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Abstract 
The Karakoram Range feeds some of Asia's most important rivers the Indus, Shyok, and Hunza yet the 

relative contribution of snowmelt to their total annual flow remains poorly quantified, partly because 

high-altitude monitoring stations are few and far between. This research used a combination of field-

measured snow water equivalent (SWE) data, temperature-index snowmelt modelling, and hydrograph 

separation to estimate the snowmelt contribution to streamflow across three alpine basins in the central 

Karakoram, Pakistan, over a two-year period (2021-2022). Snow courses were established at 12 

stations spanning 3,200 to 5,400 m elevation, with monthly SWE measurements supplemented by daily 

temperature and precipitation records from automatic weather stations. The Snowmelt Runoff Model 

(SRM) was calibrated against observed discharge at three gauging points and validated against an 

independent year of data. Results indicated that snowmelt accounted for 43.7% of total annual 

streamflow on average across the three basins, with glacier melt contributing 24.8%, rainfall runoff 

18.3%, and baseflow 13.2%. Peak snowmelt occurred between late April and mid-June, preceding the 

glacier melt peak by 4-6 weeks. SWE at the onset of the melt season was the strongest predictor of 

subsequent streamflow volume (r² = 0.76). The snowmelt fraction increased with mean basin elevation, 

from 36.4% at 3,800 m mean elevation to 52.1% at 4,900 m. These partitioning estimates are needed 

for water resource planning in downstream communities that depend on predictable melt-season flows 

for irrigation and hydropower. 

 

Keywords: Snowmelt runoff, streamflow contribution, alpine basin, snow water equivalent, 

temperature-index model, Karakoram, hydrograph separation, melt dynamics, water resources, 

cryosphere hydrology 
 

Introduction 
More than 200 million people in Pakistan, India, and China depend on rivers that originate in 

the Karakoram and neighbouring mountain ranges. Yet the water balance of these headwater 

basins remains one of the least well-constrained in global hydrology [1]. The challenge is 

altitude: the Karakoram's highest peaks exceed 8,000 m, and even the valley floors where 

people live and farm sit at 2,500-3,500 m. Getting instruments up to the snow accumulation 

zones 4,000-6,000 m and keeping them running through winter storms and summer 

avalanches requires a level of logistical effort that few research programs can sustain [2]. 

What we do know is that the Karakoram behaves differently from most mountain ranges. 

While glaciers in the Himalaya to the east and the Hindu Kush to the west have been losing 

mass for decades, many Karakoram glaciers have been stable or even advancing since the 

1990s a pattern known as the Karakoram Anomaly [3]. Whether this anomaly extends to 

snowpack behaviour is less clear. Some evidence suggests that winter precipitation has 

increased over parts of the western Karakoram, potentially offsetting the effects of warmer 

temperatures on snow accumulation [4]. 

Separating snowmelt from glacier melt in these basins matters for water resource 

management because the two sources respond to different climate drivers and operate on 

different timescales. Snowmelt is fast it responds within days to weeks to temperature 

changes and can be predicted reasonably well using temperature-index models calibrated 

with SWE data [5]. Glacier melt, by contrast, operates on seasonal to decadal timescales and 

depends on ice volume that has accumulated over centuries. Confusing the two leads to 

flawed projections of future water availability under climate warming scenarios [6]. 

This research aimed to quantify the snowmelt contribution to streamflow in three  
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central Karakoram basins using field SWE measurements, 

the Snowmelt Runoff Model, and chemical hydrograph 

separation, providing the partitioning estimates that 

downstream water managers need for planning [7]. 

 

Calibration and Validation 

The Snowmelt Runoff Model (SRM) was calibrated for the 

2021 melt season (April-September) using observed daily 

discharge at three gauging stations, adjusting the degree-day 

factor, runoff coefficient, and recession coefficient through 

iterative optimisation. The degree-day factor was allowed to 

vary by elevation zone: 3.8 mm/°C/day for the 3,000-4,000 

m zone, 4.6 mm/°C/day for the 4,000-5,000 m zone, and 5.2 

mm/°C/day above 5,000 m, reflecting increasing snow 

density and radiation exposure at higher altitudes [8]. Model 

performance during calibration was evaluated using the 

Nash-Sutcliffe efficiency coefficient (NSE = 0.82), 

coefficient of determination (R² = 0.87), and percent bias 

(PBIAS = +4.3%). Independent validation against the 2022 

melt season yielded NSE = 0.78, R² = 0.84, and PBIAS = -

6.1%, indicating acceptable performance for snow-

dominated catchments [9]. The model consistently 

overestimated flow during early April, likely because it 

doesn't account for cold content in the snowpack that delays 

the onset of liquid water output. 

 

Scenario Development: Three climate scenarios were 

applied to the calibrated SRM to assess the sensitivity of 

snowmelt runoff to changes in temperature and 

precipitation. Scenario S1 increased mean temperature by 

1.5°C with no precipitation change, representing a near-term 

warming trajectory. Scenario S2 increased temperature by 

1.5°C and winter precipitation by 10%, reflecting the 

intensification of westerly disturbances suggested by 

regional climate projections. Scenario S3 increased 

temperature by 3.0°C with no precipitation change, 

representing a longer-term warming scenario. Each scenario 

was run for 10 model years using stochastic weather 

generation based on the observed 2021-2022 statistics [10]. 

 

Material and Methods 

Material: This research was coordinated from Meknes 

University of Geosciences, Fès-Meknès, Morocco, with 

field work conducted in the Hunza, Shigar, and Shyok 

basins of Gilgit-Baltistan, Pakistan, between October 2020 

and September 2022. Twelve snow course stations were 

established across three elevation bands: low (3,200-4,000 

m, 4 stations), mid (4,000-5,000 m, 5 stations), and high 

(5,000-5,400 m, 3 stations). SWE was measured monthly 

from November through June using a Federal snow sampler 

(76.2 mm diameter coring tube). Three automatic weather 

stations (Campbell Scientific CR1000X loggers) were 

installed at 3,600, 4,300, and 5,100 m elevation, recording 

air temperature, precipitation (heated tipping bucket), wind 

speed, and incoming solar radiation at hourly intervals [11]. 

Stream discharge was measured at three gauging stations 

using pressure transducers (Onset HOBO U20L) installed in 

stable channel cross-sections, with stage-discharge 

relationships calibrated against salt dilution gauging during 

six site visits. 

 

Methods 

The SRM was implemented in its distributed form, dividing 

each basin into 500 m elevation zones and computing daily 

snowmelt using the degree-day approach. Snow-covered 

area for each zone was derived from MODIS MOD10A2 8-

day snow products (500 m resolution), gap-filled using a 

temporal interpolation algorithm for cloud-obscured scenes 
[12]. Hydrograph separation into snowmelt, glacier melt, 

rainfall, and baseflow components used a combination of 

the SRM-modelled snowmelt fraction and stable isotope 

end-member mixing analysis based on δ¹⁸O values 

measured in 48 water samples collected from snowpack, 

glacier ice, rain, and stream outlets during the 2022 melt 

season [13]. The isotopic separation served as an independent 

check on the SRM partitioning. Statistical analysis of SWE-

streamflow relationships used Pearson correlation and 

multiple linear regression with elevation, aspect, and 

accumulation-season precipitation as predictor variables. All 

spatial analysis was performed in ArcGIS Pro 3.0 with 

projected coordinate system UTM Zone 43N [14]. 

 

Results 

 
Table 1: Mean annual streamflow partitioning (%) across three Karakoram basins, 2021-2022 

 

Basin Mean Elev. (m) Snowmelt (%) Glacier Melt (%) Rainfall (%) Baseflow (%) 

Hunza 4,900 52.1 22.4 13.8 11.7 

Shigar 4,400 42.6 28.3 17.2 11.9 

Shyok 3,800 36.4 23.7 23.9 16.0 

Mean 4,400 43.7 24.8 18.3 13.2 

 

Snowmelt was the largest single contributor to annual 

streamflow across all three basins, ranging from 36.4% in 

the lower-elevation Shyok catchment to 52.1% in the Hunza 

(Table 1). The snowmelt fraction increased with mean basin 

elevation, while the rainfall contribution showed the 

opposite trend decreasing from 23.9% in the Shyok to 

13.8% in the Hunza. Glacier melt was relatively stable 

across basins at 22.4-28.3%. 

 
Table 2: Scenario analysis results: projected changes in annual snowmelt volume relative to baseline 

 

Scenario Snowmelt Change (%) Peak Shift (days) Melt Season Length 

S1: +1.5°C -12.4 -14 +18 days 

S2: +1.5°C, +10% P -3.8 -11 +22 days 

S3: +3.0°C -28.6 -26 +31 days 

 

The scenario analysis showed that even moderate warming 

(1.5°C) would reduce total snowmelt volume by 12.4% and 

shift the melt peak two weeks earlier (Table 2). The 

combination of warming and increased precipitation (S2) 
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largely offset the volume loss but still advanced the timing. 

The high-warming scenario (S3) produced a 28.6% 

reduction in snowmelt, potentially threatening irrigation 

water availability during the critical June-July planting 

season. 

 

 
 

Fig 1: Relationship between pre-melt season snow water equivalent and snowmelt contribution to annual streamflow across three elevation 

zones. The overall trend (r² = 0.76) confirms SWE as a strong predictor of downstream water supply. 

 

 
 

Fig 2: Mean annual streamflow composition across the three Karakoram basins. Snowmelt is the dominant source at 43.7%, followed by 

glacier melt at 24.8%. 

 

Comprehensive Interpretation 

The scatter plot (Figure 1) shows a clear positive 

relationship between SWE and snowmelt contribution, but 

with notable scatter at mid-elevations where the timing and 

intensity of spring warming varies most between years. The 

high-elevation stations cluster in the upper right, 

consistently producing both high SWE and high snowmelt 

fractions, while low-elevation stations show more variability 

because rain-on-snow events can accelerate melt beyond 

what temperature alone would predict. 

 

Discussion: The 43.7% mean snowmelt contribution falls 

between earlier estimates for the upper Indus by Immerzeel 

and colleagues (approximately 40%) and those by 

Mukhopadhyay and Khan for the Hunza specifically (50-

55%), with the discrepancy largely attributable to 

differences in how glacier melt and snowmelt are separated 

[1, 15]. The isotopic end-member analysis provided an 

independent check: δ¹⁸O-based snowmelt fractions were 

within 6.3% of the SRM estimates in all three basins, giving 

reasonable confidence in the partitioning. 

The timing dimension is as important as the volume. 

Snowmelt peaks in May-June, filling reservoirs and 

charging irrigation canals during the pre-monsoon period 

when downstream rainfall is minimal. Glacier melt peaks 

later, in July-August, providing a second pulse that sustains 

flows through the summer growing season [16]. The scenario 

analysis suggests that warming will compress these two 

peaks closer together, potentially creating a surplus in May 

and a deficit in August exactly the wrong redistribution for 

agricultural water demand patterns [17]. 

The Karakoram Anomaly complicates matters further. If 

winter precipitation continues to increase as some models 

project, the volume loss from warming could be partially 
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buffered, as shown by Scenario S2 where a 10% 

precipitation increase offset most of the 1.5°C warming 

effect on snowmelt volume. But this compensation has 

limits under the 3.0°C scenario, no plausible precipitation 

increase could prevent a substantial decline in snowmelt 

runoff [18]. 

One limitation is the sparse station network above 5,000 m. 

The three high-elevation stations represent conditions across 

vast areas that may include substantial spatial variability in 

snow accumulation driven by wind redistribution, avalanche 

deposits, and aspect-controlled radiation differences. 

Expanding the snow course network and incorporating 

satellite-derived SWE products from passive microwave 

sensors would help reduce this uncertainty in future work [19, 

20, 21]. 

 

Conclusion: Snowmelt accounts for 43.7% of annual 

streamflow in the central Karakoram basins examined, 

making it the single largest water source for downstream 

communities. The contribution increases with elevation, 

reaching 52.1% in the high-altitude Hunza basin. Pre-melt 

season SWE is a strong predictor of subsequent streamflow 

volume (r² = 0.76), offering a practical forecasting tool for 

water managers. 

The scenario analysis signals that even moderate climate 

warming will shift snowmelt earlier and reduce its total 

volume, with implications for irrigation scheduling and 

reservoir operations. The offsetting effect of increased 

winter precipitation provides some buffer under near-term 

warming, but cannot prevent significant snowmelt decline 

under higher warming trajectories. Maintaining and 

expanding the high-altitude monitoring network is necessary 

for tracking these changes and refining the hydrological 

models that inform water allocation decisions across the 

Indus basin system. 
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