
Project in Nepal J. Cleaner Prod. 279 123483

Shrestha B B 2019a Management of invasive alien plants in Nepal:
current practices and future prospects Tropical Ecosystems:
Structure, Functions and Challenges in the Face of Global
Change S C Garkoti, S ] Van Bloem, P Z Fulé and
RL Semwal ed (Springer) pp 45-68

Shrestha S R, Tripathi G N and Laudari D 2018 Groundwater
resources of Nepal: an Overview Groundwater of South Asia
ed A Mukherjee (Springer) pp 169-93

Shrestha U B, Shrestha A M, Aryal S, Shrestha S, Gautam M S and
Ojha H 2019b Climate change in Nepal: a comprehensive
analysis of instrumental data and people’s perceptions Clim.
Change. 154 315-34

Shugar D H, Burr A, Haritashya U K, Kargel J S, Watson C S,
Kennedy M C, Bevington A R, Betts R A, Harrison S and
Strattman K 2020 Rapid worldwide growth of glacial lakes
since (1990) Nat. Clim. Change 10 939-45

Sigdel K P, Ghimire N P, Pandeya B and Dawadi B 2022 Historical
and projected variations of precipitation and temperature
and their extremes in relation to climatic indices over the
Gandaki River Basin, Central Himalaya Atmosphere 13 1866

Smith T and Bookhagen B 2018 Changes in seasonal snow water
equivalent distribution in High Mountain Asia (1987-2009)
Sci. Adv. 4 €1701550

Sterling S M, Ducharne A and Polcher J 2013 The impact of global
land-cover change on the terrestrial water cycle Nat. Clim.
Change 3 385-90

Stigter E E, Wanders N, Saloranta T M, Shea ] M, Bierkens M F
and Immerzeel W W 2017 Assimilation of snow cover and
snow depth into a snow model to estimate snow water
equivalent and snowmelt runoff in a Himalayan catchment
Cryosphere 11 1647—64

Stumm D, Joshi S P, Gurung T R and Silwal G 2021 Mass balances
of Yala and Rikha Samba glaciers, Nepal, from 2000 to 2017
Earth Syst. Sci. Data 13 3791-818


https://doi.org/10.1016/j.landusepol.2022.106237
https://doi.org/10.1016/j.landusepol.2022.106237
https://doi.org/10.1126/science.aaw2087
https://doi.org/10.1126/science.aaw2087
https://doi.org/10.1088/1748-9326/6/2/024007
https://doi.org/10.1088/1748-9326/6/2/024007
https://doi.org/10.1016/j.ejrh.2020.100691
https://doi.org/10.1016/j.ejrh.2020.100691
https://doi.org/10.1016/j.ejrh.2024.101752
https://doi.org/10.1016/j.ejrh.2024.101752
https://doi.org/10.1007/s10584-023-03495-3
https://doi.org/10.1007/s10584-023-03495-3
https://doi.org/10.3390/hydrology5020022
https://doi.org/10.3390/hydrology5020022
https://doi.org/10.1002/joc.6499
https://doi.org/10.1002/joc.6499
https://doi.org/10.3189/2014AoG66A123
https://doi.org/10.3189/2014AoG66A123
https://doi.org/10.2166/nh.2025.193
https://doi.org/10.2166/nh.2025.193
https://doi.org/10.1002/2014RG000475
https://doi.org/10.1002/2014RG000475
https://doi.org/10.1038/s41586-019-1240-1
https://doi.org/10.1038/s41586-019-1240-1
https://doi.org/10.1016/0022-1694(87)90057-6
https://doi.org/10.1016/0022-1694(87)90057-6
https://doi.org/10.3126/jhm.v12i1.72654
https://doi.org/10.3126/jhm.v12i1.72654
https://doi.org/10.1016/j.rcar.2023.02.005
https://doi.org/10.1016/j.rcar.2023.02.005
https://doi.org/10.1073/pnas.1606526113
https://doi.org/10.1073/pnas.1606526113
https://doi.org/10.1126/science.abo1324
https://doi.org/10.1126/science.abo1324
https://doi.org/10.1038/s41558-020-00909-3
https://doi.org/10.1038/s41558-020-00909-3
https://hdl.handle.net/10568/90599
https://doi.org/10.1007/S40899-023-01017-8
https://doi.org/10.1007/S40899-023-01017-8
https://doi.org/10.1016/j.rser.2013.01.013
https://doi.org/10.1016/j.rser.2013.01.013
https://doi.org/10.1016/j.rser.2013.01.013
https://doi.org/10.1016/j.rser.2013.01.013
https://doi.org/10.1007/s00704-020-03359-1
https://doi.org/10.1007/s00704-020-03359-1
https://doi.org/10.1007/s10113-010-0174-9
https://doi.org/10.1007/s10113-010-0174-9
https://doi.org/10.1016/j.jclepro.2020.123483
https://doi.org/10.1016/j.jclepro.2020.123483
https://doi.org/10.1007/978-981-10-3889-1_11
https://doi.org/10.1007/s10584-019-02418-5
https://doi.org/10.1007/s10584-019-02418-5
https://doi.org/10.1038/s41558-020-0855-4
https://doi.org/10.1038/s41558-020-0855-4
https://doi.org/10.3390/atmos13111866
https://doi.org/10.3390/atmos13111866
https://doi.org/10.1126/sciadv.1701550
https://doi.org/10.1126/sciadv.1701550
https://doi.org/10.1038/nclimate1690
https://doi.org/10.1038/nclimate1690
https://doi.org/10.5194/tc-11-1647-2017
https://doi.org/10.5194/tc-11-1647-2017
https://doi.org/10.5194/essd-13-3791-2021
https://doi.org/10.5194/essd-13-3791-2021

10P Publishing

Environ. Res. Lett. 21 (2026) 013003

Subedi A, Raut N and Gurung S 2023 How Himalayan
communities are changing cultivation practices in the
context of climate change Reg. Sustain. 4 378-89

Tachamo Shah R D, Sharma S and Bharati L 2020 Water diversion
induced changes in aquatic biodiversity in
monsoon-dominated rivers of Western Himalayas in
Nepal: implications for environmental flows Ecol. Indic.

108 105735

Tachamo-Shah R D, Nepal S, Shah D N and Eriyagama N 2025
Beyond the banks: paving the way for environmental flows
in Nepal Environ. Challenges 20 101211

Talchabhadel R and Chhetri R 2023 Evaluation of long-term
changes in water balances in the Nepal Himalayas Theor.
Appl. Climatol. 155 439-50

Taylor C, Robinson T R, Dunning S, Rachel Carr ] and Westoby M
2023 Glacial lake outburst floods threaten millions globally
Nat. Commun. 14 487

Thakuri S, Dahal S, Shrestha D, Guyennon N, Romano E,
Colombo N and Salerno F 2019 Elevation-dependent
warming of maximum air temperature in Nepal during
1976-2015 Atmos. Res. 228 261-9

Thapa B and Scott C A 2019 Institutional strategies for adaptation
to water stress in farmer-managed irrigation systems of
Nepal Int. J. Common. 13 892-908

Thapa S, Li B, Fu D, Shi X, Tang B, Qi H and Wang K 2020 Trend
analysis of climatic variables and their relation to snow
cover and water availability in the Central Himalayas: a
case study of Langtang Basin, Nepal Theor. Appl. Climatol.
140 891-903

Thapa S, Li H, Li B, Fu D, Shi X, Yabo S, Lu L, Qi H and Zhang W
2021a Impact of climate change on snowmelt runoff in a
Himalayan basin, Nepal Environ. Monit. Assess. 193 393

Thapa S, Zhang F, Zhang H, Zeng C, Wang L, Xu C-Y, Thapa A
and Nepal S 2021b Assessing the snow cover dynamics and
its relationship with different hydro-climatic characteristics
in Upper Ganges river basin and its sub-basins Sci. Total
environ. 793 148648

Tiwari S, Adhikari S, Khadka U R, Ghimire M and Talchabhadel R
2023 Water poverty in Western Nepal: assessment of Alital
rural municipality in Rangun watershed Water Pract.
Technol. 18 2168-81

Tomer M D and Schilling K E 2009 A simple approach to
distinguish land-use and climate-change effects on
watershed hydrology J. Hydrol. 376 24-33

UNEP 2019 Sand and Sustainability: Finding New Solutions for
Environmental Governance of Global Sand Resources
GRID-Geneva, United Nations Environment Programme,
Geneva, Switzerland (available at: https://unepgrid.ch/
storage/app/media/documents/Sand_and_sustain
ability_ UNEP_2019.pdf)

S S Sayedi et al

UNFCCC 2025 COP30 Action Agenda: Outcomes Report
UNFCCC (available at: https://unfccc.int/documents/
655037) (22 November 2025)

Veh G, Liitzow N, Kharlamova V, Petrakov D, Hugonnet R and
Korup O 2022 Trends, Breaks, and Biases in the Frequency
of Reported Glacier Lake Outburst Floods Earth’s Future
10 e2021EF002426

Veldhuijsen S B M, de Kok R J, Stigter E E, Steiner J F,

Saloranta T M and Immerzeel W W 2022 Spatial and
temporal patterns of snowmelt refreezing in a Himalayan
catchment J. Glaciol. 68 369—89

Vishwakarma B D, Ramsankaran R A A J, Azam M F, Bolch T,
Mandal A, Srivastava S and Bamber J 2022 Challenges in
understanding the variability of the cryosphere in the
Himalaya and its impact on regional water resources Front.
Water 4 909246

Viste E and Sorteberg A 2015 Snowfall in the Himalayas: an
uncertain future from a little-known past Cryosphere
91147-67

Wagnon P et al 2021 Reanalysing the 2007-19 glaciological
mass-balance series of Mera Glacier, Nepal, Central
Himalaya, using geodetic mass balance J. Glaciol. 67 117-25

Walvoord M A and Kurylyk B L 2016 Hydrologic impacts of
thawing permafrost—a review Vadose Zone J. 15 vzj2016-01

Wang L, Liu H, Bhlon R, Chen D, Long ] and Sherpa T C 2024
Modeling glacio-hydrological processes in the Himalayas: a
review and future perspectives Geogr. Sustain. 16 9689

Watson C S, Quincey D J, Carrivick J L and Smith M W 2016 The
dynamics of supraglacial water storage in the Everest region,
central Himalaya Glob. Planet. Change 142 14-27

WEPA (Water Environment Partnership in Asia) 2021 Outlook on
Water Environmental Management in Asia Institute for
Global Environmental Strategies (available at: https://wepa-
db.net/wp-content/uploads/2023/02/WEPA_outlook2021_
e.pdf)

Wohl E 2017 Connectivity in rivers Prog. Phys. Geogr. 41 345—62

Wood L R, Neumann K, Nicholson K N, Bird B W, Dowling C B
and Sharma S 2020 Melting Himalayan glaciers threaten
domestic water resources in the Mount Everest Region,
Nepal Front. Earth Sci. 8 128

Yao T et al 2022 The imbalance of the Asian water tower Nat. Rev.
Earth Environ. 3 1-15

You C and Xu C 2022 Himalayan glaciers threatened by frequent
wildfires Nat. Geosci. 15 9567

Zekollari H et al 2024 Twenty-first century global glacier
evolution under CMIP6 scenarios and the role of
glacier-specific observations Cryosphere 18 5045—66

Zheng G et al 2021 Increasing risk of glacial lake outburst floods
from future Third Pole deglaciation Nat. Clim. Change
11 411-7

25


https://doi.org/10.1016/j.regsus.2023.11.001
https://doi.org/10.1016/j.regsus.2023.11.001
https://doi.org/10.1016/j.ecolind.2019.105735
https://doi.org/10.1016/j.ecolind.2019.105735
https://doi.org/10.1016/j.envc.2025.101211
https://doi.org/10.1016/j.envc.2025.101211
https://doi.org/10.1007/s00704-023-04646-3
https://doi.org/10.1007/s00704-023-04646-3
https://doi.org/10.1038/s41467-023-36033-x
https://doi.org/10.1038/s41467-023-36033-x
https://doi.org/10.1016/j.atmosres.2019.06.006
https://doi.org/10.1016/j.atmosres.2019.06.006
https://doi.org/10.5334/ijc.901
https://doi.org/10.5334/ijc.901
https://doi.org/10.1007/s00704-020-03096-5
https://doi.org/10.1007/s00704-020-03096-5
https://doi.org/10.1007/s10661-021-09197-6
https://doi.org/10.1007/s10661-021-09197-6
https://doi.org/10.1016/j.scitotenv.2021.148648
https://doi.org/10.1016/j.scitotenv.2021.148648
https://doi.org/10.2166/wpt.2023.130
https://doi.org/10.2166/wpt.2023.130
https://doi.org/10.1016/j.jhydrol.2009.07.029
https://doi.org/10.1016/j.jhydrol.2009.07.029
https://unepgrid.ch/storage/app/media/documents/Sand_and_sustainability_UNEP_2019.pdf
https://unepgrid.ch/storage/app/media/documents/Sand_and_sustainability_UNEP_2019.pdf
https://unepgrid.ch/storage/app/media/documents/Sand_and_sustainability_UNEP_2019.pdf
https://unfccc.int/documents/655037
https://unfccc.int/documents/655037
https://doi.org/10.1029/2021EF002426
https://doi.org/10.1029/2021EF002426
https://doi.org/10.1017/jog.2021.101
https://doi.org/10.1017/jog.2021.101
https://doi.org/10.3389/frwa.2022.909246
https://doi.org/10.3389/frwa.2022.909246
https://doi.org/10.5194/tc-9-1147-2015
https://doi.org/10.5194/tc-9-1147-2015
https://doi.org/10.1017/jog.2020.88
https://doi.org/10.1017/jog.2020.88
https://doi.org/10.2136/vzj2016.01.0010
https://doi.org/10.2136/vzj2016.01.0010
https://doi.org/10.3390/su16229689
https://doi.org/10.3390/su16229689
https://doi.org/10.1016/j.gloplacha.2016.04.008
https://doi.org/10.1016/j.gloplacha.2016.04.008
https://wepa-db.net/wp-content/uploads/2023/02/WEPA_outlook2021_e.pdf
https://wepa-db.net/wp-content/uploads/2023/02/WEPA_outlook2021_e.pdf
https://wepa-db.net/wp-content/uploads/2023/02/WEPA_outlook2021_e.pdf
https://doi.org/10.1177/0309133317714972
https://doi.org/10.1177/0309133317714972
https://doi.org/10.3389/feart.2020.00128
https://doi.org/10.3389/feart.2020.00128
https://doi.org/10.1038/s43017-022-00299-4
https://doi.org/10.1038/s43017-022-00299-4
https://doi.org/10.1038/s41561-022-01076-0
https://doi.org/10.1038/s41561-022-01076-0
https://doi.org/10.5194/tc-18-5045-2024
https://doi.org/10.5194/tc-18-5045-2024
https://doi.org/10.1038/s41558-021-01028-3
https://doi.org/10.1038/s41558-021-01028-3

	Anthropogenic drivers and their impact on the hydrological regime of Nepal: a review
	1. Introduction
	2. Anthropogenic drivers and the water cycle
	2.1. Climate change
	2.1.1. Precipitation patterns and projections
	2.1.2. Changes in snowfall and snowmelt
	2.1.3. Glacial retreat and GLOFs
	2.1.4. Permafrost thawing
	2.1.5. Alterations to rivers

	2.2. Land alterations
	2.2.1. Land-cover change
	2.2.2. Sand and gravel mining
	2.2.3. Hydropower and irrigation development


	3. Compound uncertainties from anthropogenic drivers
	4. Implications for management and policy
	5. Conclusion
	References


