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Abstract

Mountainous basins in the Himalayas serve as critical “water towers” sustaining
downstream livelihoods, yet their hydrological response to climate change is complex
due to extreme elevation gradients. This study investigates the future hydrology of the
Karnali basin (situated in Western Nepal) by disaggregating water balance components
along its elevation profile. Using the fully distributed hydrological model SPHY forced
by five CMIP6 climate models under three emission scenarios (SSP1-2.6, SSP3-7.0, and
SSP5-8.5), simulations were conducted for mid century (2041–2070) and late century
(2071–2100) periods relative to a 1991–2020 reference. Projections indicate a warmer
and wetter future, with mean annual precipitation increasing by 19% to 38% and
temperatures rising by 1.5 ◦C to 5.1 ◦C by the late century. A widespread shift from
snowfall to rainfall is projected, with the most significant declines in snowfall fraction
occurring between 2,000 and 4,000 m. While total annual discharge at the basin outlet
is projected to increase by 35% to 59% by 2100, this masks a critical internal
reorganization of the water balance. Snowmelt contributions are projected to decline
and peak up to 43 days earlier under high-emission scenarios, reducing water yield in
climate sensitive zones between 3,000 and 5,000 m. These losses are offset by
substantial increases in rainfall runoff and baseflow at lower elevations, specifically
between 1,000 and 2,000 m. This elevation dependent shift transforms the basin into a
more rainfall dominant system, weakening its natural buffering capacity and increasing
sensitivity to precipitation variability. These findings suggest heightened risks of
hydrological extremes and highlight the necessity of elevation based analysis to capture
the spatial redistribution of water components in mountainous basins.

Introduction 1

Mountain ranges are often referred to as “water towers” because they naturally store 2

and supply fresh water that sustains downstream environmental ecosystems and human 3

livelihoods [1, 2]. The water stored in snow, glaciers and the soil is gradually released 4

over time to sustain the river flow and support the water security. Mountainous water 5
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resources therefore play a critical role for irrigation, hydropower, livelihood and 6

ecosystems downstream including protected areas and national parks. The Karnali 7

River basin is an example of such a basin. The Karnali River basin, one of Nepal’s 8

largest, originates from the Tibetan Plateau and the High Himalaya, flows through the 9

hills to the lowlands before becoming a major tributary of the Ganges River system. 10

The river flow from Karnali basin is vital for maintaining downstream water availability 11

and supporting livelihood within this transboundary region. 12

Climate change is expected to substantially alter the hydrology of the mountainous 13

basins through interconnected processes. Future projections suggest an intensification of 14

the water cycle, as evapotranspiration and precipitation will increase and alter their 15

variability with warming temperatures [3]. The mountain regions are also likely to 16

experience cryospheric changes, including a reduction in snow storage, the timing of 17

snowmelt, glacier retreat, and permafrost degradation [3]. In High Mountain Asia, 18

several studies consistently project an increase in precipitation in combination with a 19

declining snow cover and a change in glacier melt under future climate conditions [2,4–9]. 20

One of the direct consequences of warming is a shift in precipitation phase from snow to 21

rain. As a larger fraction of precipitation falls as rain rather than snow, the direct rain 22

runoff will increase on the expense of the slower snowmelt. Consequently, the day to 23

day variability becomes larger, river runoff becomes less predictable and the peak flow 24

may occur earlier in the season. The seasonal snow storage is likely to be reduced and 25

this will alter the seasonal distribution of melt water. Simultaneously, higher 26

temperatures may enhance the glacier melt in the short term but it will be reduced over 27

time due to glacier retreat. At the same time warmer conditions and higher water 28

availability due to increased precipitation can enhance evapotranspiration, and impact 29

the runoff coefficient and water availability. These conspiring climate change effects can 30

have broad hydrological consequences including changes in total and seasonal discharge, 31

shifts in the timing, increased risk of hydrological extremes, and weakening of the 32

basin’s natural buffering capacity, as highlighted in several studies [9–13]. 33

All of the impacts described above are strongly elevation dependent. Lower 34

elevations may be impacted more by rainfall and evapotranspiration, elevations near the 35

freezing temperature line may be most sensitive to changes in snowfall fraction, and the 36

highest elevations may continue to receive substantial contributions from snow and 37

glacier melt. The total discharge change in the basin is consequence of water balance 38

components redistribution across the elevation zones. An elevation based study of water 39

components is important to understand how climate change will affect the discharge of 40

the basin. The future hydrology of mountainous basins like Karnali is sensitive to 41

climate change, where seasonal water availability depends on both rainfall and delayed 42

meltwater contributions. Winter and early spring runoff in the Karnali basin are 43

strongly influenced by snow accumulation and melt in the upper catchment. Previous 44

studies have documented the impact of future climate change in western Nepal and 45

Karnali basin [14–18]. These studies consistently project warming across western Nepal 46

river basins with higher precipitation and river discharge. The study by [18] predicts 47

the magnitude flood to increase up to 79% by the end of the century under high 48

emission scenario and also become more frequent compared to historical period. 49

However, these studies use basin or sub-basin scale models and even with distributed 50

models, the results quantify the overall aggregated response of the basin to climate 51

change for long term water availability. To fully understand hydrological changes, it is 52

important to understand the spatial connectivity between the water cycle changes from 53

the High Himalaya to the downstream Terai, the flat low lying belt along the southern 54

foothills of Nepal. 55

In this study, we bridge the gap by disaggregating the response of the basin to 56

climate change by analyzing hydrological data along the elevation gradient of the basin. 57
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We use a fully distributed hydrological model to analyze how climate change reshapes 58

the future hydrology of the Karnali basin. Given that climate changes are expected to 59

alter both total water availability and the seasonal water storage, and release, we first 60

assess the overall future changes at basin scale before examining how specific water 61

balance components vary across elevation zones. This allows us to analyze how climate 62

induced changes in high elevations interact with the hydrological processes in the low 63

elevation zone allowing a comprehensive understanding of water redistribution across 64

the gradient. Specifically, this study focuses on three major questions: a) How does 65

climate change affect the precipitation amount and its phase across the elevation range 66

in the Karnali basin? b) How will the water balance components vary with elevation in 67

the future for Karnali basin? and c) How do these elevation dependent changes influence 68

the total magnitude and seasonal timing of the discharge at the outlet of Karnali basin? 69

Study area 70

The Karnali River drains an area of 45,496 km2 from the high Himalayas to the lowland 71

plains and spans an elevation gradient from 186 to 7,606 m above mean sea level. Along 72

the north-south transect of Karnali basin, the landscape can be divided into five distinct 73

physiographic zones (see fig 1A): the Terai (< 200m), Siwalik Hills (750–1500 m), 74

Middle Mountains (1500–2500 m), High Mountains (2200–4000 m), and High Himalayas 75

(> 4000m) [19,20]. Beyond the High Himalayas lies the Tibetan Plateau. These 76

physiographic zones are characterized by distinct topography, land cover and contribute 77

differently to the overall water balance of the basin. 78

The upper basin is dominated by grassland, sparse vegetation, and snow/glacier 79

cover, whereas the lower basin consists mainly of forests, together with croplands and 80

urban areas [21]. Overall, forest and grassland account for 48% and 32% of the basin 81

area, respectively. 82

Over the period 1991–2022, the basin average annual precipitation (P), actual 83

evapotranspiration (ETA), and total discharge (QTot) were 1485, 574, and 914 mm yr-1, 84

respectively [21]. Precipitation in the Karnali basin is strongly dominated by the 85

summer monsoon months (JJAS), which contributes about 70% of the annual total, 86

while winter precipitation (DJF), associated with the westerlies, contributes around 9%. 87

Topography plays a dominant role in controlling the precipitation pattern in the 88

basin [22,23]. Most of the precipitation in the Karnali basin is concentrated between 89

1–2 km elevation. At elevations above 5 km, the precipitation declines and the Tibetan 90

Plateau is the driest and located in the rain shadow. 91

Evapotranspiration also varies strongly with elevation. At lower elevations (<2 km), 92

where forest and agricultural land dominates and moisture availability is relatively high, 93

potential evapotranspiration (ETP) reaches about 2470 mm yr-1, while actual 94

evapotranspiration (ETA) reaches its maximum value of about 1336 mm yr-1. 95

Long-term average daily temperature decreases from about 23 ◦C in the 1 km to 2 km 96

elevation band to about −4 ◦C in the 7 km to 8 km elevation band. 97

The total discharge (QTot) in the basin consists of rain runoff (QRR), baseflow 98

(QBF), snowmelt (QSM) and glacier melt (QG). The Karnali basin is mostly rainfed, 99

with rainfall runoff contributing 40% of the total discharge. Snowmelt is also substantial 100

and contributes 24% of the basin runoff. Glacier melt provides minor contribution 101

(0.8%) to the basin runoff [21]. The main contribution from QRR is concentrated in the 102

<2 km elevation range where precipitation is highest (Fig 1B). QSM is generated mainly 103

from elevations above 3 km. The contributions are strongly controlled by the basin 104

hypsometry, as winter snow accumulated below 5 km primarily drives winter and 105

pre-monsoon discharge, whereas snow accumulated above 5 km mainly contributes to 106

the discharge during the monsoon season [21]. Seasonal snow storage acts as a buffer 107
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and delays runoff to the snowmelt season. 108

The basin hypsometry (Fig. 1B) indicates that a large proportion of the basin area 109

is concentrated in the Middle and High Mountains. In total, 36% of the basin area lies 110

between 2–4 km, 26 % between 4–5 km and 17 % between 5–6 km. In contrast, only 1% 111

of the basin area is situated above 6 km. This distribution highlights the importance of 112

Middle and High Mountains in controlling the basin’s hydrological response as these are 113

the zones where seasonal snow accumulates and is stored. The large elevation gradient, 114

strong spatial variability in climate, and substantial fraction of basin area at different 115

elevation zones make the basin sensitive to climate change. 116

Fig 1. Conceptual overview Karnali basin and water balance components. A) The schematic cross-section of the
Karnali basin along an elevation transect from the Terai to the Tibetan plateau. The transect represents a mean elevation
profile across 21 transects from South (low elevation) to North (high elevation) along the Karnali basin. The long-term
average value of main water balance components for the reference period are also provided. B) The panel shows the location
of the study basin within the Ganges river system and the DEM of the Karnali basin. C) Annual water fluxes km3 yr−1 by
500 m elevation band for the reference period, showing precipitation, actual evapotranspiration, and total discharge with its
components shown as stacked filled areas. Circles to the left of each elevation band indicate the relative area of that band,
while circle color represents the long-term mean air temperature (Tavg).

Materials and methods 117

Hydrological model 118

To simulate future hydrological impacts, we use the Spatial Processes in Hydrology 119

(SPHY) model. SPHY is a fully distributed water balance model that simulates snow 120

and glacier processes at an intermediate level of detail [24]. The model also includes the 121

full hydrological cycle, including rainfall runoff, evapotranspiration, and soil processes. 122

SPHY has been frequently applied in the hydrological modeling of large to small scale 123

mountainous river basins [5, 6, 8, 25–27]. The SPHY model was used previously to 124

simulate the Karnali basin for the reference period 1991-2022 with a spatial resolution 125

of 500× 500 m at a daily time step. For the reference period, the model uses 126

downscaled ERA5 reanalysis data [28] as gridded forcing, which includes daily 127

precipitation and daily minimum, maximum, and mean temperatures. The total 128

discharge generated at an outlet by the SPHY model is the sum of its discharge 129

components: the surface runoff (QRR), snowmelt discharge (QSM), glacier melt 130

discharge (QGM), and baseflow (QBF). The snow and glacier melt in SPHY are 131

calculated using a degree-day model [29] The details of the model setup, downscaling 132

method, and calibration/validation using observed stations are given in [21]. The SPHY 133

model domain covers the entire basin of the Karnali, with the outlet defined at 134

Chisapani, where the river transitions from the Siwalik Hills to the Terai. 135

Future climate forcing 136

We used the Inter-Sectoral Impact Model Intercomparison Project Phase 3b (ISIMIP3b) 137

global climate models (GCMs) output as climate change scenarios. ISIMIP3b is based 138

on the Coupled Model Intercomparison Project Phase 6 (CMIP6) climate change 139

scenarios for different global warming levels, combined with socio-economic 140

scenarios [30]. The ISIMIP3b data is available for the following five CIMIP6 GCMs: 141

GFDL-ESM4, IPSL-CM6A-LR, MPI-ESM1-2-HR, MRI-ESM2-0, and UKESM1-0-LL. 142

In this study, we utilize these five GCMs for the three emission scenarios SSP1-2.6, 143

SSP3-7.0, and SSP5-8.5. To ensure temporal and spatial consistency between the 144
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reference and future model runs, the precipitation and temperature data of the GCMs 145

were downscaled to the model grid resolution using a monthly delta change 146

approach [31]. The future forcing was available from 2015 to 2100 for 500× 500 m 147

spatial resolution at daily time steps for each climate model and each of the three 148

emission scenarios. With five climate models and three emission scenarios, we have 15 149

different climate forcings for the future climate runs. These future projections were then 150

used in the previously calibrated model to simulate future scenarios until 2100. 151

Analysis of future climate changes 152

First, the projected changes in precipitation and temperature were evaluated. The 153

climatic variables were computed for two 30-year time windows: mid century 154

(2041-2070) and late century (2071-2100). For precipitation, we computed the long-term 155

mean of annual precipitation (P), both the 95th (P95) and 99th (P99) percentiles of 156

daily precipitation, and the absolute maximum 5-day precipitation amount (RX5day). 157

Similarly, we computed the long-term mean of annual minimum temperature (Tmin), 158

maximum temperature (Tmax), and mean temperature (Tmean). The climatic variables 159

were then compared against the values for the reference period (1991-2020) to quantify 160

the projected changes. This comparison was performed separately for each future time 161

slice (mid and late century), for each emissions scenario, and for each climate model. 162

Next, to assess projected changes in seasonal precipitation, we examined the 163

distribution of the ensemble mean precipitation series using decadal box plots for each 164

season and for each scenario. The standard deviation (SD) of seasonal precipitation 165

within each decade was also calculated. We used these statistics to evaluate changes in 166

both the magnitude and the variability of precipitation relative to the historical 167

reference period. 168

In addition, we applied the Mann-Kendall test (MK-test) in two ways. First, an 169

MK-test was conducted of the full transient annual precipitation series spanning from 170

the reference period to the end of the century to detect long-term trends. Secondly, an 171

MK-test was applied to the seasonal precipitation series where analysis was performed 172

independently for the reference (historical), mid-century, and late-century periods. A 173

precipitation series was considered to be statistically significant when the p-value<0.05. 174

Furthermore, we investigated the elevation dependence of the precipitation phase. As 175

the Karnali basin covers a wide elevation range from the Tibetan Plateau to the Terai, 176

the phase of precipitation is highly variable. With future warming, the precipitation 177

phase is subject to change, and likely to have a large hydrological impact. To examine 178

how the precipitation phase will change at different elevations under future climatic 179

conditions, we stratified the basin into discrete elevation bands of 1000 m using a digital 180

elevation model (DEM). For each band, we aggregated seasonal rainfall and snowfall 181

and computed their fractions relative to the total precipitation. In SPHY, the phase of 182

precipitation is based on the temperature threshold provided during calibration, which 183

is +2 ◦C for the Karnali basin. We then computed the snowfall fraction (SF) as: 184

SF(z) =
Psnow(z)

P (z)
, (1)

185

∆SF(z) = SFfut(z)− SFref(z), (2)

where P (z) is the total seasonal precipitation in the elevation band z and Psnow(z) is 186

the corresponding seasonal snowfall total. SF(z) denotes the snowfall fraction, and 187

∆SF(z) is the change in snowfall fraction between the reference period (ref) and a given 188

future window (fut). Snowfall fractions were computed for each climate model and 189

emissions scenario, and changes were evaluated by differencing the reference period 190

against each future period. 191
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Analysis of future hydrological changes 192

We quantified projected changes in river discharge at the basin outlet by comparing a 193

reference period (1991–2020) with two future 30-year windows: mid century (2041–2070) 194

and late century (2071–2100), under SSP1-2.6, SSP3-7.0, and SSP5-8.5. For total 195

discharge, we computed the long-term mean annual discharge for the reference period 196

and each future window and expressed projected changes as percentage differences 197

relative to the reference. To analyze the temporal changes, we calculated long-term 198

mean daily hydrograph for the reference and future periods. Future periods hydrograph 199

are derived from the multi-model ensemble mean, with inter-model variability 200

represented by ±1 SD. For the potential shifts in the timing of flow contributions, we 201

calculated the cumulative fraction of annual discharge for each day of the year and 202

computed the difference between future and reference cumulative fractions (∆ CF), 203

where positive values indicate that a larger fraction of annual discharge is accumulated 204

earlier in the year and negative values indicate delayed accumulation. 205

The difference in CF of annual discharge per day (d) was computed from the 206

long-term mean daily discharge series as: 207

Qann =

365∑
d=1

Q(d) (3)

CF(d) =

∑d
i=1 Q(i)∑365
i=1 Q(i)

(4)

∆CF(d) = CFfut(d)− CFref(d) (5)

Note that the value of CF is normalized to unity at the end of the year, which is 208

CF(365) = 1 for both periods and therefore ∆CF(365) = 0 by definition. The difference 209

∆CF(d) represents a redistribution of the annual discharge timing and should be 210

interpreted as relative timing metric rather than changes in absolute discharge volume. 211

Changes in water yield zones 212

For each runoff component (rainfall runoff, snowmelt and baseflow), total runoff, and 213

actual evapotranspiration, we calculated long-term mean annual values for the reference 214

period and for near-, mid-, and late-century projections under each SSP and climate 215

model for each 1000 m elevation zone in km3 yr−1. We quantified climate change 216

impacts as absolute (∆) differences between future periods and the reference, both for 217

individual climate models and for the multi-model ensemble. We also summarized these 218

changes as elevation dependent water yield zones. Although the contribution from the 219

glacier melt is simulated in the model, it is not discussed in the result section as the 220

contribution to the total discharge is very small compared with other runoff components. 221

Results and discussion 222

Precipitation and temperature 223

Both annual precipitation and temperature will increase by the end of the 21st century 224

under all scenarios, suggesting warmer and wetter future conditions ( S1 Fig and S2 225

Fig). The projected changes in precipitation and temperature for the mid- and 226

late-century periods are given in S1 Table. By the end of the century, average annual 227

precipitation for the ensemble of models is projected to increase within a range of 19− 228

38% across SSP1-2.6 to SSP5-8.5. In the mid-century period, SSP5-8.5 exhibits a 229
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significant increasing trend, with a Sen’s slope of 15.2mmyr−1. In the late-century 230

period, significant increasing trends are projected under both SSP3-7.0 and SSP5-8.5, 231

with slopes of 10.7mmyr−1 and 20.8mmyr−1, respectively. Similarly, the ensemble 232

mean annual temperature is projected to increase by 1.5−5.1 ◦C by the end of the 233

century for SSP1-2.6 to SSP5-8.5 respectively. 234

Although the projected annual precipitation shows a general increasing trend for the 235

future, the seasonal trends are diverse. Fig 2 shows the seasonal precipitation 236

distribution for each decade in the reference period and future periods based on the 237

ensemble mean of models for different scenarios. In both the mid- and late-century 238

periods, monsoon precipitation shows noticeable shifts compared to the reference period 239

under all scenarios (Fig 2A). The decadal mean and median, along with the lower (Q1) 240

and upper quartiles (Q3), generally show an upward shift in the future distribution 241

relative to the reference period. The concurrent increase in SD suggests that monsoonal 242

precipitation becomes more variable in the future. During the mid-century period, a 243

statistically significant increase is projected under SSP5-8.5, with monsoon precipitation 244

increasing by 11.2mmyr−1. By the late-century period, significant increasing trends are 245

projected under both SSP3-7.0 and SSP5-8.5, with increases of 7.5mmyr−1 and 246

16.7mmyr−1, respectively. 247

For the post-monsoon season (Fig 2B), the mean precipitation is generally higher 248

across all scenarios and decades. For the SSP5–8.5 scenario, Q1 decreases the most 249

while Q3 increases across all scenarios relative to the reference period. In general, a 250

larger interquartile range (IQR) and SD indicate an increasing variability in 251

post-monsoon precipitation. For the winter season (Fig 2C), the decadal mean generally 252

declines relative to the long-term reference seasonal mean, particularly for the SSP3–7.0 253

and SSP5–8.5 scenarios. The IQR narrows as Q1 increases and Q3 decreases. These 254

changes suggest a reduced winter precipitation and its variability in the future. 255

For the pre-monsoon season (Fig 2D), precipitation is generally higher in the future 256

relative to the reference period. In some decades, for example 2071–2080, SSP3–7.0 257

exhibits a stronger shift in the precipitation distribution than SSP5–8.5, with a higher 258

median and larger IQR. This difference can most likely be attributed to internal climate 259

variability rather than a systematic difference between scenarios, as a small number of 260

anomalously wet years can influence the distribution. However, at the annual scale 261

SSP5–8.5 shows a stronger increase in precipitation than SSP3–7.0 (see S1 Fig). Among 262

the seasons, only monsoon precipitation exhibits a statistically significant increasing 263

trend across future decades, while pre-monsoon, winter, and post-monsoon precipitation 264

show no statistically significant trends despite notable changes in their distributional 265

characteristics. 266

Fig 2. Seasonal precipitation distribution for each decade in the reference period and for the future climate
scenarios. Box plots show the distribution of seasonal precipitation for the reference period (1991–2022) and future
projections based on the ensemble mean for SSP1–2.6, SSP3–7.0, and SSP5–8.5.

Overall, these results indicate consistent warming across the Karnali basin 267

throughout the 21st century. In contrast, project precipitation changes are seasonally 268

variable but with an overallincrease in annual totals. These results are consistent with 269

previous studies for the Karnali basin [14–16] and across HMA [5,6, 12], which also 270

reported continued warming and overall increase of precipitation. These studies also 271

reveal that precipitation projections are uncertain and vary with climate model, season, 272

and elevation. 273

Precipitation in the Karnali basin is elevation dependent and under the future 274

warming climate, there will be a shift in the phase of precipitation from snowfall to 275

rainfall across elevation bands. This shift in phase affects the timing and magnitude of 276
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runoff contributions from rain and snowmelt along the different elevation bands. In 277

fig 3, we show projected changes in the snowfall fraction (∆SF) across elevation bands 278

for each season compared to the reference period for all climate scenarios. We focus 279

here on the results of scenario SSP3-7.0, which is less extreme and considered a more 280

plausible trajectory for the future than scenario SSP5-8.5 which is increasingly viewed 281

as upper end scenario [32]. Seasonal changes in SF are shown for each climate model 282

compared to reference period across the mid- and late-century. A decline in the SF is 283

evident across all elevation bands, indicated by negative ∆SF values. This suggests a 284

widespread shift in the precipitation phase from snow to rain. 285

During the winter season (DJF), the elevations between 2–4 km show the largest 286

reduction in SF, with relatively small variability across climate models in both centuries, 287

suggesting low inter-model uncertainty. By the late-century, ∆SF is projected to reach a 288

maximum decrease of −0.59 (model ipsl-cm6a-lr) in the elevation band of 3–4 km. In 289

contrast at elevations above 5 km, ∆SF values showed little to no change due to the low 290

winter temperatures. During the pre-monsoon season (MAM), the decline in SF is 291

evident at higher elevations (> 4 km). The magnitude of SF reduction is again more 292

pronounced by the end of century, with considerable variability across climate models. 293

In the elevation band of 4–5 km, ∆SF in the late-century ranges from −0.20 to −0.53 294

across the climate models. A similar spread in ∆SF between models is observed in other 295

high elevation bands. During the monsoon season (JJAS), ∆SF is projected negligible 296

across all elevation bands as the monsoon precipitation is predominantly rainfall 297

regardless of the warming climate. During the post-monsoon season (ON), the largest 298

∆SF decline is again observed at elevations > 4 km, with considerable inter-model 299

variability, ranging from −0.23 to −0.59 in the 4–5 km elevation band, for example. 300

Fig 3. Projected future changes in snowfall fraction of total precipitation. Change in snowfall fraction compared to
the reference period for the scenario SSP3-RCP7.0 across elevation bands in the basin for different seasons.

Overall, these results indicate a shift toward more rainfall dominated conditions, 301

with important implication for snow storage, runoff timing and lower buffering capacity 302

of the basin for both mid- and late-century in the future. The strongest snow to rain 303

transition is projected during winter between 2–4 km elevation zone, where snowfall 304

declines by up to −0.59 equivalent to snowfall decrease of 106 mm season−1. This 305

elevation zone covers 36% of the basin area including much of Middle and High 306

Mountains and is highly sensitive to future warming. At higher elevation band between 307

4–5 km in the High Himalaya phase shift signals is more pronounced outside winter. 308

The 4–5 km elevation band, which covers 26% of the basin area, the largest elevation 309

band by area shows a clear decline in SF occurs in the pre- and post-monsoon seasons. 310

As November precipitation marks the onset of snowfall in the upper basin, a decline in 311

post-monsoon SF suggests a delayed start of seasonal snow accumulation. Although 312

absolute snowfall loss in this band is relatively small with lowest of 5 mm season−1, the 313

snowfall fraction declines by about −0.29. This shows that even a small reduction in 314

snowfall amount can indicate important shift in precipitation phase. Similar snow to 315

rain transitions have also been reported in other mountainous region for example, [33] 316

used observations and climate model projections in the Peruvian Andes to estimate 317

future shifts in precipitation phase and also showed a reduction in solid precipitation in 318

the future. 319

In this study, we use climate projections and a temperature threshold approach to 320

estimate future changes in precipitation phase. In reality, the actual processes 321

controlling phase partitioning are more complex and influenced by the humidity and 322

atmospheric conditions. These controls are important in the Karnali basin, where 323

strong elevation gradients and complex terrain shape local meteorological conditions. 324
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An earlier study by Dai et al. [34] reports that snow rain transition does not occur at a 325

fixed temperature threshold, but occurs over a wider temperature range of a few degrees 326

and also varies with atmospheric pressure. Our result show that the strongest decline in 327

snowfall fraction between 2–4 km elevation range. Since we only use a temperature 328

threshold to partition between rain and snow some uncertainty is introduced. However 329

reliable estimates of relative humidity are not available. Limited change is projected 330

above 4 km during winter because these elevations remain sufficiently cold for 331

precipitation to fall predominantly as snow, even under future warming and this is 332

consistent with Ding et al. [35]. A more robust assessment of future phase shifts would 333

require meteorological observations and phase discrimination methods such as using 334

energy balance or incorporating humidity as highlighted in studies by [36,37]. Such 335

observations are limited in the Karnali basin. Despite these uncertainties, the analysis 336

provides useful insights into the magnitude and elevation dependent distribution of ∆SF 337

and its implications for future hydrological change in the Karnali basin. 338

Change in hydrology 339

Total discharge and its components 340

Projected changes in future precipitation and temperature will impact the timing and 341

magnitude of river discharge. Across all scenarios, the long-term mean annual discharge 342

at the outlet of the Karnali basin increases for both mid and late century relative to the 343

reference period. Fig 4A presents the long-term mean annual discharge of 1298 m3 s−1
344

for the reference period (1991–2020) and the corresponding projected changes at the 345

basin outlet under future scenarios. By mid century, the discharge increases by 29%, 346

30%, and 35% under SSP1–2.6, SSP3–7.0, and SSP5–8.5, respectively. By late century, 347

the change becomes more pronounced, with increments of 35%, 45%, and 59% under 348

SSP1–2.6, SSP3–7.0, and SSP5–8.5, respectively. The increase is more pronounced for 349

the high emission scenarios. Projected changes are larger for high-flow than low-flow 350

conditions, with ensemble Q10 increasing by 26–36% in the mid-century and 34–59% in 351

the late-century, compared with Q90 increases of 9–13% and 17–34%, respectively. The 352

corresponding flow duration curves are shown in S4 Fig, and the underlying values for 353

the discharge are provided in S1 Table. Although Q10 represents frequently exceeded 354

high-flow conditions rather than extreme flood return levels, the projected increase is in 355

line with flood frequency projections for the Karnali basin which report a 79% increase 356

in the 1% annual exceedance probability flood by the end of the century under a 357

high-emission scenario [18].

Fig 4. Reference discharge and projected changes for future climate scenarios for the late-century period at
Chisapani outlet. (A) Long-term mean annual discharge value (m3 s−1) for the reference period and the projected relative
change in annual discharge for the mid-century (2041-2070) and late-century (2071-2100) period at the basin outlet. The
colored band represents the ensemble mean ± SD% across the climate models. (B) Comparison of the long-term mean future
hydrograph components and total discharge during the reference period and the late-century period. The solid lines show the
ensemble mean for each SSPs and colored band represents the ensemble mean ± SD across the climate models. (C) Heat map
showing the difference in cumulative discharge fraction between the reference period and late-century projections as a
function of day of year. Positive values (blue) indicate a larger fraction of annual discharge is generated earlier in the year and
the negative values (brown) indicate a delayed runoff generation.

358

In addition to changes in total discharge magnitude, our results indicate a clear shift 359

in the timing of water availability. Fig 4B compares the long-term mean daily 360

hydrograph of the discharge components in the late-century period for the future 361

scenarios relative to the reference period. The mid-century hydrograph is shown in 362

supplementary S3 Fig which shows similar but less strong changes. For all future 363
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scenarios, rainfall runoff (QRR), baseflow (QBF), and total discharge (QTot) are 364

increasing. The snowmelt discharge (QSM) is declining, with the strongest reduction 365

towards the end of the century for SSP5–8.5 as a result of the precipitation phase shift. 366

A pronounced shift in timing for QSM is also observed in the ∆CF heat map (Fig 4C), 367

where positive values indicate earlier snow accumulation relative to the reference period. 368

The reduction in contribution from QSM is consistent with a projected decline in SF. 369

During the reference period, QSM at the outlet peaks on day 179 (28 June), but shifts by 370

5, 14, and 43 days earlier for scenarios SSP1–2.6, SSP3–7.0, and SSP5–8.5, respectively. 371

During the reference period, 50% of annual snowmelt discharge is generated by day 175 372

(24 June), but is 4, 23, and 33 days earlier for the SSP1–2.6, SSP3–7.0, and SSP5–8.5 373

scenarios, respectively. The change in the timing of QTot at the outlet is relatively small. 374

By the late-century, the peak QTot occurs only 11-12 days earlier, while the timing of 375

50% of annual total discharge advances by only 2-7 days across scenarios. This 376

relatively small shift in QTot results from the compensation of a decrease in snowmelt 377

by an increase in rainfall runoff and baseflow, a pattern consistent with the findings for 378

the Ganges basin [8]. Pink et al. [18] also reported that warming shifts meltwater 379

generation earlier in the season, thereby lowering the snowmelt contribution to large 380

flood events in monsoon. Across the wider HMA, Kraaijenbrink et al. [7] also project a 381

continued decline in the contribution of snowmelt to runoff under future warming. 382

Although the hydrograph indicates clear changes in flow magnitude and timing, the 383

overall seasonal partitioning of annual discharge at the downstream outlet shows only a 384

limited redistribution. In the reference period, the monsoon period discharge accounts 385

for 71% of annual discharge which declines by 2.4%, 3.1% and 4.0% under SSP1–2.6, 386

SSP3–7.0, and SSP5–8.5, respectively by end of century. In contrast, the post-monsoon 387

share increases by 1.7%, 2.0% and 3.1% under same scenarios. Winter contributions 388

changes only marginally, by +0.1%, −0.8% and −0.5% under SSP1–2.6, SSP3–7.0, and 389

SSP5–8.5, respectively. These results highlight that future change in discharge occur 390

mostly within the different seasons defined. 391

Overall, the results show that the future climate will shape the discharge regime of 392

Karnali basin altering both magnitude and temporal distribution with high variability. 393

Even if changes in seasonal totals are small, shifts in timing at the sub-seasonal scale 394

have important implications for water availability that are not evident from seasonal 395

totals alone. Therefore, these results provide an important reference to interpreting 396

change in future hydrology across multiple temporal scales. However, the projected 397

discharge changes are reported as multi-model ensemble means, but the spread between 398

simulated discharge from climate models reflect the uncertainty (Fig 4B). Direct 399

comparison of projected discharge with previous climate change studies in Karnali is 400

complicated because studies differ in climate forcing, bias correction, reference period, 401

and hydrological model structure. Despite these differences, the direction of change is 402

similar. The previous studies also project warming, reduced snowmelt contribution, and 403

increased precipitation, especially during the monsoon, leading to increased discharge in 404

the Karnali basin [14,15, 18]. The magnitude of change projected here should therefore 405

be interpreted in the context of the selected climate model ensemble. For this study, 406

ISIMIP3b seems suitable as it is taken from CMIP6 based forcing and that has already 407

been bias adjusted and statistically downscaled using a trend preserving quantile 408

mapping approach developed for climate change impact studies. Its bias adjustment is 409

based on W5E5 which is bias adjusted ERA5 making it consistent with the ERA5 based 410

historical forcing that we use in our study [28,30,38,39] . 411

Water yield zones 412

We analyzed changes in annual water fluxes relative to the reference period across 413

elevation bands for each climate model for all climate change scenarios. Fig 5 shows 414
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absolute changes (∆) in ETA, QSM, QRR and QTot for scenario SSP3–7.0. The results 415

for scenarios SSP1–2.6 and SSP5–8.5 are given in S5 Fig. Across both future periods, 416

the elevation bands exhibiting the strongest change remain similar, but the magnitude 417

of change is more pronounced for the late century, which is therefore a focus here. 418

The spatial pattern of change in water fluxes exhibits a clear relation with elevation. 419

ETa varies and shows both increases and decreases along the elevation. ETa increases 420

mainly in the higher-elevation zones (> 3 km), with the largest increase in the 4–5 km 421

elevation zone (+1.8 km3 yr−1), indicating enhanced evaporative losses under warmer 422

future conditions where moisture remains available. In contrast, ETa decreases at lower 423

elevations, with the strongest decrease in the 1–2k̃m elevation band(−1.0 km3yr−1), 424

despite increasing temperature along these elevation. Rainfall runoff QRR increases 425

across all elevation bands, with the largest increase occurring in the 1–2 km elevation 426

band(+7.4 km3yr−1). The increase in QRR along the elevation zones is driven by higher 427

precipitation and phase shift of precipitation from snowfall towards rainfall. Snowmelt 428

contribution QSM declines over all elevation band and the strongest decrease is observed 429

between 3–5 km (−0.7 km3yr−1) driven by transition of precipitation from snow to rain 430

due to warming. Baseflow QBF increases along the elevation band with the largest 431

increase projected to occur between 3–4 km (+3.0 km3yr−1), likely due to increased 432

infiltration from additional rainfall. 433

Fig 5. Elevation dependent changes in water yield zones. Absolute change in long-term mean annual water fluxes (∆,
km3,yr−1) for SSP3–7.0 scenario relative to the reference period (1991–2020) across elevation bands for rainfall runoff (QRR),
snowmelt discharge (QSM), baseflow (QBF), total discharge (QTot), and actual evapotranspiration (ETa). Thin dashed lines
represent individual climate model, while thick lines show the multi-model mean for mid-century (2041–2070) and
late-century (2071–2100), respectively. Positive values indicate increases relative to the reference period and negative values
indicate decreases.

The result suggest that future changes in total runoff are not uniform across Karnali 434

basin but are controlled by individual water balance components. The decrease in ETa 435

at lower elevations < 3 km, despite increasing temperature and monsoon precipitation, 436

suggests that future changes in evapotranspiration are not controlled by water input 437

alone. Actual evapotranspiration in the basin is controlled by atmospheric demand, 438

radiation, humidity, vegetation properties and the seasonal timing of precipitation [40]. 439

These elevation band receives increased monsoon precipitation, but when humidity and 440

cloud cover are high and evaporative demand can be relatively low. Under such 441

condition, precipitation can turn into direct rain runoff and baseflow than contributing 442

for ETa. To support this interpretation, we performed additional diagnostic checks on 443

wet day (basin average P > 1 mm d−1) frequency (see S6 Fig). These checks indicate 444

that future precipitation becomes concentrated into fewer, heavier rainfall events, 445

causing root zone runoff to increases and root water storage to decreases. The lower 446

elevation (1–2 km), covering the Siwalik, and parts of the Middle Mountains become 447

more important for rainfall runoff generation. At higher elevation (3–5 km), spanning 448

the Middle Mountains and partly the High Himalaya, warming increases ETa and 449

reduces QSM in the present snow rain transition zone which can be called the climate 450

sensitive zone for the Karnali basin. This contrasting responses along the basin indicate 451

redistribution of water fluxes across elevation bands where increase in QRR and QBF 452

compensates the decline in contribution from QSM and contribute to the higher total 453

discharge. Such a shift may increase annual water availability at the outlet, but it can 454

also increase the sensitivity of downstream flows to monsoon precipitation variability 455

and high intensity rainfall events. 456
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Conclusion 457

In this study, we analyzed the future changes in climate and hydrology of the Karnali 458

river basin under climate change. Both precipitation (P) and total average discharge 459

(QTot) are projected to increase towards the end of the 21st century. The magnitude of 460

the projected increase varies between the climate models. By late century, the change in 461

QTot becomes more pronounced, with increments of 35.2%, 45.2%, and 58.6% under 462

SSP1–2.6, SSP3–7.0, and SSP5–8.5, respectively. However, our results show that the 463

future hydrological change in the Karnali basin is driven by a change in timing and 464

magnitude across temporal scales and elevation dependent shifts in water balance 465

components. For the future emission scenarios, P increasingly falls as rain reducing the 466

seasonal snow storage. As a result, snowmelt runoff (QSM) shifts earlier in the year, 467

with the peak occurring 33 days earlier under SSP5–8.5 by the late-century, and its 468

contribution progressively declines towards the end of the century. At the same time, 469

contribution from surface runoff (QRR) and baseflow (QBF) becomes more important. 470

A key finding of this study is that future hydrological change in the Karnali basin is 471

strongly elevation dependent. In the lower-elevation zones, especially around 1–2 km, 472

increasing precipitation and a shift from snowfall to rainfall enhance rainfall runoff 473

(QRR) and baseflow (QBF), while ETa decreases. In the mid- to high-elevation 474

transition zone between 3–5 km, warming reduces snow storage and snowmelt runoff 475

(QSM), while ETa increases. Above 5 km, absolute changes are smaller. These elevation 476

dependent changes show that the future increase in total discharge (QTot) is not caused 477

by a uniform increase across the basin, but by a redistribution of water balance 478

components such as increasing QRR and QBF compensate for declining QSM. 479

Seasonally, the basin shifts towards a more rainfall dominated regime. Snowmelt 480

occurs earlier and contributes less towards the end of the century, while monsoon 481

rainfall runoff and baseflow become more important for sustaining total discharge. As a 482

result, QTot increases under all future scenarios, but the buffering role of seasonal snow 483

storage weakens. This implies that future discharge at Chisapani may become more 484

sensitive to monsoon precipitation variability and high intensity rainfall events. 485

These changes have important downstream implications. A more rainfall driven and 486

less buffered basin is likely to be more sensitive to precipitation variability, with 487

increased flood risk, droughts during low flow periods, and shifts in seasonal water 488

availability that may affect irrigation, hydropower, ecosystems, and infrastructure at 489

different elevations of the basin. These findings underline that future hydrological 490

changes in mountainous basins like Karnali are best understood not as change in totals 491

at the outlet, but as an elevation dependent redistribution of hydrological components. 492

Future studies should therefore explore elevation dependent changes, because basin 493

average responses can mask the zones where climate sensitivity is greatest and where 494

changes in water balance components are most likely to reshape downstream discharge. 495
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Supporting information 496

S1 Fig. Line plot of historical and future annual precipitation distributions. 497

The different colored lines show annual precipitation values for the reference period 498

(1991–2022) and future projections based on the ensemble mean of climate models under 499

SSP1-2.6, SSP3-7.0, and SSP5-8.5. 500

S2 Fig. Line plot of historical and future annual mean temperature (Tavg) 501

distributions. The different colored lines show annual Tavg values for the reference 502

period (1991–2022) and future projections based on the ensemble mean of climate 503

models under SSP1-2.6, SSP3-7.0, and SSP5-8.5. 504

S1 Table. Projected changes in precipitation extremes, precipitation, 505

temperature, and discharge across scenarios and models. Notes: P90/P95/P99 506

denote the 90th/95th/99th percentile of daily precipitation; Rx5day is the maximum 507

5-day precipitation total. Percent values denote change relative to the reference period 508

value (1991–2020). Temperature values are absolute changes (◦C). Q90 and Q10 are 509

reported as absolute discharge values. 510

S3 Fig. Reference discharge and projected changes under future climate 511

scenarios for the mid-century period (2041-2070). (A) Comparison of the 512

long-term mean future hydrograph components and total discharge (m3 s−1) during the 513

reference period and the mid-century period (2041-2070). The solid lines show the 514

ensemble mean for each SSPs, and colored band represents the ensemble mean ± SD 515

across the climate models. (B) Heat map showing the difference in cumulative discharge 516

fraction between the reference period and late-century projections as a function of day 517

of year. The positive value indicates a larger fraction of annual discharge accumulated 518

earlier in the year and negative value indicates delayed accumulation. 519

S4 Fig. Flow duration curves of daily discharge for the reference period 520

and future climate scenarios. (A) Flow duration curves for the mid-century period 521

(2041–2070) under each SSP scenario compared with the reference period (1991–2020). 522

(B) Flow duration curves for the late-century period (2071–2100) under each SSP 523

scenario compared with the reference period (1991–2020). 524

S5 Fig. Elevation dependent changes in water yield zones under SSP1–2.6 525

and SSP5–8.5. (Tavg) distributions. Absolute change in long-term mean annual 526

water fluxes (∆, km3 yr−1) relative to the reference period (1991–2020) across 1-km 527

elevation bands for (Rain runoff, Snowmelt, Baseflow, Total discharge, and Actual ET). 528

Panels show projections under SSP1-2.6 and SSP5-8.5. Thin dashed lines represent 529

individual climate-model differences, while thick lines show the multi-model 530

mean.Positive values indicate increases relative to the reference period and negative 531

values indicate decreases. 532

S6 Fig. Seasonal wet day frequency under reference and future climate 533

conditions. Wet days were defined as days with basin average precipitation 534

P > 1 mm d−1. Panels show the annual number of wet days for each season during the 535

reference period (1991–2020), mid-century period (2041–2070), and late-century period 536

(2071–2100) under SSP1–2.6, SSP3–7.0, and SSP5–8.5. This diagnostic analysis 537

supports the interpretation that future precipitation becomes concentrated into fewer, 538

heavier events, which can increase runoff generation while reducing sustained water 539

availability for ETa. 540
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