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Key Points:

« We compute the effect of glacial runoff on the Standardized Precipitation-Evapotranspiration
Index for 56 glaciated basins.

e In general, accounting for glacial runoff increases mean SPEI and decreases vari-
ance.

» Projected 21st-century changes in basin hydroclimate both with and without glacial
runoff show wide variation across models.
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Abstract

Global climate model projections suggest that 21st century climate change will bring sig-
nificant drying in the midlatitudes. Recent glacier modeling suggests that runoff from
glaciers will continue to provide substantial freshwater in many basins, though the sup-
ply will generally diminish throughout the century. In the absence of dynamic glacier

ice within global climate models, a comprehensive picture of future basin-scale water sup-
ply has been elusive. Here, we leverage the results of existing global climate and global
glacier models to compute the effect of glacial runoff on the Standardized Precipitation-
Evapotranspiration Index, an indicator of basin-scale aridity. We find that glacial runoff
tends to decrease anomalous aridity and reduce interannual variability in water supply,
even in basins with relatively little glacier cover. However, in many basins we find inter-
model spread as large as the hydroclimate signal, which suggests considerable structural
uncertainty.

Plain Language Summary

Every year, glaciers accumulate some water from precipitation and release some
water from melting and surface runoff. The seasonal pattern of freshwater release from
glaciers makes them an important source of freshwater for mountainous regions around
the world. Computer simulations have shown that the supply of freshwater from glaciers
is likely to change as the climate changes during coming decades. Separately, global cli-
mate model simulations suggest that many basins will experience more drought in the
coming decades due to changes in the global water cycle. To understand what consequences
those changes could have for on-the-ground water availability, we analysed existing sim-
ulations of glaciers together with global climate model simulations. We calculated a met-
ric called the Standardized Precipitation-Evapotranspiration Index, which describes drought
conditions, for 56 river basins that have glaciers upstream. We found that including glacial
meltwater and runoff in the calculation can reduce estimated drought during the 21st
century in most basins. However, the glacial effect becomes weaker as glaciers shrink due
to climate change, and the strength of the effect over time varies from one global climate
model to another. We identify priority areas for model development to build a more con-
sistent understanding of the glacial water effect on drought.

1 Introduction

Global climate model projections suggest that on large scales the terrestrial mid-
latitudes will experience significant drying over the coming century (Cook et al., 2014),
although there are uncertainties related to the choice of hydroclimate metric (Milly &
Dunne, 2016; Swann et al., 2016; Scheff et al., 2017; Mankin et al., 2018; Yang et al., 2019;
Mankin et al., 2019). While ongoing model development has improved the treatment of
key hydroclimate processes, a number of factors important at regional scale remain dif-
ficult to capture. In particular, current global climate models struggle to account for chang-
ing glacier volume and extent, with important consequences for projections of future wa-
ter availability in glaciated regions (Barnett et al., 2005). Runoff from mountain glaciers
accounts for up to 40% of dry-season water supply in arid regions (Soruco et al., 2015;
Pritchard, 2019) and responds nonlinearly to changing climate (Huss & Hock, 2018). Fu-
ture glacier runoff depends on glacier dynamics that cannot be simulated directly in global-
scale models and are not easily extrapolated. Moreover, the importance of glacial runoff
for water supply differs with regional climate (Kaser et al., 2010; Immerzeel et al., 2010;
Rowan et al., 2018), emphasising the need for a holistic view of glaciated-basin hydro-
climate change.

The use of global climate models (GCMs) to project hydroclimate change is ap-
pealing because the simulated changes are consistent with climate physics on the global-
to-regional scale. Nevertheless, the climate physics simulated by an individual model are
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an uncertain approximation of those in the real world. Intercomparisons of multiple global
climate models allow for a quantification of the range of projections that result from this
uncertainty—so called structural uncertainty. These quantifications are hindered, how-
ever, by the incomparability of inherent (those simulated directly by the model) hydro-
climate metrics across models. For instance, the land components of global climate mod-
els range widely in complexity, most notably with different numbers of soil levels with
inconsistent corresponding depths. The resulting difficulty in comparing soil moisture
across models has lead to the widespread use of offline soil moisture models when quan-
tifying hydroclimate change, specifically in the form of standardized drought indices that
facilitate like-for-like intercomparison.

The analysis of such indices depends on reliable model simulation of hydroclimate.
In many cases, global climate models are not equipped to handle the hydrology of glaciated
basins on the century scale. The MATSIRO land surface model (Takata et al., 2003) used
in MIROC-ESM, for example, handles water routing through snowpack, but not mul-
tiannual storage in glacier ice. The land surface scheme of CNRM-CM6 allows limited
water storage in snow and ice and includes a “permanent snow/ice” land tile classifica-
tion (Decharme et al., 2019), but cannot resolve changes in ice cover over time. GCMs
including CCSM and NorESM use the Community Land Model (CLM) to simulate land-
surface dynamics and hydrology. CLM includes glacier ice among its land-cover types,
but does not account for glacier dynamics or change over time (Lawrence et al., 2018).
Further, the spatial resolution of current GCMs leaves them poorly equipped to handle
precipitation gradients in high-relief areas (Flato et al., 2013), where mid-latitude glaciers
are most likely to be found. Global glacier models have demonstrated that glacier cov-
erage worldwide cannot be assumed static over the coming century (Huss & Hock, 2018;
Marzeion et al., 2018); thus, surface hydrology schemes that do not account for chang-
ing glacial water storage over time risk under- or over-estimating the true basin-level wa-
ter availability (van de Wal & Wild, 2001).

There have been substantial recent efforts to quantify 21st-century changes in glacial
water runoff at global (Bliss et al., 2014; Huss & Hock, 2018; Marzeion et al., 2018) and
regional scales (Juen et al., 2007; Immerzeel et al., 2012; Schaefli et al., 2019). To un-
derstand how these changes translate to changing basin-scale water availability, however,
requires the added context of regional hydroclimate variability and change (Kaser et al.,
2010). Here, we quantify the glacial effect on basin-level drought at the global scale. Our
approach combines hydroclimate output of eight general circulation models with offline
simulated glacial runoff (Huss & Hock, 2018) forced by boundary conditions from the
same models. Together these are used to calculate the Standardized Precipitation Evap-
otranspiration Index (SPEI) with and without a glacial runoff component for 56 basins.
We compare how the 30-year mean and variance of SPEI changes when glacial runoff is
considered.

2 Methods

Only eight models of the set of 12 analyzed in Huss and Hock (2018) are used herein,
as the variables necessary to calculate SPEI were not available for four of the models.
In each case the same associated historical and representative concentration pathway (RCP)
4.5 and 8.5 simulations (Taylor et al. 2008) that were used in Huss and Hock (2018) are
also used herein. For each model and simulation and each of the 56 hydrological basins
we extract atmospheric surface temperature, surface pressure, total precipitation, sur-

face specific humidity, and surface net radiation. Specifically, we identify all latitude-longitude

grid points from the native model grid that fall within the spatial boundary of the hy-
drological basin, using basin definitions from the Global Runoff Data Centre, and then
average the associated variables to produce a single timeseries for each hydrological basin
and variable. Because some model grids have low spatial resolution, there are models and
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basins where no data is available (15% of the total). Nevertheless, at least one model for
each hydrological basin has data.

Using the input data described above, we calculate a single SPEI timeseries for each
model and basin. SPEI is a drought index based on normalized accumulations of pre-
cipitation minus potential evapotranspiration (PET). To calculate SPEI, we first use sur-
face temperature, surface pressure, surface specific humidity, and surface net radiation
as inputs to the Allen et al. (1998) formulation of the Penman-Monteith method for es-
timating PET (see also Cook et al., 2014). Total precipitation and PET are then used
to calculate SPEI following Vicente-Serrano et al. (2009). Because SPEI includes a user-
defined timescale of integration, we calculate SPEI for a range of timescales from 3-27
months to test the sensitivity of our results. Only the results for 15-month integration
timescale are shown herein.

To test the role of glacial runoff in drought we calculate an additional version of
SPEI where we replace the total precipitation input to the SPEI calculation by

_ A-A, A,
P=—F— P+ 5 (1)

where p is the modified moisture source term, p is the initial moisture source term with
no glacial component, A, is the glaciated area of the basin, A is the total basin area, and
r is the basin glacial runoff from Huss and Hock (2018) forced with each general circu-
lation model.

For each model and hydrological basin SPEI time series, we then compute and com-
pare the 30-year running mean and variance of SPEI with and without glacial runoff.
We also take the difference of SPEI with and without glacial runoff and compute run-
ning means of this difference for each basin. Finally, we compare model-by-model changes
in SPEI mean and variance at the end of the 21st century (2070-2100) for RCP 4.5 and
8.5.

3 Results
3.1 Glaciers tend to reduce aridity

Almost universally, the effect of accounting for glacial runoff is an increase in mean
SPEI. That is, glacial runoff tends to reduce drought. More specifically, there is unan-
imous model agreement that glacial runoff increases mean SPEI (i.e. reduces anomalous
dryness) in the late 21st century for 35 of the 56 basins tested. However, there is great
variation among basins in the temporal trends of SPEI. In some basins, different mod-
els project very different future SPEI, both with and without glacial runoff.

Figure 1 shows the 30-year running-mean SPEI for four basins. In the Copper River
basin of Alaska, all eight models project an increase in SPEI throughout the 21st cen-
tury, with even more pronounced increases when glacial runoff is taken into account. In
the Rhone basin of central FEurope, most models project decreasing SPEI throughout the
century to be slightly mitigated by glacial runoff. The four models available for the Ma-
jes basin of Peru (see Section 2) disagree about the temporal trend in SPEI, but none
are much changed by the inclusion of glacial runoff. Most interesting is the Tarim basin
of central Asia. When glacial runoff is not considered, all eight models project SPEI to
decrease throughout the 21st century, becoming negative on average after 2050. How-
ever, with glacial runoff included, models show an initial increase in SPEI around the
year 2000, generally remaining positive (though decreasing) through the end of the cen-
tury. This suggests that in the Tarim basin glacial water supply changes our best guess
at future hydroclimate conditions from increasing drying through the 21st century to a
future with greater on the ground water availability in the 21st relative to the 20th cen-
tury.
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Figure 1. 30-year running mean time series of SPEI with glacial runoff (blue solid) and with-
out (orange dotted) for the RCP 4.5 scenario in four example basins (name in lower right corner

of each figure panel).
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2. The effect on mean SPEI of including glacial runoff in four example basins. Curves
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“with glacial runoff” and “no accounting for glaciers”, respectively. A different vertical scale

has been applied to each plot to aid readability. These case studies are computed with climate

scenario RCP 4.5, but are very similar under RCP 8.5.
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computed with climate scenario RCP 4.5, but are broadly similar under RCP 8.5.

Isolating the glacial effect in each basin further highlights its tendency to reduce
drying, regardless of the baseline trend in SPEIL Figure 2 shows the glacial effect (A SPEI
= SPEILy - SPEIy) for the same four example basins. In the Copper basin, which is the
most heavily glaciated of any we study (A,/A = 0.2001) the glacial effect exceeds 1 SPEI
unit and remains high throughout the 21st century. This means that future hydroclimate
in the Copper basin is 1 standard deviation wetter on average with glacial runoff included,
with the standard deviation being relative to interannual (15 month) hydroclimate vari-
ability over the late 20th century—in short, glacial runoff has a very large impact on av-
erage hydroclimate in the Copper Basin. The glacial effect is also high, on the order of
1 SPEI unit, in the Tarim basin, even though the Tarim is an order of magnitude less
glaciated (A,/A = 0.0234) than the Copper. In the Rhone basin (4,/A = 0.0093) there
is a moderate glacial effect that declines throughout the century, and in the Majes basin
(Ag/A =0.0031) the glacial effect on SPEI is negligible.

3.2 Heterogeneous changes in SPEI variance between basins

Figure 3 shows the time-varying effect on SPEI variance of including glacial runoff.
In the Majes basin, the glacial effect on variance is just as negligible as the effect on mean
SPEI In the remaining three basins, the glacial effect is an initial increase in variance
at the beginning of the period during which glacial runoff is added to the SPEI compu-
tation. This suggests that accounting for glacial water supply can produce a wider range
of interannual variability of the water source term in the SPEI calculation—an effect more
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Figure 4. Difference due to explicit accounting of glacial runoff in SPEI 30-year mean and
variance at end of 21st century (2070-2100), for climate scenarios RCP 4.5 (panel a) and RCP 8.5
(panel b).

likely to be numerical than physical in nature. After the initial peak, there is a decrease
in variance in the Copper, Rhone, and Tarim basins that mirrors the increase in mean
SPEI shown in Figure 2. In the Tarim and Rhone basins, where glacial runoff begins to
taper before the end of the century, some models show variance increasing again at the
end of the century. This indicates that SPEI can become more variable when climate
change decreases glacial water supply and associated runoff below 20th century values,
despite the non-glacial components of the formula remaining unchanged.

Despite this tapering effect in some basins, Figure 4 shows that accounting for glacial
water supply decreases SPEI variance through the end of the 21st century in most basins.
Under the more moderate RCP 4.5 climate scenario, there is only one basin for which
all models agree on increased variance: the Rio Negro of Argentina. There are more pro-
jections of increased variance due to changing glacial water supply, and more heterogene-
ity among basins and among model projections in general, under the high-end RCP 8.5
climate scenario. Nevertheless, glacial runoff, on average, provides a moderating influ-
ence not just on mean hydroclimate but also the year-to-year variability that is typically
associated with on-the-ground impacts.

4 Discussion

In most basins, the effect of including glacial runoff is an increase in mean SPEI
that diminishes later in the 21st century. This pattern is consistent with the “peak wa-
ter” framing of Huss and Hock (2018). We note, however, that the time evolution of this
glacial effect is not consistent across models, with some models showing a pronounced
“peak” shape and others showing a “plateau” or a more steady slope (Figure 2). The
variety among models is evident in the Copper basin, for example, where CanESM?2 pro-
duces a large, sharp peak in glacial effect early in the century while MIROC-ESM pro-
duces a slower, nearly monotonic increase in the glacial effect mean SPEI. Further, for
several basins including the Copper and Tarim, even the eventual decline in glacial wa-
ter supply and associated runoff does not return mean SPEI to non-glacial values by 2100.
That is, the relevance of glaciers for future drought projections is not necessarily lim-
ited to this century.

Theoretical understanding suggests that interannual variance in water availabil-
ity should be lower when basins have substantial glacial meltwater supply, a sort of glacial
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interannual drought buffering (Fountain & Tangborn, 1985; Fleming & Clarke, 2005).

We find that accounting for glacial runoff initially can increase SPEI variance, which while
superficially inconsistent with the theoretical prediction is actually indicative of buffer-
ing. In running windows that include some years before 1950 (when the glacier model

is switched on) and some after, the glacial increase in mean SPEI can manifest as a peak
in variance. The initial increase in variance is thus a numerical effect that demonstrates
the strength of the glacial signal in reducing aridity. The reduction, on average, of SPEI
variance during the 21st century is also consistent with the theoretical prediction. Fur-
ther, our finding of reduced effect on variance as glacial water supply and associated glacial
runoff taper (Figure 3) supports the prediction that glacial drought buffering will decline
with 21st century climate change (Biemans et al., 2019). Consistent with this, under the
RCP 8.5 warming scenario, there are more basins in which accounting for glacial runoff
results in higher end-of-century SPEI variance (positive y-axis values in Figure 4b). We
interpret that these projections reflect basins in which seasonally-available meltwater (or
“buffering capacity”) declines due to the declining precipitation storage capacity of shrink-
ing glaciers, such that the basin transitions to a precipitation-dependent regime. The de-
cline in buffering capacity would happen faster with stronger warming, as in RCP 8.5.

We assess that there are two categories of basins in which glacial effects are large
and long-lived. The first category consists of heavily glaciated basins such as the Cop-
per, where there is a large quantity of water stored as glacial ice. The second category
consists of arid basins such as the Tarim, in which glacier runoff is a substantial frac-
tion of total moisture supply in the basin. Basins in this category may not be heavily
glaciated—the Tarim basin is only 2% glaciated by area—but other moisture sources are
sufficiently small that even limited glacial runoff has a pronounced effect on basin arid-
ity. Previous authors have also commented on the particular importance of glacial runoff
in arid basins (Pritchard, 2019) and dry seasons (Soruco et al., 2015; Frans et al., 2016;
Biemans et al., 2019).

The magnitude of the glacial effect varies not only per basin but also per model,
as the examples in Figures 1 - 3 illustrate. There is no consistent ordering to the model
estimates of the glacial effect. That is, no one model of the eight we test is consistently
wetter or drier, or more or less variable, across basins. Figure 2 also shows that the glacial
effect on SPEI peaks in different years for different models. The heterogeneity of SPEI
projections reflects the complexity of basin-scale hydroclimate, with multiple relevant
factors treated differently in each model. For example, the CanESM model is the only
one to use the Canadian Land Surface Scheme (“CLASS”, Verseghy, 2000) and in the
Copper basin CanESM has a glacial effect much stronger than any other model (Figure
2). Yet the same figure shows that glacial effects computed with CCSM and NorESM,
both of which account for (static) glacier ice cover in the Community Land Model (Lawrence
et al., 2018), but which utilize different atmospheric models, peak in different years and
with different magnitudes. We deduce that there are processes within both land surface
schemes and atmospheric model components of Earth system models that must be ad-
dressed to account for dynamic glacier changes. Because the glacier model of Huss and
Hock (2018) is forced by GCM-derived temperature and precipitation, the SPEIy we
calculate accounting for glacial runoff can compound inter-model differences in hydro-
climate. Thus, although it is essential to account for glacial meltwater in future projec-
tions of basin-scale aridity, more fundamental work remains before a consistent physi-
cal picture emerges.

The simple offline computation we present here helps account for the first-order glacio-
logical effect on future basin drought. However, offline computations are unable to cap-
ture atmospheric feedbacks of changing mountain glacier extent. For example, ice and
snow-covered surfaces reflect more incident radiation to the atmosphere than bare rock
or soil surfaces do. Water vapor sublimated from glacier ice or evaporated from supraglacial
meltwater pools is a ready source of moisture to the local atmosphere. Finally, glacier
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surfaces are favorable for creation of strong downslope (katabatic) winds, which can be
the dominant feature in local-scale atmospheric circulation (e.g. Obleitner, 1994; van den
Broeke, 1997; Aizen et al., 2002). To the extent that any of these local processes are pa-
rameterized in current GCMs, their projection into the future will suffer from the inac-
curate assumption that glacier ice cover is permanent. The effects of these feedbacks will
only be resolved with eventual fully coupled mountain glacier schemes in Earth system
models.

Here, we have focused on global intercomparison of basin-scale aridity. However,
local-level water resource studies may benefit from more granular information (Milly et
al., 2008; Head et al., 2011; Frans et al., 2016). Our method can be adapted for use with
regional climate models, such as the Regional Atmosphere Climate Model (RACMO) for
glaciated areas (Noél et al., 2015) or the more general Weather Research and Forecast-
ing Model (Skamarock et al., 2019), with models simulating individual glacier evolution
such as Elmer/Ice (Gagliardini et al., 2013) or Open Global Glacier Model (Maussion
et al., 2019), and in probabilistic ensemble simulations.

5 Conclusions

Basin-scale hydroclimate as observed and experienced in the present is affected by
numerous regionally-variable factors, including the supply of water from glaciers. Global
climate models in use to study past and future hydroclimate are ill-equipped to capture
decade-to-century scale variation in glacial meltwater supply. Although fully dynamic
representations of glacier ice within GCMs will be necessary to produce a physically con-
sistent projection of hydroclimate change in glaciated basins, we have presented a sim-
ple method to leverage recent glacier model developments (Huss & Hock, 2018) and ac-
count for changing glacial runoff in 21st-century projections of drought. Our analysis shows
that applying dedicated glacier model output to account for basin glacial water supply
in the Standardized Precipitation-Evapotranspiration Index (SPEI) tends to decrease
drought and reduce interannual variability in water supply, even in basins with < 2%
glaciation by area. However, as glaciers continue to retreat late in the century, their “drought
buffering” effect on SPEI diminishes. Nevertheless, the glacial effect shows strong vari-
ation across basins and across models, suggesting considerable model structural uncer-
tainty. More fundamental work on the modelling of hydroclimate is thus clearly needed.

Of greatest relevance to hydroclimate in glaciated basins will be the inclusion of online
glacier models, increasing model resolution and associated improvements in the repre-
sentation of hydroclimate topography interactions, and improved simulation of frozen
precipitation processes.
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