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Abstract
Climate warming will reduce the duration of mountain snowpacks and spring runoff, impacting
the timing, volume, reliability, and sources of water supplies to mountain headwaters of rivers that
support a large proportion of humanity. It is often assumed that snow hydrology will change in
proportion to climate warming, but this oversimplifies the complex non-linear physical processes
that drive precipitation phases and snowmelt. In this study, snow hydrology predictions made
using a physical process snow hydrology model for 44 mountains areas worldwide enabled analysis
of how snow and hydrological regimes will respond and interact under climate warming. The
results show a generalized decoupling of mountain river hydrology from headwater snowpack
regimes. Consequently, most river hydrological regimes shifted from reflecting the seasonal
snowmelt freshet to responding rapidly to winter and spring precipitation. Similar to that already
observed in particular regions, this study confirms that the worldwide decline in snow
accumulation and snow cover duration with climate warming is substantial and spatially variable,
yet highly predictable from air temperature and humidity data. Hydrological regimes showed less
sensitivity, and less variability in their sensitivity to warming than did snowpack regimes. The
sensitivity of the snowpack to warming provides crucial information for estimating shifts in the
timing and contribution of snowmelt to runoff. However, no link was found between the
magnitude of changes in the snowpack and changes in annual runoff.

1. Introduction

Temperature increase is the clearest consequence of
climate change caused by anthropogenic emissions
of greenhouse gases. In the 20th century, mountains
warmed more than lowlands because of enhanced
longwave emissions from the atmosphere (Vuille
et al 2003) and albedo feedback (Pepin et al 2015).
Based on available future projections, this amplified
warming is expected to continue at high elevations
(Beniston et al 2018). Temperature increases have
already reduced the water storage capacity provided
by the seasonal snowpack in most mountain areas
(Harpold et al 2012, Ning and Bradley 2015, Bor-
mann et al 2018, Mcgowan et al 2018), and the
IPCC has consistently projected a continuation or
intensification of this trend and its impacts on the

subsequent release of meltwater (Musselman et al
2017, Simpkins 2018). A warming climate is expec-
ted to reduce spring runoff (Barnett et al 2005) and
will probably also affect the annual water balance
(Barnhart et al 2016), and there is an assumption
that the magnitude of these processes will be linearly
related to the intensity of warming (Simpkins 2018).
In contrast, recent research has shown marked diver-
gence in the sensitivity of seasonal snow cover regimes
to higher temperatures, driven by climatic differ-
ences that control snowpack accumulation and abla-
tion regimes, and associated energy budgets (López-
Moreno et al 2017). The snow hydrology in basins
close to the 0 ◦C isotherm during the cold sea-
son is particularly sensitive for two reasons: (i) a
sharp increase in the rainfall ratio and a decrease in
snowfall as ice-bulb temperatures increase (Harder
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and Pomeroy 2014, Sospedra-Alfonso andMerryfield
2017); and (ii) the occurrence of snowpacks closer to
0 ◦C (isothermal conditions), which will melt faster
than cold snowpacks with any increase in incoming
energy (Painter et al 2010, López-Moreno et al 2017).
Atmospheric humidity has also been found to control
the sensitivity of the snowpack to a warming climate
(Harpold and Brooks 2018). A dryer atmosphere
tends to favor warmer threshold temperatures for the
rainfall–snowfall phase change (Harder and Pomeroy
2013, Harpold et al 2017, Jennings et al 2018). Low
atmospheric humidity levels also reduce emissivity
compared with high moisture conditions; under such
conditions the snowpack may remain cool even at
positive temperatures, and increased latent fluxesmay
cancel out the sensible fluxes that are mostly driven
by temperature (López-Moreno et al 2017, Harder
et al 2017, Harpold and Brooks 2018). Recent stud-
ies have reported reduced blowing and intercepted
snow redistribution and sublimation under warmer
climate conditions (Rasouli et al 2019), introducing
even more complexity to the response of snow to a
warming climate. There has not yet been a global
assessment of how snowmelt energy processes medi-
ate the response of snow accumulation and melting
to climate change. This is because of the very lim-
ited availability of in-situ observations, and the need
to run physically detailed hydrological process mod-
els at very high temporal and spatial resolution to
enable sound conclusions to be reached (Pomeroy
et al 2015).

Previous studies have predicted similar hydrolo-
gical consequences from climate warming for vari-
ous snow-dominated basins (Adam et al 2009). These
include an increase in the role of rain relative to snow-
melt in the hydrological processes; an earlier spring
freshet, which is often quantified by the temporal
advance of the center of mass of the hydrograph; and
a loss of storage capacity of the snowpack, with river
regimes progressively resembling the seasonal distri-
bution of precipitation (Musselman et al 2017). Sev-
eral recent studies on mountain hydrology have also
reported that loss of the water storage capacity of the
snowpack affects the seasonal distribution of water
releases, but also results in less annual runoff because
of the lower efficiency of runoff production under
slower melt rates associated with a warming climate
(Musselman et al 2017). These findings are consist-
ent with the hypothesis that rapid snowmelt enhances
runoff (Berghuijs et al 2014, Barnhart et al 2016).
However, annual runoff can also decline with warm-
ing as consequence of greater evapotranspiration in
spring because of the earlier and longer snow-free
period that permits plant transpiration (Rasouli et al
2019). This effect could be further enhanced by an
increase in the vapor pressure deficit with warmer
temperature (Bosson et al 2012). Nevertheless, there
is a lack of direct evidence that the hydrological
impacts of snowpack sensitivity to climate warming

are linearly related to the timing and total availabil-
ity of water resources in snow-dominated basins and
downstream areas (Huntington and Niswonger 2012,
Huning and Aghakouchak 2018). The complicating
effects of elevation and many other basin character-
istics (e.g. geology, topography, soils, and landcover)
on hydrological processes and varying pathways of
snowmelt watermakes it difficult to perform in-depth
comparisons of the sensitivity of hydrological pro-
cesses to increased air temperature amongst different
mountain regions. In addition, the scarcity of obser-
vational data available to run physically based hydro-
logical models on a wide range of mountain basins
makes it difficult to validate conclusions at global
scales.

In this study, bias-corrected reanalysis data
(Weedon et al 2014) were applied to a mountain
basin model, created using the Cold Regions Hydro-
logical Modelling platform (CRHM) (Pomeroy et al
2007, Rasouli et al 2015), to simulate snowpack and
streamflow regimes over 33 years in an idealized, ‘vir-
tual’ basin for 44 mountain regions worldwide. The
virtual basin had a typical hypsometry and shape for
a high mountain basin and applying the physically
based snow hydrology model to a virtual basin per-
mitted calculating the sub-basin variability of snow
energetics and dynamical processes, including energy
budget snowmelt and snow redistribution and run-
off generation in a standard, comparable manner.
This set of virtual basins encompassed most of the
climate conditions found in snow-dominated moun-
tain headwaters (SI appendix, table S1). Each sim-
ulation was run for each virtual basin for a control
period (1982–2014), and involved a progressive 1 ◦C
increase in temperature to +5 ◦C. A set of indices
were developed from the snowpack and runoff series
to: (i) quantify their sensitivity to climate warming
and assess the role of temperature and humidity in
the observed differences amongst mountains; (ii)
to assess if the changes in river regimes resulting
from a decline in the snowpacks was proportional
to the sensitivity of the snowpack to a warmer cli-
mate; and (iii) to assess whether the reduction in
snowpacks caused by global warming will result in
reduced annual streamflow generation.

2. Data andmethods

2.1. Virtual basin approach
Virtual experiments have been used to run hydro-
logical simulations in previous studies (Weiler and
Mcdonnell 2004, Bhj et al 2011, Armstrong et al
2015). These have compared the impact of climate
variability and change on the hydrology in various
regions, where the effects of varying physiography
and land cover on runoff generation have been
removed. This was a prerequisite to investigating
links between snow and hydrological sensitivity to
climate warming in the present study. The virtual
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basin approach used relied on analysis of a ‘typ-
ical’ small basin of 5.25 km2 having 1000 m ver-
tical gradient, where vegetation, soil, and groundwa-
ter storage had very limited hydrological effects; this
simplification ensured that climate and snow dynam-
ics were the primary factors explaining runoff gen-
eration. The virtual basin included seven hydrolo-
gical response units (HRUs): (i) a summit facing to
the west; (ii) a high plateau facing to the west; (iii)
and (iv) north and south high slopes; (v) and (vi)
north and south low slopes; and (vii) the bottom
of the basin facing to the west. The soil depth was
set to zero at the summit and increased progress-
ively to 50 cm depth at the outlet of the basin. Short
meadow grass was the only vegetation included below
the high plateau, and there was no vegetation above
(SI appendix, figure S1, and table S1 (available online
at https://stacks.iop.org/ERL/15/114006/mmedia)).

2.2. Cold regions hydrological model and input
data
The flexible, modular CRHM platform was used to
link variousmodules representing themain snow and
hydrological processes that are characteristic of alpine
regions. CRHM considers the full array of phys-
ical processes involved in snow redistribution, snow-
melt dynamics, and runoff generation, including
blowing snow transport, energy balance snowmelt,
sublimation, infiltration to frozen soils, subsurface
hydrology, evapotranspiration, and flow routing. The
model downscales gridded air temperature, humid-
ity, wind speed, radiation, and precipitation to HRUs
within the virtual basins. The HRU correspond to
slope/aspect and elevation zones within the basin,
andmass and energy balance calculations are conduc-
ted at both the HRU and virtual basin scales. Use of
the CRHM platform enabled incorporation of these
physical factors without the need for calibration of
parameters; instead these were set from hydrological
process studies in mountain basins (Pomeroy et al
2012, Fang et al 2013). A flowchart for the modules
used in the study is shown in SI appendix, figure S2.
Previous studies have described the application of this
model (Rasouli et al 2014, Revuelto et al 2014), and its
performance has been shown to be satisfactory when
tested against other models in the SNOWMIP initi-
atives (Rutter et al 2009; Essery and Pomeroy 2004),
again without calibration.

Meteorological inputs were elaborated in the
WATCHproject (www.eu-watch.org) and correspond
to the WFDEI dataset (Weedon et al 2014), which
comprises bias-corrected ERA-40 reanalysis data that
encompasses temperature, specific humidity, sur-
face pressure, wind speed, incoming shortwave radi-
ation, and precipitation at three-hour intervals for
the period 1979–2012, at 0.5◦ spatial resolution. Data
for the pixel containing the coordinates of the tar-
get mountain areas were used to drive the CRHM
virtual basin model, which rescaled the radiation,

precipitation, wind speed, temperature, and humid-
ity from the elevation of the WATCH data centroid
to the elevation, slope, and aspect of each HRU in
the virtual basin. However, the initial 0.5◦ resolu-
tion of the driving meteorological data is likely to
underestimate extreme precipitation and lack suffi-
cient information on mountain topographic effects
on precipitation, temperature, humidity, radiation
and wind fields. This is why the downscaling within
CRHM is very important to applying these fields in
mountain terrain.

Many of the selectedmountain areas (SI appendix,
table S2) correspond to experimental basins con-
tributing to the INARCH project (the table from
www.usask.ca/inarch/is indicated by an asterisk in
table S2); the snowpack, micrometeorology, and
hydrological processes involved in these basins have
been studied extensively. The 44 basins selected were
considered to be a good compromise including dif-
fering climates, provided a sample size sufficient to
enable simple statistical analysis, and a number of case
studies where each simulation could be examined to
ensure its consistency with the known snow hydro-
logy of the region. The elevation assigned to each
basin was subjectively defined after several runs of
the snowpack at various elevations at each site. The
aim was to have a well-developed seasonal snowpack
during the control period, avoiding HRUs where the
snowpack did not melt from one year to the next
(which would result in the formation of glaciers).
Given the deployment of the model to virtual basins,
it was not possible to conduct a quantitative eval-
uation of the CRHM simulations using field obser-
vations because the virtual basin does not corres-
pond to any specific gauged basin. It should be noted
that there are inherent and assumed uncertainties
in the reanalysis data (Weedon et al 2014). How-
ever, mountain models developed using CRHM and
similar to what is applied here have already been
developed without resorting to parameter calibration
from streamflow and have been successfully tested
in many mountain regions of the world such as the
US and Canadian Rocky Mountains, Yukon Territ-
ory, Patagonia, Spain, Chile, Morocco, California,
Germany, Svalbard and high mountain Asia (Fang
and Pomeroy 2016, Rasouli et al 2014; López-Moreno
et al 2013, 2016, 2017, Weber et al 2016; Zhou et al
2014). This lends great confidence that the model,
informed by these other CRHM applications, can be
applied in many mountain regions for the compar-
ative and diagnostic purposes of this study. In addi-
tion, the aim of the simulations was not to reproduce
the exact conditions at each mountain site, which
cannot be guaranteed using reanalysis data, but to
ensure that coherent inputs represented the climates
of major snow-dominated basins worldwide, so that
the outputs could be used to compare and contrast the
snow hydrology under differing climates of the world
and the effects of climate warming. Even considering
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Figure 1. Virtual basins for which snowpack regimes and hydrology were simulated using the CRHM. The color and size of each
point indicates the average temperature and vapor pressure (respectively) for the period from November to June (May to
December in the southern hemisphere). The boxplots indicate the variability in temperature, vapor pressure, wind speed,
precipitation, and shortwave irradiance amongst the 44 sites. The line indicates the average, and the boxes, bars, and points show
the 25th/75th percentiles, 10th/90th percentiles, and outliers, respectively.

uncertainties contained in WATCH dataset, figure 1
and table S2 show that temperature, precipitation and
air humidity show coherent values according the lat-
itude, elevation and continentality of each analyzed
mountain area.

2.3. Selected indices and statistical analysis
Several indices were developed characterize the snow
and hydrological characteristics of each basin from
the simulated series (control) and warmer conditions
(SI appendix, table S3). The snowpack indices com-
prised the rainfall ratio, the peak snow water equival-
ent (SWE), and the duration of the snowpack. The
rainfall ratio is the portion of total precipitation fall-
ing in a liquid phase. The peak SWE is the long-
term average of the maximum annual value of the
simulated SWE. The duration of the snowpack was
calculated as the long-term average number of days
annually having a SWE >5 mm. The runoff series
indices comprised the snowmelt ratio, the snow dam-
ming (SDam), and D50. The snowmelt ratio is the
percentage of annual runoff derived from snowmelt.
The SDam index is a measure of the storage of pre-
cipitation in the snowpack during the cold season,
and so reflects the extent to which the snowpack
acted as a natural water storage reservoir. This index
was quantified as the difference between the accumu-
lated fraction of precipitation and the accumulated

fraction of runoff. It reflects the increase in synchron-
icity between the seasonal distribution of precipita-
tion and runoff as climate warms and becomes dom-
inated by rainfall-runoff processes (see example in
SI appendix, figure S3). D50 identifies the center of
mass of the hydrograph (the Julian day when cumu-
lative annual runoff reaches 50%); this index has been
widely used to quantify shifts in the occurrence of
the spring freshet under changing snow conditions
(Whitfield 2013).

First, relationships between the sensitivity of the
snowpack, air temperature (Tair), and vapor pressure
(Vp) were established using the coefficient of determ-
ination (the percentage of the explained variance cal-
culated from the square of the Pearson’s correlation
coefficient once the Gaussian distribution of all vari-
ables in this study was confirmed by Kolmogorov-
Smirnov test (Chakravarti et al 1967). Tair and Vp
were selected as explanatory variables because they
exhibited the largest partial correlations in an ini-
tial exploratory analysis that included other met-
eorological variables (results not shown). Further-
more, although these two variables generally show
high correlation, they have been previously shown to
have a complementary role in explaining the parti-
tion of the precipitation phase (Harder and Pomeroy
2013, Harpold et al 2017, Jennings et al 2018) and in
snow ablation, which clearly affect the sensitivity of
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Figure 2. Percentage change in the rainfall ratio (A), peak SWE (B), and snow duration (C) per ◦C of warming as a function of air
temperature and vapor pressure (November–June in the Northern Hemisphere) in the 44 virtual basins. The boxplots to the right
show the variability in the sensitivity of snow indices over the 44 basins. The thick black line indicates the median, the boxes show
the 25th/75th percentiles, and the whiskers extend to the most extreme data points. Single fit lines in the cloud of points were
calculated using linear regression; the double fit was calculated using the MARS model.

snowpacks to temperature (see figure 5 in Harpold
and Brooks 2018). For snow duration, the joint effect
of the predictor variables in explaining the total vari-
ance in sensitivity among the basins was analyzed
using multiple linear regressions (MLRs). For the
rainfall ratio and peak SWE, multivariate adaptive
regression splines (MARS; Friedman 1991)were used.
MARS automaticallymodels nonlinearities and inter-
actions amongst variables to account for observed
changes in the response between sensitivity and air
temperature.

Secondly, the coefficient of determination was
also used to assess to which extent the sensitivity of
snowpack duration and peak SWE drives the sensitiv-
ity of the hydrological indices and also annual runoff.

3. Results

3.1. Sensitivity of snowpack indices to climate
warming
Figure 2 shows the variability in the sensitivity of
the three snow indices (rainfall ratio, peak SWE,
and snow cover duration) and their relationships
to the average annual temperature and humidity
(expressed as vapor pressure) for each virtual basin.
figure S4 shows the geographic distribution of sim-
ulated snow sensitivities. The increase in the rain-
fall ratio varied from 5%–32% per ◦C of temperat-
ure increase (figure 2(a)). Sensitivity increased with
increasing temperature and air humidity, and showed
a positive and statistically significant linear correla-
tion with vapor pressure (r2 = 0.42) and air temper-
ature (r2 = 0.45). However, there was no significant
response to temperature increase in the colder basins
(those having November–June temperatures colder
than −8 ◦C). In contrast, the response to temperat-
ure was very strong in warmer basins. Consequently,

the MARS model was applied using a double regres-
sion to fit temperature to changes in the rainfall ratio.
The decrease in peak SWE (figure 2(b)) showed even
greater variability (0.3%–45% per ◦C of warming),
and exhibited a greater response to vapor pressure
(r2 = 0.58) and temperature (r2 = 0.72) than did the
rainfall ratio. There was also a clear break point at
approximately −8 ◦C, separating the colder basins,
having a gradual increase in sensitivity to climate
warming, from the warmer basins, where the increase
in sensitivity to climate warming was greater. The
decrease in snow duration in the analyzed basins var-
ied (figure 2(c)) from 2%–27% per ◦C of warming.
There was also a significant positive correlation with
humidity and temperature, but the coefficient val-
ues were lower (r2 = 0.31 and 0.26, respectively). No
threshold distinguishing the response of snow dura-
tion between colder and warmer basins was found.

Partial correlation analysis revealed that the
effects of humidity and temperature on the sensit-
ivity of the three snow indices among basins were
independent, and not affected by covariance. The
combination of these two independent variables (air
temperature and vapor pressure) in predicting the
sensitivity of the rainfall ratio and peak SWE using
MARS explained 58% and 79% of the total variance,
respectively, while the predictability of the sensitiv-
ity of snow cover duration in the various basins using
MLR was lower (explained variance= 45%).

Maps of the analyzed basins showed relatively
similar relationships of air temperature and humid-
ity to the three indices, with the rainfall ratio and
peak SWE having similar distributions (SI appendix,
figures S4, and S5(a); r2 = 0.84). The lowest sens-
itivities were found at high latitudes in the north-
ern hemisphere and basins at high elevations in dry
areas (Tibetan Plateau, central Himalayas, Anatolia,
Middle East, and Northern Chile), while the highest
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sensitivities were evident at medium latitude areas of
both hemispheres (45◦N–45◦S), including Australia,
New Zealand, central Chile, the Pyrenees, the Alps,
and the most humid parts of the Himalayas.

The spatial distribution of the sensitivity of snow
duration showed a more complex geographic dis-
tribution than for the other two indices. The mag-
nitude of sensitivity was closely related to that of peak
SWE for those basins showing low or medium sens-
itivity, but those basins in which the sensitivity of
peak SWE was 30% showed a weaker relationship to
snow duration (SI appendix, figure S5(b); r2 = 0.43).
Thus, several basins in the southern hemisphere, the
most humid areas of theHimalayas, andmountains of
South Africa showed a marked decrease in the sens-
itivity of snow duration compared with peak SWE
or the rainfall ratio. Spatial associations between the
sensitivity of the rainfall ratio and snowdurationwere
weak (SI appendix, figure S5(c), r2 = 0.16).

3.2. Relationship between hydrological and
snowpack sensitivities
The model showed a decrease of 2%–13% per ◦C
of warming in annual runoff derived from snowmelt
(snowmelt ratio) in the catchments, and this decrease
was highly and linearly related to the sensitivity of
peak SWE (figure 3(a); r2 = 0.54), and to a lesser but
statistically significant extent with the sensitivity of
snow duration (figure 3(d); r2 = 0.32). Partial cor-
relation analysis indicated that this relationship was
not affected by differences in the rainfall ratio during
the control period (1982–2014) among the analyzed
basins.

SDam was almost stable (decrease <3% per ◦C)
in only three of the analyzed basins (figures 3(b)
and (e)), all of which are located in very dry and
cold environments (figure S5). In the remainder,
SDam would have decreased the storage capacity of
the snowpack to varying degrees, but never exceed-
ing 20% per ◦C of warming. There was a high and
statistically significant positive correlation between
decreasing SDam and the sensitivity of snow duration
(r2 = 0.71), and to a lower but statistically significant
extent with the sensitivity of peak SWE (r2 = 0.36).
As for the snowmelt ratio, the rainfall ratio during the
control period does not mediate between the sensit-
ivity of SDam and the sensitivity of the snowpack.

The sensitivity of the center of mass of the hydro-
graph (D50 index) indicated an advance in tim-
ing as climate warmed (Morán-Tejeda et al 2014,
Sanmiguel-Vallelado et al 2017). With the exception
of a few basins where the sensitivity of snowpack was
very low and the D50 remained almost unchanged,
or was slightly delayed, most (>10%) mountain areas
showed an advance in the center of mass to dates
more than one month earlier per ◦C of warming
(figure 3(b)). The sensitivity of D50 was statistically
positively correlated with the sensitivity of snow dur-
ation (r2 = 0.46; figure 3(c)), but the correlation

was much lower with the sensitivity of peak SWE
(r2 = 0.17; figure 3(f)). The D50 sensitivity differed
among basins, with those having the largest rain-
fall ratios during the control period generally above
the regression line. This suggests greater displace-
ment of their hydrographs towards earlier melting,
contrasting with those basins where more precipita-
tion occurred as snowfall during the cold season. The
combined use of the sensitivity of snow duration and
rainfall ratio during the control period in the MLR
model explained 63% of the total variance of D50
observed amongst the analyzed basins.

SI appendix and figures S6 and S7 show a high
spatial agreement (r2 = 0.61) between the spatial dis-
tribution of estimated sensitivities between D50 and
SDam, and very low agreement in the distribution of
snowmelt ratio to total runoff and D50 and SDam.
Figure S5 shows that geographic patterns in the sens-
itivity of hydrological indices to warming are less
evident than those for snow indices.

The sensitivity of annual runoff to climate warm-
ing was generally low, and annual runoff did not
always decrease with increasing temperature, and
showed no clear geographic pattern (figures 4 and
SI appendix, S8). Sensitivities ranged from a −1.8%
(increase) to +3.5% (decrease) per ◦C of warming;
there was no statistical correlation with the sensitiv-
ity of peak SWE or snow duration, or with the ratio
of snowmelt contribution to total runoff during the
control period.

4. Discussion

The results of this study indicate a substantial and
almost worldwide decline in snow accumulation and
snow cover duration with climate warming, although
with large spatial variability in the sensitivity to
warming. Snowpacks located in warmer and more
humid mountain ranges are likely to be the fast-
est to respond to temperature increase. Thus, coastal
mountains, particularly those located at mid latit-
udes (including the majority of analyzed basins in
the southern hemisphere, the Iberian Peninsula, and
humid sectors of the Himalayas) were found to be
most impacted by climate warming. Mountains loc-
ated at high elevations or latitudes, particularly those
in continental locations, showed a much more atten-
uated response to warming, and some were not sens-
itive to warming of up to 4 ◦C. This finding is con-
sistent with other regional studies (Pomeroy et al
2015, Rasouli et al 2015, López-Moreno et al 2017,
Harpold and Brooks 2018), and strongly suggests
that simulated projections of temperature are poor
proxies for how snowpacks will evolve in various
mountain areas worldwide. However, analysis based
on historical information on temperature and atmo-
spheric humidity, readily available from global data-
sets, enables sound predictions of different levels of
snowpack vulnerability to climate warming. This is
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Figure 3. Percentage decrease in the snowmelt ratio (A) and (D), snow damming (B) and (E), and the center of mass of the
hydrograph index D50 (C) and (F) per ◦C of warming as a function of the sensitivity of peak SWE and snow duration in the 44
virtual basins. The line in each boxplot indicates the mean sensitivity for the 44 sites. The thick black line indicates the median,
the boxes show the 25th/75th percentiles, and the whiskers extend to the most extreme data points which is no more than range
times the interquartile range from the box outliers. The colors in the circles indicate differing rainfall ratios during the control
period in each basin.

particularly relevant for predicting the response of the
rainfall ratio and peak SWE (and probably other snow
indices related to accumulation), because air tem-
perature and humidity directly control the precipit-
ation phase (reflected in the psychrometric equation;
Harder and Pomeroy 2013), and hence influence sea-
sonal snow accumulation and resulting streamflow
hydrology (Harder and Pomeroy 2014). In contrast,
predicting the sensitivity of snow cover duration to
warming is more complicated because it also depends
on themelt rate. Apart from rain-on-snow events, the
melt rate is primarily driven by solar radiation rather
than turbulent transfer of heat from the atmosphere
(Painter et al 2010). In the most vulnerable basins for
peak SWE, the sensitivity of snow duration was more
attenuated. This may be related to the transition from
seasonal to ephemeral snowpacks in the warmer and
more humid mountain basins, leading to the peak
SWE being more linked to isolated snowfall events or
mid-winter ablation events, rather than to progress-
ive snow accumulation during the entire cold season
(Bilish et al 2018).

The hydrological behavior of mountain basins is
likely to be less dependent on the snowpack as cli-
mate warms, with lesser contributions from snow-
melt and river regimes reflecting more the seasonal

distribution of precipitation and rainfall–runoff pro-
cesses, and consequently an earlier occurrence of the
center of mass of the hydrograph. However, the mag-
nitudes of these changes will be very variable amongst
mountains having differing climatic conditions and
snowpack sensitivities. This variability is more diffi-
cult to explain than that for snow indices. The most
predictable index was the sensitivity of the snowmelt
ratio, which responded almost linearly to the meas-
ured sensitivity of peak SWE. However, the sensitivity
of the snowmelt ratio was markedly lower than that
for peak SWE. This is because under warmer climate
conditions the snowpack is thinner and of shorter
duration; however, a large contribution of snowmelt
to runoff through more numerous cycles of accumu-
lation and melting is likely, even under ephemeral
snowpack conditions (Bilish et al 2018).

Changes in the water stored by snowpacks
(SDam) and shifts toward earlier snowmelt (D50) are
more dependent on the sensitivity of snow duration,
which in turn is more difficult to predict using simple
diagnostic variables. In addition, to reach accept-
able levels of predictability of D50 (63% of explained
variance), it was necessary to combine the observed
snowfall ratio with the sensitivity of snow duration.
This finding strongly suggests that the D50 index
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Figure 4. Percentage decrease in annual runoff per ◦C of warming as a function of the sensitivity of peak SWE (A) and snow
duration (B) in the 44 virtual basins. The colors in the circles indicate differing snowmelt ratio to total runoff during the control
period in each basin.

is not a robust indicator of change in the timing of
snowmelt, as it strongly depends on the seasonal dis-
tribution of precipitation (Whitfield 2013).

No clear relationshipwas found between themag-
nitude of change in the snowpack as climate warms
and a decline in annual runoff, as suggested in pre-
vious regional studies (Musselman et al 2017). In
addition, among the virtual basins, those currently
more influenced by snowmelt were not necessarily the
most vulnerable to a decline in annual runoff as tem-
perature increased, as has been suggested by recent
studies based on the Budyko framework (Barnhart
et al 2016). This difference can be explained by dif-
fering partitioning of the water balance components
at each site, in particular the percentages of water
loss from sublimation and evapotranspiration. Thus,
sublimation from surface, intercepted and blowing
snow is likely to decrease under a warmer climate
(Painter et al 2010, Pomeroy et al 2015), and evapo-
transpiration during the snow-free period is expected
to increase (Rasouli et al 2019); these factorsmay have
opposing effects on the evolution of annual runoff.
In addition, the presence or absence of frozen ground
in cold and milder basins may have opposing effects
on the infiltration of snowmelt water, also leading to
contrasting effects on the evolution of annual runoff
under climate warming (Iwata et al 2010), even under
the assumption of slower melt rates in a warmer cli-
mate (Musselman et al 2017).

The virtual basin modelling approach in this
study permitted isolation of the effects of different
climates amongst snow-dominated basins in explain-
ing their hydrological response to warming temper-
atures. The results obtained were based on the spe-
cific characteristics and parameters assigned to the
virtual basins in the study, which are common to
many alpine environments worldwide (steep slopes,
shallow soils, little vegetation). However, real basins
are much more complex than virtual basins in terms
of the hydrological response to warming, because the
response depends onmany other factors including the
size and hypsometry of each catchment, the veget-
ation cover and growth periods, the soil type and
depth, and the role of groundwater storage. Each
of these variables could have a profound impact on
the sensitivities found in this study. For example,
annual runoff in basins having deeper soils and more
groundwater recharge could be much more sensitive
to climate warming because of increased infiltration
of melt water (Berghuijs et al 2014).

The predicted changing role of snowpacks as nat-
ural reservoirs, and the shifts in runoff timing as cli-
mate warms are problematic because the prediction
has major economic consequences (Li et al 2017).
This is especially the case for those sites where most
of the precipitation occurs during the cold period (i.e.
mountains having a Mediterranean climate), where
the snowpack is key to ensuring water supply for
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natural vegetation and irrigated crops during the high
water demand summer period (López-Moreno et al
2017). The results highlight the difficulty of predict-
ing the hydrological vulnerability of snow basins to
climate change without developing specific case stud-
ies relying on scientifically sound, physically based
approaches. This should be a priority for future
research given the ecological, economic, and social
importance of water generated in snow-fed moun-
tains worldwide.

5. Conclusions

This study provides the first comparison of snowpack
and hydrological sensitivity to climate warming
across most of the climates that occur in the world’s
mountain areas. Snowpacks worldwide will be neg-
atively affected by climate warming, and a general-
ized decoupling of mountain river hydrology from
headwater snowpack regimes will occur. However,
this study has revealed much complexity behind this
generalization because snow and hydrology under the
different climatic conditions explored will respond
with differentmagnitudes to the same levels of warm-
ing. The variability found for the sensitivity of rain-
fall ratio and Peak SWE is highly predictable using
diagnostic variables such as air temperature and
humidity. This allows identification of the most/least
vulnerable mountain regions to climate warming.
However, the sensitivity of snow duration is more
difficult to predict because of the more complex
processes affecting the response of snowmelt to cli-
mate warming (e.g. radiative fluxes, redistribution
and sublimation). This in turn hinders identification
of the most vulnerable basins to: (1) losing the pre-
cipitation storage capacity of the snowpack during the
cold season (quantified by the SDam index); and (2)
advancing the snowmelt peakflow (quantified by the
center of mass of the hydrograph, D50), because the
sensitivity of both, SDam and D50, is mainly driven
by the sensitivity of snow duration.

The sensitivity of the snowmelt ratio and of Peak
SWE were closely related; but the former was sub-
stantially lower, decreasing mostly between 5% and
10% per ◦C, than the latter, which decreased mostly
between 10% and 30% per ◦C. This important differ-
ence in magnitude has been associated with the shift
from the important hydrological role of snowpacks
with sustained accumulation and melting periods,
to less important roles for ephemeral snowpacks,
characterized by multiple accumulation and melting
events during the snow season. In addition, no asso-
ciation was found between the magnitude of change
of either Peak SWE or snow duration, and the change
in annual runoff as climate warms.

The virtual basin approach has been proved
useful for isolating the effects of differing climatic
conditions on the response of snow and hydrology
to climate warming. However, interpretation of the

results needs to consider that the magnitudes of the
sensitivities found are dependent on the specific para-
metrization imposed to the virtual basin such as basin
shape and elevation range. Thus, sensitivity studies to
basin configuration need to be developed using phys-
ically based approaches if accurate regional assess-
ments of climate change impacts on water resources
availability in snow dominated regions are to be
achieved.
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