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Streamflow in the high mountains of Asia (HMA) is strongly influenced by 
meltwater. Past and future changes in seasonal snow are of particular 
interest, as its meltwater discharge is substantial, yet specifics are largely 
unknown.

Here we show that across the region snowmelt is a more important 
contributor to streamflow than glacier melt, that its magnitude and timing 
have changed considerably over the last four decades, and that snow 
meltwater supply may decrease drastically in the future.

Approach and methods

Model. We implemented a temperature index model (Hock,2003) that 
runs at a 3-hourly time step on a 0.05° grid, includes a refreezing 
component and accounts for altitudinal variability using a subgrid model 
routine. Given the spatial and temporal scale of this study and the lack of 
spatially representative input data to calibrate and validate snow models 
in HMA, this provides the optimal approach.
Forcing. The model is forced climatologically by ECMWF ERA5 gridded 
reanalysis data (1979-2018; hourly; temperature (T) and precipitation 
(P)). Biases in the reanalysis data are removed by calibrating the model 
using the MODIS 500 m snow cover over the period 2000–2018.
Projection. To analyse future changes in seasonal snowpacks and 
snowmelt discharge we perform (i) a bottom-up elasticity approach where 
we superimpose combinations of T and P, and (ii) perform model runs 
with CMIP5 ensemble means for RCP2.6 (n=28), RCP4.5 (n=38), RCP6.0 
(n=21), and RCP8.5 (n=35).

Present state

Running the model for present-day climate provides a spatiotemporal characteri-
zation of snow water equivalent (SWE) and snowmelt. This allows for a basin-
wide comparisons of meltwater contributions, which reveals that snowmelt is 
consistently more important for streamflow than glacier melt (Fig. 1).

Figure 1. Snow water equivalent and relative streamflow contributions. Overview map of HMA 
and simulated annual peak SWE over the period 2000–2018 (left). Relative contribution of snowmelt, 
glacier melt (based on Kraaijenbrink, 2017) and rainfall runoff to river discharge for three selected 
basins over the same period (right). The contributions are cumulated from high to low elevation.

Past changes

Over the last four decades we find changes in seasonal snow storage in 
various regions in HMA (Fig. 2) and reveal that the timing and magnitude 
of snow meltwater supply to the rivers has changed considerably (Fig. 3).

Figure 2. Historical absolute and relative trends in mean SWE. Absolute (left) and relative 
(right) trends in the annual peak SWE over 1979-2018. Statistically significant areas indicated in 
blue (center).

Figure 3. Snowmelt hydrographs for four melt regimes. Climatological snowmelt hydrographs 
for four melt regimes (A-D) present in HMA for 1979–1998 and 1998–2018. Differences between 
the two periods are shaded. The dashed lines represent end of century (2071-2100) hydrographs 
for each of the four CMIP5 RCPs.

Future projections

The bottom-up elasticity analysis shows that there are large spatial differen-
ces in sensitivity of snowmelt to changes in temperature and precipitation 
(Fig. 4). Although glacier mass loss is considerable, their end-of-century 
streamflow contribution is shown to be much less sensitive to climate change 
than that of snow (Fig. 5).

Figure 4. Sensitivity of snow melt discharge. Relative difference for selected basins in 
climatological annual snowmelt between reference period 2000–2018 and the same period with 
superimposed changes in P and T.

Figure 5. Projected losses in snow and glacier meltwater discharge. Simulated loss of 
annual snow (this study) and glacier (Kraaijenbrink, 2017) meltwater discharge by the end of 
century (2071–2100) for four RCP model ensembles and three selected basins.

Conclusions

• Snowmelt contribution to streamflow is considerable in many parts of 
HMA and hydrologically more important than glacier melt

• Timing and magnitude of snow melt has changed over 1979-2018

• Large future changes projected, but decrease in snowmelt strongly 
related to degree of climate change

• Considerable spatial heterogeneity in the sensitivity of snow and melt to 
changes in P and T

• Snow crucial to consider in future hydrological assessments

Validation

To validate the model performance, 
SWE output was compared with 
snow depths derived from Sentinel-1 
radar measure-ments (Fig. 6; 
Lievens, 2019). 

Figure 6. Simulated against
observed snow depth for March.
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