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1 | INTRODUCTION

The Cato institute, an influential American libertarian think tank, published a piece about glacier change in the
High Mountain Asia (False Alarm over the Retreat of the Himalayan Glaciers, 2022) that was relayed in
mainstream media (No, Himalayan Glaciers Melting Doesn't Mean Ganga Will Dry Up, 2022). Whereas the article
is full of abject climate change denial, it raises a real issue about the contribution of glaciers to water resources.
Based on the work of Armstrong et al. (2018), the authors concluded that glacier retreat in the High Mountain Asia
does not threaten water supply in the highly populated regions of the Ganges, Indus, Brahmaputra basins. Indeed,
the study of Armstrong et al. (2018) showed that annual meltwater produced on glacier areas is very low in com-
parison with rainfall runoff or snowmelt from non-glacierized areas in this region (Figure 1). By considering only
melt from exposed glacier ice (which is a better measure of glacier contribution as argued below), the glacier
contribution to annual runoff in the area of the Ganges and Brahmaputra basin above 2000 m asl is below 1%.
These latter values are hydrologic inputs across elevations greater than 2000 m, which means that at lower
elevation where most people live, it may be even less. The low contribution of glaciers to runoff in the upper
Brahmaputra river basin was also evidenced by Prasch et al. (2013) who also estimated that icemelt represents 2%
of the river flow at Lhasa city (3656 m asl).
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FIGURE 1 Respective contribution of rain, snow, snow on ice, and exposed glacier ice to runoff in three large Asian catchments above
2000 m altitude (from Armstrong et al., 2018). These results were obtained from remote sensing observations of snow and ice surfaces
combined with hydrological modeling.

Glacier melt has a strong seasonal variability and therefore the contribution of icemelt to runoff can be higher at
the monthly timestep, especially during the dry season, which is more relevant from a water resource perspective than
an annual value. Still, the average icemelt contribution remains low at the monthly time step since it reaches at most
6% in the Indus over the period 2001-2014 (i.e., average contribution in September, Armstrong et al., 2018). Indeed,
glacier melt does not necessarily occur during the dry season, in particular, snow and icemelt runoff increases during
the monsoon due to the advection of warm air masses in the eastern Himalayas (Fugger et al., 2022; Laha et al., 2023).

The Armstrong et al. (2018) study shows however that melt from glacier ice is significant during the dry season in
the Amu Darya basin (26% of runoff in September). The same conclusion was drawn by Pritchard (2019). The latter
study is often cited to assert that glaciers provide large amounts of freshwater resources to billions of people in Asia
(390 citations according to Web of Science on March 31, 2023 by counting both the retracted paper and its updated
version (which corrected an error in the glacier mass balance calculation, see Pritchard, 2018). In fact, the Pritchard
(2019) study showed that glacier melt is less than 5% of the annual precipitation in all studied basins and acknowledged
that it is not a significant input in the Ganges and Brahmaputra basins. This article focused on drought periods and
presented glacier melt contribution as a fraction of runoff during the driest month of the driest year (“representative
drought year”), that is, the year with the lowest annual precipitation for each basin in the 1951-2007 record
(Pritchard, 2019). As a result, the monthly glacier melt contribution highlighted by Pritchard (2019, e.g., fig. 4) is the
highest possible monthly value over a 57-year period. In addition, the glacier contribution (“net melt fraction”) was
computed as the melt volume divided by the sum of the melt and net precipitation volumes during that month. Hence,
as an extreme case, if there is no precipitation at all during this drought month, then the net melt fraction is 100%. Such
concept of net melt fraction ignores the fact that baseflow during dry periods is also sustained by groundwater
depletion, otherwise, the rivers of many non-glacierized catchments would run dry in summer. The groundwater
contribution is difficult to assess since it depends on the geology of the catchments which is highly variable in a region
as vast as the High Mountain Asia (Somers & McKenzie, 2020). Yet, Andermann et al. (2012) estimated that in Nepal,
the groundwater storage has an approximate response time of 45 days and its capacity is larger than the annual snow
and icemelt volume. As a consequence, the least we can say is that runoff sources during a dry month in Nepal are not
limited to the surface water inputs like glacier melt and precipitation during that month.

In the light of these previous studies, some statements in the scientific literature such as “Glaciers in the Himalaya-
Karakoram mountain ranges (...) modulate the flow of freshwater to almost 869 million people within the Indus, Tarim,
Ganges and Brahmaputra river basins” (Nie et al., 2021) or “Glaciers are also a critical water resource for ~1.9 billion
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people” (Rounce et al., 2023) appear greatly exaggerated. Then, how to blame the BBC journalist who wrote that
“Billions of people around the world depend on the waters locked away in glaciers for their livelihoods, power and
food” followed by the (accurate) statement “but climate change is melting them away” (Park, 2021)? The reader under-
stands that, because of glacier shrinkage, billions of people are going to lack water in the near future, which is a strong
and scary statement without scientific basis. Similar alarming statements come from international agencies or non-
governmental organization. According to “Unesco glacier specialist,” “50% of humanity depends on glaciers as a source
of water for domestic use, agriculture or hydroelectricity” (Barroux, 2022). Why such exaggerations?

2 | DEFINING THE CONTRIBUTION OF GLACIER TO WATER RESOURCE

First of all, there is a lack of consensus on what is the contribution of glaciers to water resources. Indeed, the very
definition of the “glacier contribution” to water resources varies among the studies (Frenierre & Mark, 2014; Radi¢ &
Hock, 2014). Glacier contribution is generally defined as a ratio, the numerator being a measure of the glacier runoff
and the denominator being a reference water flux. The denominator can be either the river discharge (Cui et al., 2023;
Gascoin et al., 2011; Huss, 2011; Huss & Hock, 2018), the precipitation (Kaser et al., 2010), or the net precipitation, that
is, precipitation minus evaporation (Pritchard, 2019). The definition of the numerator, that is, the glacier runoff, also
varies among the studies. Some authors consider that the glacier runoff is given by the melt of snow, firn, and ice over
the glacier surface (Cui et al., 2023; Saks et al., 2022; Soruco et al., 2015), whereas others consider icemelt only (Azam
et al., 2019; Burger et al., 2019; Prasch et al., 2013). Some authors include rain on the glacier area to estimate the glacier
runoff (Huss, 2011; Huss & Hock, 2018). Others partition glacier runoff between seasonal melt (which includes snow
and icemelt from the glacier ablation area) and net glacier mass loss (icemelt reducing the long-term glacier mass due
to climate warming) (Bliss et al., 2014). Some authors estimate glacier runoff assuming the glaciers to be in equilibrium
with the climate (Kaser et al., 2010), while others include the contribution of annual glacier mass loss to the total runoff
(Huss & Hock, 2018; Pritchard, 2019).

The inconsistent definitions of glacier contribution to the water resources is likely to have caused confusion not only
in the media but also in the scientific literature (Lopez-Moreno et al., 2020). For example, Millan et al. (2022) refer to
Soruco et al. (2015) to state that “the drainage basin of La Paz, with more than 2.2 M inhabitants, is strongly dependent
on the water from ice melt that represents up to one-third of the water resources during the dry season”. In fact, Soruco
et al. (2015) defined glacier runoff as the sum of the icemelt and snowmelt. Therefore, their water resources calculation
includes the melt of the seasonal snow on the glaciers and the ice melt contribution was actually not estimated.

From a water resource perspective, it seems that annual glacier runoff (numerator) would be more adequately rep-
resented by the ice (and firn) melt, that is, the release of water that was stored multiple years by the glacier, that is,
excluding the melt of the seasonal snowpack. In the case of a mountain glacier in balance with climate and neglecting
mass loss by evaporation and sublimation, this meltwater flux is equal to the mass transported from the accumulation
area to the ablation area every year. Miles et al. (2021) estimated this flux (referred to as balance ablation) for a large
number of glaciers across High Mountain Asia based on remote sensing datasets of glacier velocity and elevation
change. The balance ablation is the relevant measure of the sustainable contribution of a glacier to a catchment water
balance. As illustrated in Figure 2, this contribution stands out in the Indus, Tarim, and Amu Darya among the major
basins in High Mountain Asia. A closer analysis using a large sample of catchments shows that the glacier contribution
(expressed as a flux per catchment unit area) decreases exponentially with the area of the glacierized catchment. The
influence of glacier on streamflow is therefore expected to be significant in small headwater glacierized catchments.

Melt of the seasonal snowpack which accumulates and melt every year on a glacier surface should not be taken into
account in glacier water resource assessment, unless it can be demonstrated that the magnitude of the snowfalls on a
glacier is influenced by the presence of the glacier itself. Studies have shown that glaciers can be preferential snow accu-
mulation areas but this was explained by the influence of the terrain topography on atmospheric conditions or
avalanching and not by a positive feedback loop (Dadic et al., 2010; Gascoin et al., 2013; Mott et al., 2019). In other
words, according to the current knowledge, the same snowfall amount would be observed if the glacier was to be
removed (Figure 3).

Regarding the denominator, it is not advisable to use river discharge measurements if the catchment of interest is
large. This is because the flow along the course of a river is also influenced by output fluxes of natural and anthropo-
genic origins. In particular, river discharge from high alpine catchment contributes to groundwater recharge by
stream infiltration (Miiller et al., 2023) and is subject to withdrawals for irrigation or seasonal storage in reservoirs
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FIGURE 2 Balance ablation of glaciers larger than 2 km?” in High Mountain Asia. The upper right panel shows the total water volume
due to balance ablation in every major basin divided by the precipitation over the same period (2000-2016). The lower left panel shows the
statistical distribution of the glacier contribution by catchment area. Here glacier contribution is expressed as the glacier balance ablation
divided by catchment area for every glacierized catchment with Pfafstetter level 9-3 in the same region. Nonvalid values (32%) were imputed
using a gradient boosting regression on glacier center longitude and latitude and accumulation area ratio (R = 0.58 on a 20% test sample).
Glacier balance ablation can be seen as the ice ablation in the lower area of a glacier that is compensated by accumulation in the upper area
over the same period (i.e., it does not include imbalance ablation due to climate change). Glacier data were sourced from Miles et al. (2021),
precipitation from ERA5-Land and catchments polygons from HydroBASINS (Lehner & Grill, 2013).

(Wortmann et al., 2019). As a result, contribution from glaciers can be overestimated by default with increasing
distance from the glaciers (Kaser et al., 2010). Estimating glacier contribution as the ratio of glacier runoff to river
discharge implicitly assumes that glacier meltwater is never abstracted, confined to the river channel and reach the
catchment outlet during the period of interest (typically a month). This can be a reasonable assumption in small and
steep high mountain catchments, but it becomes difficult to justify in larger catchments, especially if the river runs
through irrigated and populated areas (Figure 2). For example, Huss (2011) estimated that the contribution of glaciers
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FIGURE 3 A schematic representation of the liquid water balance in a glacierized catchment. Liquid water inputs include snowmelt,
icemelt, rainfall, whereas water losses occur through evaporation from natural and cultivated areas. Like glaciers, aquifers release water to
the river during low flow periods. For the sake of simplicity, we have not represented lakes, wetlands, and reservoirs, which can be
considered as seasonal storage similarly to the groundwater. The balance of water inputs and outputs illustrates why using the ratio of
icemelt on river discharge as an indicator of “glacier contribution” can lead to inconsistencies. In this catchment, the glacier contribution in
September would be 1/3 of discharge. Following the same calculation, groundwater and rainfall contribution would be 1/3 and 2/3,
respectively, which is physically impossible (Figure 3).

to the Rhone river discharge near its outlet in the Mediterranean Sea reached 40% in August 2003, during the record-
breaking heatwave. This value of 40% is often cited as the glacier contribution to the Rhone discharge but was com-
puted including the melting of snow from the surface of the glaciers (arguably low in August) and ignored the numer-
ous withdrawals in the Rhone river and its surrounding aquifer to irrigate crops and supply domestic water in this
densely populated region of southeast France.

A proper quantification of the icemelt component in river discharge is actually a complex hydrological
question. Weiler et al. (2018) clearly explained this issue and proposed an “effect tracking” method for this
purpose. However, this approach remains difficult to implement and their recommendations are rarely considered
even in the most recent studies dealing with this specific issue (Cui et al., 2023). The contribution of icemelt to
river discharge can also be estimated using natural tracers, for example, by analyzing the composition of stable
isotopes in water samples but this method requires heavy field work to collect water samples. This is possible in
small catchments and has never been applied at the scale of entire mountain range (Chen et al., 2019). Numerical
models could be used to compute the contribution of ice and snow melt in river and groundwater using single
particle tracking but this approach is also not feasible at large scale due to its computing cost. In addition, particle
tracking methods may not be relevant since they do not represent the propagation of pressures waves which drive
the response of hydrologic systems to water input. In the meantime, we as scientists should communicate
accurately on what exactly is considered as glacier contribution: does it include snowmelt? Which period of the
year is considered? Is it a drought period? Which hydrological components are neglected (groundwater discharge,
reservoir management...)?
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3 | CONCLUSION

We should be careful when presenting the role of glaciers in water resource. As scientists, we have to provide accurate
information about scientific research facts in public debate. Current knowledge does not suggest that billions of people
will lack water due to glacier shrinkage in contrast to what is written in news articles, reports, and the introduction of
many scientific articles. Other factors than glacier shrinkage are more likely to cause water scarcity in Asian countries
like excessive groundwater pumping for crop irrigation (Rodell et al., 2009) or surface and groundwater contamination
(Ahmed et al., 2006). This does not mean that glaciers are not important water resources. The key message is that
glacier runoff can partly and temporarily compensate the lack of water resources during drought periods, especially in
headwater catchments. Apart from the water resources perspective, there are other important motives to study glaciers
like sea level rise (Gardner et al., 2013), biodiversity (Milner et al., 2017), hazard (Veh et al., 2020), and cultural value
(Allison, 2015). In any case, the fragile beauty of glaciers should be a sufficient reason to study them before they vanish.
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