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Abstract. Drought risk is changing as the hydrological cy-
cle responds to anthropogenic climate change. Projections of
future drought risk used to inform water management would
ideally be conducted at local scale, but local-scale projec-
tions demand local data and computational resources that are
often not available. As an alternative, global-scale projec-
tions of glacier runoff and the hydrological cycle can pro-
vide important insights for the local scale, particularly when
interpreted carefully. Here, we use an ensemble of 11 latest-
generation (CMIP6) climate models to force three different
global glacier models, and we examine changes in glacial
drought buffering for 75 major river basins in the early, mid-,
and late 21st century. Glacial drought buffering results are
broadly consistent across glacier models. By contrast, we
find that the spread in glacial drought buffering among dif-
ferent climate models is large and likely under-sampled com-
pared with the full archive of suitable CMIP6 simulations
(123 simulations from 28 models for the SSP2-4.5 scenario).
This work highlights that, for downstream hydrological stud-
ies: (1) no one global glacier model is more suitable than an-
other, and (2) analysing a representative ensemble of climate
models is imperative. Our findings illustrate that differences
in glacier model outputs that appear consequential to glaciol-
ogists may be less consequential for downstream impact met-
rics.

1 Introduction

Ongoing anthropogenic climate change has severe conse-
quences for the global water cycle and hydrological hazards
(Douville et al., 2021; Caretta et al., 2022). For example, pro-
jections from global climate models show robust increases
in the severity and frequency of several drought metrics in
the coming decades (Cook et al., 2020). Global impact mod-
els (Prudhomme et al., 2014) and global hydrological mod-
els (Wanders et al., 2015) support similar conclusions. Those
projections do not account for changes in parts of the wa-
ter cycle that are not simulated by those models; for exam-
ple, glaciers provide substantial runoff to mountain regions,
and that cannot be simulated directly in CMIP6-class climate
models (Decharme et al., 2019; Lawrence et al., 2019; Ultee
et al., 2022a, and discussion therein). Although global hydro-
logical models show promise for projecting catchment-scale
hydrologic change (Kumar et al., 2022), they include at best a
simplistic representation of glacier dynamics (Wiersma et al.,
2022; Hanus et al., 2024). The regional importance of glacier
runoff, and the nonlinear response of glaciers to climate
change, demands large-scale glacier-dynamic projections of
the impacts of glacier runoff entering major hydrologic sys-
tems.

Droughts manifest in response to local environmental con-
ditions that are connected to regional-to-global scale climate.
In mountain regions where glacier runoff is significant, pro-
jections of drought would ideally come from local-scale hy-
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drological models coupled with glacier evolution models,
both driven by regional-to-global scale climate variability
and change. There has been progress in coupling glacier
evolution models with hydrological models for local- to
regional-scale analyses, generally by driving a hydrological
model with pre-generated glacier runoff for a short, contem-
porary period (Naz et al., 2014; Mackay et al., 2018, 2019;
Wiersma et al., 2022; Pesci et al., 2023; Hanus et al., 2024).
However, it is not yet feasible to produce multidecadal pro-
jections of glacio-hydrological dynamic evolution for all
glacier-dependent basins. Coupled hydrological models are
computationally expensive and rely on tens of parameters
that are poorly constrained by observations (van Tiel et al.,
2020b; Somers and McKenzie, 2020; Hanus et al., 2024).
Moreover, the computational, analytical, and observational
resources necessary to develop these analyses are not eq-
uitably distributed, and often unavailable in the places that
most need it (Stein et al., 2024). In the many basins where
fine-scale coupled glacio-hydrological simulations are not
yet possible, we can analyse the drought buffering role of
glaciers – excluding interactions with snowpack or ground-
water – from the combined output of global climate models
and glacier models.

Standardized drought indices permit efficient large-scale
drought analysis. Given a time series of some hydrologi-
cal quantity of interest, such as local water balance, a stan-
dardized index compares variations against those of a ref-
erence period to identify periods that would be experienced
as unusually dry. A wide range of drought indices that fo-
cus on different types of drought and components of the hy-
drological system has been developed (World Meteorolog-
ical Organization and Global Water Partnership, 2016). For
future projections, standardized indices facilitate comparison
of drought conditions based on output from climate models
with otherwise incompatible hydrology schemes. The Stan-
dardized Precipitation-Evapotranspiration Index (“SPEI”;
Vicente-Serrano et al., 2009), which accounts for the effect
of changing temperature on atmospheric moisture demand, is
commonly used for large-scale analyses of drought under cli-
mate change scenarios (Cook et al., 2014; Ault, 2020). Ultee
et al. (2022a) modified the SPEI to quantify glacial drought
buffering by accounting for a time-varying flux of glacier
runoff.

Most glacierized river basins contain tens, hundreds, or
thousands of individual glaciers, many of which lack in situ
ice thickness or runoff observations (Salzmann et al., 2014).
Projecting future runoff for such basins requires a model that
can efficiently simulate multiple glaciers, at multi-decadal
time scales, using only remote sensing or large-scale reanal-
ysis data as inputs. Several such models, known as global
glacier evolution models (hereafter “glacier models”), are
now available (Huss and Hock, 2015; Maussion et al., 2019;
Hock et al., 2019; Rounce et al., 2020). Regional-to global-
scale simulations from these models predict dramatic loss of
present-day glacier mass during the 21st century, with an ini-

tial increase and subsequent decrease in annual glacier runoff
(Huss and Hock, 2018; Immerzeel et al., 2020; Wimberly
et al., 2025; Schuster et al., 2025). In some basins, the phase
of increasing glacial runoff has already passed, with no fur-
ther increase projected in the 21st century.

Previous projections with one glacier model forced by
previous-generation (CMIP5) climate model simulations
found that glacial drought buffering on the SPEI contin-
ued through the end of the 21st century in almost all major
river basins worldwide (Ultee et al., 2022a). The availabil-
ity of updated projections from state-of-the-art climate mod-
els (“CMIP6”, Eyring et al., 2016) and large apparent dis-
crepancies in runoff projections from different glacier mod-
els (Wimberly et al., 2025) motivate an evaluation of the
sensitivity of glacial drought buffering projections to these
changes. Here, we expand the glacial drought buffering anal-
ysis of Ultee et al. (2022a) to include three different glacier
models, forced by a common ensemble of simulations from
11 CMIP6 climate models, for 75 glacierized river basins
worldwide.

2 Methods

2.1 Study areas

Our analysis focuses on the world’s 75 large river basins
(basin areaAbasin ≥ 3000 km2) that have considerable glacier
cover (glacier cover Ag ≥ 30 km2), consistent with Wim-
berly et al. (2025) and Holmgren (2022). We chose these
thresholds to identify basins where climate model output
(typically not finer than 0.25° resolution, or about 28 km
at the equator) would be suitable for a large-scale drought
study, and where there was enough glacier ice to produce
non-negligible runoff at basin scale. The basins span North
and South America, Europe, Asia, and New Zealand, and
are home to more than one third of the world’s population
(Huss and Hock, 2018). We do not consider any river basins
in Greenland or Antarctica. Glacier area fraction (Ag/Abasin)
ranges from 1.1×10−4 in the Irrawaddy basin to 2.5×10−1

in the Copper basin, with a median of 6.6× 10−3. That is,
the rivers in our analysis are fed in part by glacier runoff,
but glaciers are only a small part of their catchment area.
While we have not selected for hydrological characteristics
other than glacier cover, the basins included are climatologi-
cally diverse: they range from tropical to subpolar; they sit on
both windward and leeward sides of large mountain ranges;
some are monsoon-affected; some are strongly affected by El
Niño-Southern Oscillation variability; some are arid; some
are high-altitude endorheic basins, and some flow through
vast lowlands before reaching their outlet. The basin outlines
are shown in global map view in Fig. 1, and in regional maps
with basin names in Figs. A1–A5.

We analyse model spread in drought buffering and its forc-
ing variables for each basin. The basins appear as markers
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with whiskers in Fig. 2, plotted according to their glacier area
fraction. In Fig. 3, each panel shows a single basin with its
name, organized by region (labelled at the right side of the
figure). Figures 4–5 present global climate model ensemble
range and mean, with the basins in the same order and la-
belled by region. Figures D1 and D2 show time series of the
forcing variables for each basin, with the same organization
as Fig. 3. We summarize aggregate results below; where we
use specific basins as examples, we indicate the basin name,
region, and its (row, column) location on the figure when ap-
plicable.

2.2 Global glacier runoff projections

We analyse a set of projections generated by three glacier
models: the Global Glacier Evolution Model (“GloGEM”;
Huss and Hock, 2015, 2018), the Python Glacier Evolution
model (“PyGEM”; Rounce et al., 2020), and the Open Global
Glacier Model (“OGGM”; Maussion et al., 2019, 2023).
Among the models participating in recent glacier model in-
tercomparisons (Supplementary Table S2 of Zekollari et al.,
2025), OGGM, PyGEM, and GloGEM are the only ones sim-
ulating all glacier regions on a per-glacier basis and provid-
ing runoff output.

The runoff projections are forced by a common set of
a single continuous historical (2000–2014) and Shared So-
cioeconomic Pathway (SSP) 2–4.5 (2015–2100) simulations
from 11 CMIP6 global climate models (hereafter GCMs).
The forcing ensemble is consistent with standard, publicly
archived glacier projections (Compagno et al., 2022; Rounce
et al., 2023; Schuster et al., 2023b; Zekollari et al., 2024;
Wimberly et al., 2025). The SSP2–4.5 scenario results in
mid-range warming through the 21st century. For simplicity,
we evaluate only one climate scenario here; the dependence
of glacial runoff and drought buffering on climate scenario is
quantified in several other studies (Huss and Hock, 2018; Ul-
tee et al., 2022a; Aguayo et al., 2024; Wimberly et al., 2025;
Schuster et al., 2025).

The three glacier models all use similar methods (de-
scribed in Huss and Hock, 2015) to bias correct the GCM
data. For the GCM grid point closest to the glacier, the
method calculates an additive (for temperature) and multi-
plicative (for precipitation) monthly bias between the GCM
data and a reanalysis product. The interannual variability of
the GCM temperature series is further adjusted to be con-
sistent with the reanalysis data. A local precipitation factor
is calibrated in each glacier model’s mass balance module
to produce per-glacier mass change consistent with satel-
lite observations over the period 2000–2020. All models are
calibrated using the same observed mass change dataset of
Hugonnet et al. (2021).

The three glacier models provide glacier-by-glacier pro-
jections of glacier volume and fixed-gauge water runoff, with
monthly resolution, for the period 2000-2100. The runoff
projections include all sources of runoff – ice melt, snow

melt, and liquid precipitation – within initially glacierized
areas. Glacier model differences, especially in calibration
of the precipitation factor, can lead to significant discrep-
ancies in simulated runoff. We outline key details of each
model’s implementation in Table B1. Wimberly et al. (2025)
provides a more complete analysis of the factors affecting
glacier runoff output in these simulations.

2.3 Drought buffering

Changes in glacier runoff do not translate directly to changes
in downstream water supply. Among the many fates possi-
ble after leaving the glacial environment, runoff may flow
rapidly along surface channels, seep slowly through sub-
surface pathways, or be lost to evapotranspiration, altering
the timing and quantity of water availability. For that rea-
son we use a metric of downstream water supply that ac-
counts for catchment hydrological processes, including po-
tential changes with future climate change: the Standardized
Precipitation-Evapotranspiration Index (“SPEI”; Vicente-
Serrano et al., 2009).

We compute two versions of the SPEI following the meth-
ods described in Ultee et al. (2022a). We do not analyse ei-
ther version of SPEI in isolation; our work is not intended
to produce a projection of actual drought frequency or sever-
ity. Rather, we analyse “drought buffering” as the difference
between SPEI with no dynamic glacier runoff (SPEIN) and
SPEI that accounts for glacier runoff (SPEIG). We are most
interested in how the buffering effect may change over time.

The “no glaciers” SPEIN uses only GCM output without
accounting for glacier runoff. For each month between 1900–
2100, we compute a water balance D = P −PET, where P
is precipitation and PET is potential evapotranspiration. The
PET computation uses a Penman-Monteith method – a func-
tion of surface temperature, surface pressure, specific humid-
ity at the surface, and surface net radiation – modified to al-
low time-varying stomatal conductance in response to CO2
forcing (following Yang et al., 2019). We integrate the D se-
ries over a 3-month scale, such that the integrated value at
each time step is the sum of that month and the two previous
ones, which focuses our analysis on streamflow drought (e.g.
López-Moreno et al., 2013; Ultee et al., 2022a, Appendix B).
We then standardize all D values against those in a climato-
logical reference period (1900–1979), using a nonparamet-
ric rank standardization such that unusually high D values
are assigned to SPEI values ≥ 1 and unusually low values
to SPEI ≤ −1 without assuming an underlying distribution
shape (Farahmand and AghaKouchak, 2015). We maintained
the same climatological reference period chosen in our ear-
lier glacial drought buffering study to facilitate comparison
(Ultee et al., 2022a).

The “with glaciers” SPEIG is analogous, but replaces the
moisture source term P in the water balance with an area-
weighted sum of precipitation over ice-free areas and glacial
runoff (including ice melt, snow melt, and liquid precipita-
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Figure 1. Map of river basins included in this analysis: 75 large river basins, each ≥ 3000 km2 in area, with glacier cover ≥ 30 km2 in the
Randolph Glacier Inventory v6 (RGI Consortium, 2017). Basin outlines are from the Global Runoff Data Centre (Global Runoff Data Centre,
2020), here colored according to their initial glacier area fraction Ag/Abasin. See Appendix A for regional maps with basin names.

tion) over initially glacierized areas:

P̃ =
Abasin−Ag

Abasin
P +R (1)

where P̃ is the modified moisture source, Abasin is total basin
area, Ag is initially glacierized area of the basin, and R is
glacial runoff from all glaciers that drain into the basin. The
variables Ag and R come from the glacier models. The cli-
matological reference period does not include glacier runoff,
which makes an absolute comparison between SPEIG and
SPEIN less meaningful; for that reason, we focus on changes
in buffering over time.

Following standard operational practice (e.g. Danan-
deh Mehr and Vaheddoost, 2020), we identify a “drought” as
any period of continuously negative SPEI during which the
SPEI reaches a threshold value of−1 or lower for at least one
month. The “severity” of a given drought is the cumulative
sum of SPEI during that period. For each of the river basins
studied here, we report the average severity of all droughts
within a given time period.

We analyse SPEI data for the 21st century, 2000–2100,
in three 21-year periods. The “Early century” is 2000–2020,
“Mid-century” 2040–2060, and “Late century” 2080–2100.
The glacial drought buffering in the “Early century” is con-
sidered a baseline for each basin, by which we assess future
changes in buffering. For example, if the difference in sever-
ity between SPEIN and SPEIG is positive during the Early
century and becomes more positive in the Late century, then
buffering is projected to increase.

2.4 Model spread

The sources of uncertainty in our projections of glacial
drought buffering include structural uncertainty among
GCMs, structural uncertainty among glacier models, param-
eter uncertainty in glacier models, uncertain future climate
scenarios, and internal climate variability. The impacts of
these uncertainties vary regionally and are most effectively
quantified at regional scale (e.g. Aguayo et al., 2024). For
this global analysis, we focus on comparing the spread in
glacial buffering of drought severity, and changes in that
buffering over time, across GCMs and across glacier models.
This comparison will not fully quantify the known sources of
uncertainty, but it can inform glaciologists and practitioners
as to the relative dependence of large-scale drought buffering
estimates on choice of glacier model.

We calculate drought buffering statistics for each glacier
model-GCM pair. We then analyse the results for individual
glacier models, showing the spread from the GCM forcing
ensemble for that glacier model (whiskers in Figs. 2b and 3).
The “GCM spread” is the difference between the ensemble
members (N = 11) predicting highest buffering versus low-
est buffering for a given glacier model, basin, and period. The
“glacier model spread” is the difference between the glacier
models (N = 3) predicting highest versus lowest multi-GCM
mean buffering for a given basin and period. We report the
ratio of GCM spread to glacier model spread in Fig. 3.

As noted in Wimberly et al. (2025), the available glacier
runoff data represents the entire population of glacier models
available for global runoff simulations, but only a small sam-
ple of the GCM forcing realizations from the CMIP6 archive.
One of the GCMs included in the Wimberly et al. (2025)
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ensemble lacks the secondary output variables necessary for
calculating SPEI which means it cannot be included in our
analysis. To contextualize the inter-GCM spread not sam-
pled in the current archive of glacier runoff simulations, we
compare the precipitation and temperature from our standard
forcing ensemble against a larger ensemble of all CMIP6
simulations that include the variables and scenarios neces-
sary for our analysis (Figs. 4–5 and D1–D2 below; CMIP6
ensemble from Eyring et al., 2016). This wider ensemble
(123 simulations from 28 distinct GCMs, Table C2) includes
spread from both structural uncertainty and internal variabil-
ity, which we do not attempt to separate.

3 Results

Glacial drought buffering as measured in SPEI is projected
to continue through the 21st century. This result is robust to
differences in GCM forcing, choice of glacier model, and
choice of baseline periods, all of which differ between our
study and Ultee et al. (2022a). However, we find that GCM
spread – arising from natural climate variability as well as
differences in climate model construction – has not been well
sampled in current glacier projections.

3.1 Magnitude of glacial drought buffering correlates
with glacier area fraction

Glacial drought buffering is strongest in moderately glacier-
ized basins. The strength of buffering, expressed in terms
of reduced drought severity, increases as glacier area frac-
tion

(
Ag
Abasin

)
increases, with a decrease for the most heav-

ily glacierized basins (Fig. 2a). This result is consistent with
glacial drought buffering computed for a single glacier model
by Ultee et al. (2022a). It also aligns with theoretical under-
standing of the “glacier compensation effect” on streamflow,
in which interannual streamflow variability is minimized
when the contributions from precipitation and from melt
counterbalance, i.e. with moderate rather than total glacier
cover (Chen and Ohmura, 1990; van Tiel et al., 2020a).

3.2 Change in glacial drought buffering over time
consistent among glacier models

Glacial buffering of drought severity generally persists or
increases through the Late 21st century. About 45 % (102
cases) of all glacier model-basin pairs (3 glacier models× 75
basins) show no change in GCM ensemble mean buffering
between the Early and Late century, and a further 38 % show
increased buffering (85 cases; Fig. 2b). The more heavily
glacierized basins tend to show larger increases in GCM en-
semble mean buffering, though with more inter-GCM spread.

Although there are differences among glacier models in
the magnitude of projected changes – buffering of drought
severity shown on the vertical axes in Figs. 2–3 – the pattern

Figure 2. (a) Late century (2080–2100) glacial buffering of drought
severity, and (b) change in buffering between the Early (2000–2020)
and Late century, for three glacier models (colors) and 75 basins
(markers). Glacial buffering of drought severity is the difference in
severity between SPEIN and SPEIG over the period (see Sect. 2.3).
Both panels show results for the ensemble of 11 GCMs, forcing
each glacier model studied here: PyGEM in purple, GloGEM in
green, and OGGM in blue. Upward filled carets indicate buffering
increased from the baseline; downward open carets indicate buffer-
ing decreased; X markers indicate that the change in buffering is
within ± 0.1 SPEI. Panel (a) shows only the ensemble mean, for
readability. Panel (b) shows the ensemble mean change in buffering,
with full 11 GCM spread in whiskers. Annotations on panel (b) give
the number of basin-glacier model pairs with increased (Ninc) or
decreased (Ndec) buffering; the total number of basin-glacier model
pairs is 75× 3= 225.

over time for a given basin is similar across glacier models.
For example, buffering in the Aral Sea basin (Asia; row 2,
column 7 of Fig. 3) is positive in the Early century, increases
in the Mid century, and remains high through the Late cen-
tury for GloGEM (green markers), PyGEM (purple markers),
and OGGM (blue markers). In other basins, such as the Indi-
girka (Asia; row 1, column 3), buffering is weak but does not
decrease through the Late century, irrespective of choice of
glacier model. There are a handful of basins where buffering
does decrease later in the century for all three glacier models,
e.g., the Kuban (Europe; row 10, column 7). Among the 225
cases shown (75 basins× 3 time periods) there are only 7 for
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Figure 3. 21st-century glacial drought buffering, expressed as difference in drought severity, for three periods: Early (2000–2020), Mid
(2040–2060), and Late century (2080–2100). Glacial buffering of drought severity is the difference in severity between SPEIN and SPEIG
over the period (see Sect. 2.3). Colors indicate results per glacier model; markers indicate if the GCM ensemble mean buffering increases
(upward filled triangles), decreases (downward open triangles), or remains unchanged (x) relative to the historical baseline (circles in Early
century). Whiskers give inter-GCM spread. Italic text gives ratio of inter-GCM to inter-glacier-model spread at Late century.

which glacier models disagree on the sign of change. In all
cases, GCM ensemble mean buffering for each glacier model
falls within the inter-GCM spread of the other two glacier
models. We therefore conclude that the qualitative patterns
of glacial drought buffering are robust to choice of glacier
model.

3.3 Inter-GCM spread in glacial drought buffering is
substantial and under-sampled

Although ensemble mean glacial drought buffering is consis-
tent across glacier models, there is considerable inter-GCM
spread (whiskers in Figs. 2–3). Inter-GCM spread always
exceeds inter-glacier-model spread. For example, compar-
ing Late-century buffering, inter-GCM spread exceeds inter-
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glacier-model spread by factors ranging from 1.7 (Majes
basin, South America; row 5, column 7 of Fig. 3) to 133
(Magdalena basin, South America; row 4, column 4). In most
basins (55 of 75), inter-GCM spread is at least five times
the spread across glacier models. This is true not only in
basins with strong buffering such as the Rapel (South Amer-
ica; row 6, column 5), but also moderate buffering cases such
as the Indus (Asia; row 1, column 7) and Fraser (North Amer-
ica; row 8, column 3), and weak buffering cases such as
the Danube (Europe; row 10, column 3). Ensemble members
tend to agree in sign with the GCM ensemble mean change,
but there are several cases in which one or more GCMs
projects a change over time of opposite sign to the GCM
ensemble mean. Those cases are legible in Fig. 2b, where
some GCM ensemble members show decreasing buffering
(whiskers ending at negative y-axis values) despite a positive
GCM ensemble mean change (markers with positive y-axis
values).

The 11-member GCM ensemble we analyse here, and
which has been used as the standard forcing for glacier mod-
els, under-samples uncertainty in the CMIP6 archive. If the
glacier-forcing ensemble were representative of the larger
CMIP6 archive (Eyring et al., 2016), we would expect the
precipitation and temperature series of the 11 members to be
well dispersed among those of a larger ensemble. We would
also expect the mean values of the smaller ensemble to be
close to the mean values of the larger ensemble for most
basins. Instead, in comparison to the larger, 123-member
CMIP6 ensemble, 21st-century precipitation and tempera-
ture projections from the glacier-forcing ensemble sample
a smaller range and their means are biased low (Figs. 4–5,
D1–D2). For example, the glacier forcing ensemble members
sample a much more limited range of precipitation change
than the CMIP6 ensemble members (Fig. 4a). The mean
change at Late century has a consistently larger amplitude in
the CMIP6 ensemble than in the glacier forcing ensemble for
both precipitation (Fig. 4b) and temperature (Fig. 5b). With-
out generating glacier runoff projections for a more complete
sampling of the CMIP6 archive – a computational demand
beyond what has been attempted by the glacier modelling
community thus far – the uncertainty from GCMs in projec-
tions of future glacial runoff and drought buffering remains
poorly quantified. Understanding the sources of GCM en-
semble spread, and how it differs regionally, for both the
standard glacier-forcing ensemble and the CMIP6 archive,
merits attention in more detailed studies.

Our results demonstrate conclusively that inter-GCM
spread outweighs inter-glacier-model spread in glacial
drought buffering projections from a standard set of glacier
model simulations. More generally, although we have not
fully sampled the relevant sources of uncertainty, our find-
ings suggest that uncertainty in climate forcing from GCMs
is more important than uncertainty in glacier model physics
for hydrological projections in glacierized river basins.

4 Discussion

Glacier models use different approaches to simulate glacier
processes, so we should expect some resulting differences in
their runoff outputs. For example, differences in the approach
to calibration, climate-forcing downscaling, and initializa-
tion can produce large differences in simulated glacier mass
and runoff (Marzeion et al., 2020; Schuster et al., 2023a;
Aguayo et al., 2024; Wimberly et al., 2025). This is in fact
desirable, allowing the glacier modelling community to sam-
ple structural uncertainty – because our models are always an
imperfect simplification of the physical world, and we want
to capture the range of possibilities – so we should not strive
to find one “best-performing” glacier model for every appli-
cation. Indeed, any evaluation of “performance” depends on
context and the intended use case (O’Loughlin, 2024). Our
objective here is rather to provide interpretive guidance for
use cases where model uncertainty is important but may not
be directly quantified.

4.1 Drought buffering robustness across global glacier
models

The magnitude of glacial drought buffering correlates with
basin glacier coverage in all three glacier models (Fig. 2).
This result agrees with the theoretical expectation that
streamflow variability is minimized for basins with moder-
ate glacier cover (Chen and Ohmura, 1990; Fleming and
Clarke, 2005; van Tiel et al., 2020a). It is reassuring that
glacier models reproduce the theoretical expectation regard-
less of differences in process parametrizations. The tempo-
ral trends in glacial drought buffering also do not depend
on the choice of glacier model (Fig. 3). Despite differences
among glacier models in terms of absolute runoff projections
(i.e. physical units), the projected annual and seasonal runoff
expressed as percent changes are generally similar (Wim-
berly et al., 2025). The rank standardization used to com-
pute a nonparametric SPEI (Farahmand and AghaKouchak,
2015; Ultee et al., 2022a) will likely translate similar per-
cent changes in runoff to similar SPEI changes, other inputs
being equal. Our results demonstrate explicitly that large ab-
solute differences in runoff (up to a factor of three; see Wim-
berly et al., 2025) among glacier models may be relatively
unimportant for downstream drought metrics. These findings
imply that any of the three glacier models chosen would be
appropriate for regional-scale drought analysis. In a regional-
scale drought study conducted with limited computational re-
sources, it may not be necessary to sample an ensemble of
different glacier models.

Consistency of glacial drought buffering on SPEI does not
necessarily imply that other hydrological metrics will be sim-
ilar across glacier models. In part, the simulated drought
buffering is a result of glacier models scaling up precip-
itation over the glacier domain, which corrects GCM un-
derestimation of the water balance at high elevation (Ultee
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Figure 4. Panel (a): Spread in Late-century (2080–2100) percent change in total basin precipitation for (bars) the 11 members of the glacier
model forcing ensemble and (whiskers) the 123 members of the CMIP6 archive with data sufficient for SPEI. Panel (b): Ensemble means of
the same variable, with the glacier model forcing ensemble mean on the x-axis and the CMIP6 ensemble mean on the y-axis; dashed black
line shows 1 : 1 correspondence. Results are colored by basin glacier area fraction and shown in the same basin order as other figures; time
series for each basin are shown in Fig. D1.

Figure 5. Panel (a): Spread in Late-century (2080–2100) basin-averaged temperature anomaly for (bars) the 11 members of the glacier model
forcing ensemble and (whiskers) the 123 members of the CMIP6 archive with data sufficient for SPEI. Panel (b): Ensemble means of the
same variable, with the glacier model forcing ensemble mean on the x-axis and the CMIP6 ensemble mean on the y-axis; dashed black line
shows 1 : 1 correspondence. Results are colored by basin glacier area fraction and shown in the same basin order as other figures; time series
for each basin are shown in Fig. D2.

et al., 2022a). Each glacier model applies different precipi-
tation corrections (Table B1), and that leads to correspond-
ing differences in absolute runoff. Different choices of base-
line climate dataset and calibration scheme also affect simu-
lated runoff from each model (Schuster et al., 2023a; Aguayo
et al., 2024). Thus, hydrological studies that require absolute
glacier runoff should either sample multiple glacier models
or seek observational constraints on runoff to adjust a single
glacier model.

4.2 Interpretation of large and under-sampled climate
model uncertainty

Inter-GCM spread emerges as a larger source of uncertainty
than inter-glacier-model spread in this analysis. The ensem-
ble of GCM simulations in our results was chosen to be con-
sistent with previous glacier modelling efforts (Compagno

et al., 2022; Rounce et al., 2023; Schuster et al., 2023b;
Zekollari et al., 2024; Wimberly et al., 2025), which se-
lected ensemble members agnostically, and it is not repre-
sentative of the full CMIP6 ensemble spread in the 75 river
basins we study. We do not attempt to separate GCM struc-
tural uncertainty from internal variability, and it is likely that
the 11-member ensemble of climate forcing undersamples
both. For instance, internal climate variability may be large
in basins affected by modes of climate variability such as
the El Niño-Southern Oscillation. Internal climate variabil-
ity is best sampled by analysing many model realizations of
the same time period (Deser et al., 2020); our glacier model
forcing ensemble uses only one realization per GCM, while
the full CMIP6 ensemble includes multiple realizations from
several models (Table C2). Furthermore, choosing 11 out of
over 25 available CMIP6 GCMs is unlikely to fully quan-
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tify structural uncertainty. The under-sampling of both struc-
tural uncertainty and internal climate variability is apparent
in the limited spread of precipitation and temperature pro-
jections from the glacier-forcing ensemble compared with a
123-member CMIP6 ensemble (Figs. 4–5 and D1–D2). Fi-
nally, our drought buffering analysis includes only a single
climate scenario. Thus, although our previous analyses indi-
cate that scenario uncertainty may be comparable in magni-
tude to other GCM uncertainties (Ultee et al., 2022a; Wim-
berly et al., 2025), we have not quantified it here. Fully quan-
tifying the uncertainty from internal variability, scenario un-
certainty, and structural uncertainty at the scale of the river
basins of interest should be a high priority for future studies.

Accounting for climate variability and model spread is of
particular importance for glacier modelling because glaciers
are long-term integrators of variability in the climate. Short-
term variations in temperature and precipitation can pro-
duce large, longer-term variation in glacier extent (Oerle-
mans, 2000; Roe and O’Neal, 2009; Goosse et al., 2018).
When variability is ignored, as in glacier simulations forced
by ensemble-mean climate fields, the resulting estimates of
glacier volume change are biased (Vlug, 2021; Vlug et al.,
2021; Robel et al., 2024). Bias and missing variability in
glacier volume are consequential for annual runoff, because
they determine how much water is stored as glacier ice from
year to year. We expect that glacier model simulations sam-
pling a more representative ensemble of climate model forc-
ing, that more fully accounts for climate variability, could
differ not only in glacier runoff variability but also in mean
state compared with simulations forced by a limited ensem-
ble. The selection of representative climate forcing for hy-
drological modelling is an area of active research (Snyder
et al., 2024; Adhikari et al., 2024). Moreover, regions differ
in which modes of climate variability most affect their hy-
droclimate. We expect that ensemble selection done at the
regional scale (e.g. Rivera and Arnould, 2020; Huong et al.,
2023; Azad and Ahmadi, 2024) will be more effective than
a single global ensemble in detailed simulations of glacio-
hydrological change.

A noted challenge of the CMIP6 ensemble is that some
ensemble members respond too strongly to greenhouse gas
forcing, producing warming inconsistent with observational
constraints. This enhanced warming is a result of changes
in certain model processes since the CMIP5 generation
(Zelinka et al., 2020), and the Intergovernmental Panel on
Climate Change Sixth Assessment Report (AR6) has ad-
dressed it by analysing weighted ensemble means rather than
simple ensemble mean change over time. Hausfather et al.
(2022) suggest that regional impact studies select climate
forcing ensembles that are consistent with AR6, for exam-
ple by choosing models with equilibrium climate sensitivity
within the “likely” range. We have used the climate sensi-
tivities of each CMIP6 model as assessed by Zelinka (2022)
to present such ensembles in Figs. C1–C2. Our main con-
clusion, namely that inter-GCM spread is large and under-

sampled in the glacier model ensemble compared with the
broader CMIP6 ensemble, is upheld in those results as well.
However, excluding models with climate sensitivity outside
the AR6 “likely” range removes more than 60 % of the sam-
ple. We suggest that those interested in likely hydrologi-
cal futures explore the other recommendations of Hausfather
et al. (2022) such as analysing global warming levels (tem-
perature outcomes) rather than scenarios. That will require
additional data processing when using archived model out-
put (see e.g. Zekollari et al., 2025), but it supports broader
sampling from the CMIP6 archive.

4.3 Implications and limitations for downstream
hydrological applications

Aside from GCM and glacier model-related uncertainty, the
definition of “drought” is also a consequential source of un-
certainty in future projections (Satoh et al., 2021; Caretta
et al., 2022). We have assessed glacial drought buffering
using only one of the many drought indices in operational
use (World Meteorological Organization and Global Water
Partnership, 2016). Other drought indices are less straight-
forward to modify for glacial runoff input, do not account
for important climate change signals, or have limited data
available to assess in future projections. The SPEI, like other
drought indices, is a statistical metric that does not account
for physical processes other than those explicit in its in-
put data (Scheff et al., 2022). Most notably for the moun-
tain basins we describe here, SPEI does not explicitly ac-
count for changing snowpack, interactions with groundwa-
ter stores, or human interventions in regional water flow
(Van Loon et al., 2016). Because our fixed-gauge glacial
runoff includes snowmelt over previously glacierized areas
(Sect. 2.2), our analysis of “glacial” drought buffering may
overstate the hydrological role of glaciers and mask the im-
portance of seasonal snow in a changing climate. Our results
are therefore not to be interpreted as a definitive projection
of future drought or glacial drought buffering. Based on the
statistical construction of standardized indices, and our previ-
ous analysis showing correlation between SPEI and the Stan-
dardized Runoff Index (Ultee et al., 2022a), we believe that
inter-model spread and change over time of glacial drought
buffering will be robust to choice of drought index. However,
regional studies should consider what drought metric(s) best
represent hydrological changes in their study area.

Methodological choices in the computation of a given
drought metric affect drought projections as well. For ex-
ample, analysts computing SPEI choose a climatological
reference period (here 1900–1979), an integration period
for the water balance (here 3 months), a standardization
method (here nonparametric rank standardization), and a po-
tential evapotranspiration equation (here a modified Penman-
Monteith method). These choices have minimal effect on
our analysis of glacial drought buffering and its change over
time, because we compare our SPEI projections to historical
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baselines with the same methodological choices (Sect. 2.3,
above, and Ultee et al., 2022a). We therefore chose meth-
ods consistent with established practice (Cook et al., 2014;
Farahmand and AghaKouchak, 2015; Yang et al., 2019; Ault,
2020) and chose not to further quantify uncertainty in those
choices. Regional analyses of future drought may still benefit
from sensitivity studies of the user choices in their metric of
choice.

Although the three glacier models we analyse are nearly
interchangeable in terms of quantifying drought buffering,
there are inter-glacier model differences that may make one
more suitable than another for specific regional hydrology
projections. For example, PyGEM is the only one that in-
cludes explicit treatment of debris cover on glaciers, which
significantly impacts ice dynamics in regions such as High
Mountain Asia (Rounce et al., 2020). Further, even a single
glacier model may produce a large spread in certain runoff
metrics – comparable to inter-GCM spread – when subjected
to different choices of historical climate dataset and initial
glacier geometry (Aguayo et al., 2024). Downstream users
must therefore carefully define their requirements, and con-
sult the glacier model description literature, to ensure an ap-
propriate choice of glacier model and initialization datasets.

Our analysis of glacial drought buffering quantifies only
two of many sources of uncertainty in glacio-hydrological
projections. The relative importance of different sources of
uncertainty depends on the intended use case. Consider two
hypothetical uses of glacier projection information: Agricul-
tural planners may be most interested in the expected sea-
sonal shift in runoff peak for glacierized basins, while hy-
dropower planning may require projections of interannual
runoff variability. The former depends more strongly on cli-
mate scenario, while the latter depends more strongly on the
reference climate used to initialize a glacier model (Aguayo
et al., 2024). Our results do not provide direct information
sufficient for either use case. New ensemble simulations that
sample glacier runoff from multiple glacier models, cali-
brated to common observations, forced by a broad ensemble
of GCMs that captures relevant modes of climate variability,
assessed at a range of global warming levels, could provide
more comprehensive uncertainty quantification that would
support a range of applications. In the meantime, we encour-
age practitioners to (1) carefully define their variables of in-
terest, (2) review available literature on the largest sources
of uncertainty specific to those variables, (3) design simu-
lations to sample those sources of uncertainty if possible,
and (4) apply regional observational constraints on simulated
runoff where available.

5 Conclusions

We have used all suitable global glacier models, forced
by an ensemble of state-of-the-art global climate mod-
els, to quantify glacial drought buffering on the Standard-
ized Precipitation-Evapotranspiration Index. Glacial drought
buffering correlates with basin glacier coverage, and buffer-
ing generally increases or remains steady through the late
21st century. The consistency of this result with Ultee et al.
(2022a) indicates that it is robust to choice of glacier model,
choice of CMIP5 or CMIP6 forcing, and choice of baseline
period. Our results should reassure glacier modellers that
large inter-glacier-model differences in some output vari-
ables do not hinder their utility for downstream impact stud-
ies. By contrast, the spread resulting from the climate model
forcing is greater than that from different glacier models,
even though we have not fully sampled the sources of climate
model uncertainty. Future downstream hydrological studies
that wish to use glacier model output can justify using only
one of the available glacier models, if well chosen for their
regional context and normalized to observed runoff. How-
ever, it is imperative that downstream hydrological stud-
ies and the next generation of global glacier model projec-
tions select and analyse a representative ensemble of climate
model simulations for climate forcing.
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Appendix A: Regional maps

Figure A1. River basins of Asia included in this study, colored by the glacier area fraction Ag/Abasin.
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Figure A2. River basins of South America included in this study, colored by the glacier area fraction Ag/Abasin.
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Figure A3. River basins of North America included in this study, colored by the glacier area fraction Ag/Abasin.

Figure A4. The single New Zealand river basin included in this study, colored by the glacier area fraction Ag/Abasin.
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Figure A5. River basins of Europe included in this study, colored by the glacier area fraction Ag/Abasin.
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Appendix B: Glacier models included

Table B1. Summary of key features of the three glacier models used in our analysis. For more detail on glacier modelling techniques, we
refer readers to Zekollari et al. (2022). For analysis of the runoff output of these three models, we refer readers to Wimberly et al. (2025).

Glacier model GloGEM PyGEM OGGM

Reference Huss and Hock (2015) Rounce et al. (2020) Maussion et al. (2019)

Version used 2021 2022 v1.6.1 (Schuster et al.,
2023b)

Initial glaciated area,
Ag

RGI v6 (RGI
Consortium, 2017)

RGI v6 Area in year 2000 after
dynamic spin-up

Area constant until RGI v6 nominal year Year 2000 RGI v6 nominal year

Forcing for historical
period simulation
(2000–2014)

ERA5 reanalysis
(Hersbach et al., 2020)

GCM realizations GCM realizations

Surface mass balance
scheme

Positive degree day,
accounting for snow,
firn and ice. Refreezing
parametrization.

Positive degree day,
accounting for snow
and ice. Refreezing
parametrization.
Adjustment for debris
cover.

Temperature index
model with no surface
type distinction. No
refreezing.

Representation of ice
dynamics

1h empirical method Calls OGGM v1.3
dynamics

Shallow Ice
Approximation (ice
flow) in 1.5D

Calibration approach Three-step calibration
of degree day factors
and precipitation factor
to match per-glacier
mass balance to
Hugonnet et al. (2021),
forced by ERA5.

Bayesian inference of
per-glacier mass
balance to Hugonnet
et al. (2021), forced by
ERA5.

Calibration and
dynamic spin-up to
match both glacier area
at inventory date (RGI
Consortium, 2017) and
per-glacier mass
balance to Hugonnet
et al. (2021), forced by
W5E5 (Lange et al.,
2021).

GCM bias correction Adjust temperature
(mean and standard
deviation) and
precipitation (mean) in
GCM series to match
ERA5 1980–2019

Adjust temperature
(mean and standard
deviation) and
precipitation (mean) in
GCM series to match
ERA5 1980–2019

Adjust temperature
(mean and standard
deviation) and
precipitation (mean) in
GCM series to match
W5E5 2000–2019

Glacier precipitation
adjustment

Precipitation factor
calibrated per glacier,
with regionally varying
bounds; elevation
gradient.

Precipitation factor
calibrated per glacier
with regionally varying
priors; elevation
gradient.

Precipitation factor
computed per glacier
based on total winter
precip; no elevation
gradient.

https://doi.org/10.5194/tc-20-1339-2026 The Cryosphere, 20, 1339–1361, 2026



1354 L. Ultee et al.: Model spread in glacial drought buffering

Appendix C: Global climate model ensembles and
climate sensitivity

Table C1. GCMs used in glacier model forcing ensemble (all r1i1p1f1 realization).

Model name Effective Within 1σ Within AR6 “likely”
climate sensitivity of average? range of 2.5–4 °C

(Zelinka et al., 2020) sensitivity?

BCC-CSM2-MR 3.02 Yes Yes
CESM2-WACCM 4.68 Yes No
EC-Earth3 4.10 Yes No
EC-Earth3-Veg 4.33 Yes No
FGOALS-f3 2.98 Yes Yes
GFDL-ESM4 3.89 Yes Yes
INM-CM4-8 1.83 Below No
INM-CM5-0 1.92 Below No
MPI-ESM1-2-HR 2.98 Yes Yes
MRI-ESM2-0 3.13 Yes Yes
NorESM2-MM 2.49 Below No

Table C2. GCMs in CMIP6 archive suitable for glacial drought buffering analysis (Sect. 2.4). Effective climate sensitivity assessed for
“flagship” model variant (usually r1i1p1f1 realization) by Zelinka et al. (2020) and updated in Zelinka (2022). Models not assessed by
Zelinka show “–” in the climate sensitivity column. The last column indicates whether the assessed climate sensitivity for the flagship variant
falls within the IPCC AR6 “likely” range, suggested by Hausfather et al. (2022) as a criterion for filtering CMIP6 simulations.

Model name Number of Within 1σ of Within AR6 “likely”
realizations CMIP6 mean range of 2.5–4°C

climate sensitivity?
sensitivity?

ACCESS-CM2 3 Yes No
AWI-CM1-1-MR 1 Yes Yes
BCC-CSM2-MR 1 Yes Yes
CanESM5 50 Above No
CanESM5-CanOE 3 – –
CAS-ESM2-0 2 – –
CESM2 3 Above No
CESM2-WACCM 3 Yes No
CMCC-CM2-SR5 1 Yes Yes
CMCC-ESM2 1 Yes Yes
EC-Earth3 1 Yes No
EC-Earth3-Veg 1 Yes No
FGOALS-f3-L 1 Yes Yes
FGOALS-g3 4 Yes Yes
FIO-ESM-2-0 3 – –
GFDL-ESM4 1 Below Yes
GISS-E2-1-G 14 Below Yes
HadGEM3-GC31-LL 1 Above No
INM-CM4-8 1 Below No
INM-CM5-0 1 Below No
MPI-ESM1-2-HR 2 Yes Yes
MPI-ESM1-2-LR 10 Yes Yes
MRI-ESM2-0 1 Yes Yes
NESM3 2 Yes No
NorESM2-LM 3 Below Yes
NorESM2-MM 2 Below No
TaiESM1 1 Yes No
UKESM1-0-LL 6 Above No
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Figure C1. Comparable to main text Fig. 4, but limited to models with assessed climate sensitivity within the “likely” range (Table C2).
Panel (a): Spread in Late-century (2080–2100) basin-averaged precipitation anomaly for (bars) the 5 members of the glacier model forcing
ensemble and (whiskers) the 44 members of the CMIP6 archive with data sufficient for SPEI. Panel (b): Ensemble means of the same
variable, with the glacier model forcing ensemble mean on the x-axis and the CMIP6 ensemble mean on the y-axis; dashed black line shows
1 : 1 correspondence. Results are colored by basin glacier area fraction and shown in the same basin order as other figures.

Figure C2. Comparable to main text Fig. 5, but limited to models with assessed climate sensitivity within the “likely” range (Table C2).
Panel (a): Spread in Late-century (2080–2100) basin-averaged temperature anomaly for (bars) the 5 members of the glacier model forcing
ensemble and (whiskers) the 44 members of the CMIP6 archive with data sufficient for SPEI. Panel (b): Ensemble means of the same
variable, with the glacier model forcing ensemble mean on the x-axis and the CMIP6 ensemble mean on the y-axis; dashed black line shows
1 : 1 correspondence. Results are colored by basin glacier area fraction and shown in the same basin order as other figures.
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Appendix D: Per-basin comparison with CMIP6 archive

Figure D1. Change in precipitation over the 21st century, forced by SSP2-4.5, for an ensemble of 123 CMIP6 simulations (grey lines)
compared with the 11-member ensemble used to force the glacier models (blue lines). Changes are expressed as percent change with respect
to a 2000–2020 baseline.
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Figure D2. Change in temperature over the 21st century, forced by SSP2-4.5, for an ensemble of 123 CMIP6 simulations (grey lines)
compared with the 11-member ensemble used to force the glacier models (blue lines). Changes are temperature anomaly (K) from a 2000–
2020 baseline.
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D. R., Sakai, A., Shannon, S., van de Wal, R., and Zekol-
lari, H.: Partitioning the Uncertainty of Ensemble Projections of
Global Glacier Mass Change, Earth’s Future, e2019EF001470,
https://doi.org/10.1029/2019EF001470, 2020.

Maussion, F., Butenko, A., Champollion, N., Dusch, M., Eis,
J., Fourteau, K., Gregor, P., Jarosch, A. H., Landmann, J.,
Oesterle, F., Recinos, B., Rothenpieler, T., Vlug, A., Wild,
C. T., and Marzeion, B.: The Open Global Glacier Model
(OGGM) v1.1, Geoscientific Model Development, 12, 909–931,
https://doi.org/10.5194/gmd-12-909-2019, 2019.

Maussion, F., Rothenpieler, T., Dusch, M., Schmitt, P., Vlug,
A., Schuster, L., Champollion, N., Li, F., Marzeion, B., Ober-
rauch, M., Eis, J., Fischer, A., Landmann, J., Jarosch, A.,
luzpaz, Hanus, S., Rounce, D., Castellani, M., Bartholomew,
S. L., Minallah, S., bowenbelongstonature, Merrill, C., Otto,
D., Loibl, D., Rosa, G., Ultee, L., Thompson, S., An-
ton, U. B., and Gregor, P.: OGGM/oggm: v1.6.1, Zenodo,
https://doi.org/10.5281/zenodo.8287580, 2023.

Naz, B. S., Frans, C. D., Clarke, G. K. C., Burns, P., and
Lettenmaier, D. P.: Modeling the effect of glacier recession
on streamflow response using a coupled glacio-hydrological
model, Hydrology and Earth System Sciences, 18, 787–802,
https://doi.org/10.5194/hess-18-787-2014, 2014.

Oerlemans, J.: Holocene glacier fluctuations: is the current rate
of retreat exceptional?, Annals of Glaciology, 31, 39–44,
https://doi.org/10.3189/172756400781820246, 2000.

O’Loughlin, R.: Why we need lower-performance climate mod-
els, Climatic Change, 177, https://doi.org/10.1007/s10584-023-
03661-7, 2024.

Pesci, M. H., Schulte Overberg, P., Bosshard, T., and Förster, K.:
From global glacier modeling to catchment hydrology: bridging
the gap with the WaSiM-OGGM coupling scheme, Frontiers in
Water, 5, https://doi.org/10.3389/frwa.2023.1296344, 2023.

Prudhomme, C., Giuntoli, I., Robinson, E. L., Clark, D. B., Ar-
nell, N. W., Dankers, R., Fekete, B. M., Franssen, W., Gerten,
D., Gosling, S. N., Hagemann, S., Hannah, D. M., Kim, H.,
Masaki, Y., Satoh, Y., Stacke, T., Wada, Y., and Wisser, D.: Hy-
drological droughts in the 21st century, hotspots and uncertain-
ties from a global multimodel ensemble experiment, Proceed-
ings of the National Academy of Sciences, 111, 3262–3267,
https://doi.org/10.1073/pnas.1222473110, 2014.

RGI Consortium: Randolph Glacier Inventory – A Dataset of
Global Glacier Outlines. (NSIDC-0770, Version 6), Boul-
der, Colorado USA, National Snow and Ice Data [data set],
https://doi.org/10.7265/4m1f-gd79, 2017.

Rivera, J. A. and Arnould, G.: Evaluation of the ability
of CMIP6 models to simulate precipitation over South-
western South America: Climatic features and long-term
trends (1901–2014), Atmospheric Research, 241, 104953,
https://doi.org/10.1016/j.atmosres.2020.104953, 2020.

Robel, A. A., Verjans, V., and Ambelorun, A. A.: Biases in ice sheet
models from missing noise-induced drift, The Cryosphere, 18,
2613–2623, https://doi.org/10.5194/tc-18-2613-2024, 2024.

Roe, G. H. and O’Neal, M. A.: The response of glaciers to intrin-
sic climate variability: observations and models of late-Holocene
variations in the Pacific Northwest, Journal of Glaciology, 55,
839–854, https://doi.org/10.3189/002214309790152438, 2009.

Rounce, D. R., Hock, R., and Shean, D. E.: Glacier Mass Change
in High Mountain Asia Through 2100 Using the Open-Source
Python Glacier Evolution Model (PyGEM), Frontiers in Earth
Science, 7, 331, https://doi.org/10.3389/feart.2019.00331, 2020.

Rounce, D. R., Hock, R., and Maussion, F.: Global PyGEM-OGGM
Glacier Projections with RCP and SSP Scenarios, Version 1,
https://doi.org/10.5067/P8BN9VO9N5C7, 2022.

Rounce, D. R., Hock, R., Maussion, F., Hugonnet, R., Kochtitzky,
W., Huss, M., Berthier, E., Brinkerhoff, D., Compagno,
L., Copland, L., Farinotti, D., Menounos, B., and McN-
abb, R. W.: Global glacier change in the 21st century: Ev-
ery increase in temperature matters, Science, 379, 78–83,
https://doi.org/10.1126/science.abo1324, 2023.

Salzmann, N., Huggel, C., Rohrer, M., and Stoffel, M.: Data and
knowledge gaps in glacier, snow and related runoff research –
A climate change adaptation perspective, Journal of Hydrology,
518, 225–234, https://doi.org/10.1016/j.jhydrol.2014.05.058,
2014.

Satoh, Y., Shiogama, H., Hanasaki, N., Pokhrel, Y., Boulange, J.
E. S., Burek, P., Gosling, S. N., Grillakis, M., Koutroulis, A.,
Schmied, H. M., Thiery, W., and Yokohata, T.: A quantitative
evaluation of the issue of drought definition: a source of disagree-
ment in future drought assessments, Environmental Research
Letters, 16, 104001, https://doi.org/10.1088/1748-9326/ac2348,
2021.

Scheff, J., Coats, S., and Laguë, M. M.: Why do the Global
Warming Responses of Land-Surface Models and Climatic Dry-
ness Metrics Disagree?, Earth’s Future, 10, e2022EF002814,
https://doi.org/10.1029/2022EF002814, 2022.

Schuster, L., Rounce, D. R., and Maussion, F.: Glacier pro-
jections sensitivity to temperature-index model choices
and calibration strategies, Annals of Glaciology, 1–16,
https://doi.org/10.1017/aog.2023.57, 2023a.

Schuster, L., Schmitt, P., Vlug, A., and Maussion, F.:
OGGM/oggm-standard-projections-csv-files: v1.0 (v1.0),
Zenodo, https://doi.org/10.5281/zenodo.8286065, 2023b.

Schuster, L., Maussion, F., Rounce, D. R., Ultee, L., Schmitt,
P., Lacroix, F., Frölicher, T. L., and Schleussner, C.-F.: Ir-
reversible glacier change and trough water for centuries af-
ter overshooting 1.5 °C, Nature Climate Change, 15, 634–641,
https://doi.org/10.1038/s41558-025-02318-w, 2025.

Snyder, A., Prime, N., Tebaldi, C., and Dorheim, K.: Uncertainty-
informed selection of CMIP6 Earth system model subsets for use

The Cryosphere, 20, 1339–1361, 2026 https://doi.org/10.5194/tc-20-1339-2026

https://doi.org/10.1016/j.jhydrol.2012.11.028
https://doi.org/10.5194/tc-12-2175-2018
https://doi.org/10.5194/tc-12-2175-2018
https://doi.org/10.5194/hess-23-1833-2019
https://doi.org/10.5194/hess-23-1833-2019
https://doi.org/10.1029/2019EF001470
https://doi.org/10.5194/gmd-12-909-2019
https://doi.org/10.5281/zenodo.8287580
https://doi.org/10.5194/hess-18-787-2014
https://doi.org/10.3189/172756400781820246
https://doi.org/10.1007/s10584-023-03661-7
https://doi.org/10.1007/s10584-023-03661-7
https://doi.org/10.3389/frwa.2023.1296344
https://doi.org/10.1073/pnas.1222473110
https://doi.org/10.7265/4m1f-gd79
https://doi.org/10.1016/j.atmosres.2020.104953
https://doi.org/10.5194/tc-18-2613-2024
https://doi.org/10.3189/002214309790152438
https://doi.org/10.3389/feart.2019.00331
https://doi.org/10.5067/P8BN9VO9N5C7
https://doi.org/10.1126/science.abo1324
https://doi.org/10.1016/j.jhydrol.2014.05.058
https://doi.org/10.1088/1748-9326/ac2348
https://doi.org/10.1029/2022EF002814
https://doi.org/10.1017/aog.2023.57
https://doi.org/10.5281/zenodo.8286065
https://doi.org/10.1038/s41558-025-02318-w


L. Ultee et al.: Model spread in glacial drought buffering 1361

in multisectoral and impact models, Earth System Dynamics, 15,
1301–1318, https://doi.org/10.5194/esd-15-1301-2024, 2024.

Somers, L. D. and McKenzie, J. M.: A review of groundwa-
ter in high mountain environments, WIREs Water, 7, e1475,
https://doi.org/10.1002/wat2.1475, 2020.

Stein, L., Mukkavilli, S. K., Pfitzmann, B. M., Staar, P.
W. J., Ozturk, U., Berrospi, C., Brunschwiler, T., and
Wagener, T.: Wealth Over Woe: Global Biases in Hydro-
Hazard Research, Earth’s Future, 12, e2024EF004590,
https://doi.org/10.1029/2024EF004590, 2024.

Ultee, L., Coats, S., and Mackay, J.: Glacial runoff buffers droughts
through the 21st century, Earth System Dynamics, 13, 935–959,
https://doi.org/10.5194/esd-13-935-2022, 2022a.

Ultee, L., Coats, S., and Mackay, J.: ehultee/glacial-
SPEI: Publication releast (v1.1.0), Zenodo [code],
https://doi.org/10.5281/zenodo.6510185, 2022b.

Van Loon, A. F., Stahl, K., Di Baldassarre, G., Clark, J., Range-
croft, S., Wanders, N., Gleeson, T., Van Dijk, A. I. J. M., Tal-
laksen, L. M., Hannaford, J., Uijlenhoet, R., Teuling, A. J.,
Hannah, D. M., Sheffield, J., Svoboda, M., Verbeiren, B., Wa-
gener, T., and Van Lanen, H. A. J.: Drought in a human-modified
world: reframing drought definitions, understanding, and analy-
sis approaches, Hydrology and Earth System Sciences, 20, 3631–
3650, https://doi.org/10.5194/hess-20-3631-2016, 2016.

van Tiel, M., Kohn, I., Van Loon, A. F., and Stahl, K.: The com-
pensating effect of glaciers: Characterizing the relation between
interannual streamflow variability and glacier cover, Hydrolog-
ical Processes, 34, 553–568, https://doi.org/10.1002/hyp.13603,
2020a.

van Tiel, M., Stahl, K., Freudiger, D., and Seibert, J.: Glacio-
hydrological model calibration and evaluation, WIREs Water, 7,
e1483, https://doi.org/10.1002/wat2.1483, 2020b.

Vicente-Serrano, S. M., Beguería, S., and López-Moreno,
J. I.: A Multiscalar Drought Index Sensitive to Global
Warming: The Standardized Precipitation Evapotran-
spiration Index, Journal of Climate, 23, 1696–1718,
https://doi.org/10.1175/2009JCLI2909.1, 2009.

Vlug, A.: The influence of climate variability on the mass bal-
ance of Canadian Arctic land-terminating glaciers, in simula-
tions of the last millennium, Ph.D. thesis, Universität Bremen,
https://doi.org/10.26092/elib/1501, 2021.

Vlug, A., Schuster, L., and Maussion, F.: Impact models and av-
erages of forcing data: A recommendation, OGGM Blog, https:
//oggm.org/2021/08/05/mean-forcing/ (last access: 20 February
2026), 2021.

Wanders, N., Wada, Y., and Van Lanen, H. A. J.: Global
hydrological droughts in the 21st century under a chang-
ing hydrological regime, Earth System Dynamics, 6, 1–15,
https://doi.org/10.5194/esd-6-1-2015, 2015.

Wiersma, P., Aerts, J., Zekollari, H., Hrachowitz, M., Drost, N.,
Huss, M., Sutanudjaja, E. H., and Hut, R.: Coupling a global
glacier model to a global hydrological model prevents un-
derestimation of glacier runoff, Hydrology and Earth System
Sciences, 26, 5971–5986, https://doi.org/10.5194/hess-26-5971-
2022, 2022.

Wimberly, F.: Processed Runoff Files, Data Dryad, 2024.
Wimberly, F., Ultee, L., Schuster, L., Huss, M., Rounce, D. R.,

Maussion, F., Coats, S., Mackay, J., and Holmgren, E.: Inter-
model differences in 21st century glacier runoff for the
world’s major river basins, The Cryosphere, 19, 1491–1511,
https://doi.org/10.5194/tc-19-1491-2025, 2025.

World Meteorological Organization and Global Water Partner-
ship: Handbook of Drought Indicators and Indices, Tech.
rep., Integrated Drought Management Programme (IDMP),
Geneva, Switzerland, ISBN 978-92-63-11173-9, 978-91-87823-
24-4, 2016.

Yang, Y., Roderick, M. L., Zhang, S., McVicar, T. R., and Dono-
hue, R. J.: Hydrologic implications of vegetation response to ele-
vated CO2 in climate projections, Nature Climate Change, 9, 44,
https://doi.org/10.1038/s41558-018-0361-0, 2019.

Zekollari, H., Huss, M., Farinotti, D., and Lhermitte, S.:
Ice-Dynamical Glacier Evolution Modeling – A Re-
view, Reviews of Geophysics, 60, e2021RG000754,
https://doi.org/10.1029/2021RG000754, 2022.

Zekollari, H., Huss, M., Schuster, L., Maussion, F., Rounce, D. R.,
Aguayo, R., Champollion, N., Compagno, L., Hugonnet, R.,
Marzeion, B., Mojtabavi, S., and Farinotti, D.: Twenty-first cen-
tury global glacier evolution under CMIP6 scenarios and the role
of glacier-specific observations, The Cryosphere, 18, 5045–5066,
https://doi.org/10.5194/tc-18-5045-2024, 2024.

Zekollari, H., Schuster, L., Maussion, F., Hock, R., Marzeion,
B., Rounce, D. R., Compagno, L., Fujita, K., Huss, M.,
James, M., Kraaijenbrink, P. D. A., Lipscomb, W. H., Mi-
nallah, S., Oberrauch, M., Van Tricht, L., Champollion,
N., Edwards, T., Farinotti, D., Immerzeel, W., Leguy, G.,
and Sakai, A.: Glacier preservation doubled by limiting
warming to 1.5 °C versus 2.7 °C, Science, 388, 979–983,
https://doi.org/10.1126/science.adu4675, 2025.

Zelinka, M.: “CMIP56_forcing_feedback”, Zenodo,
https://doi.org/10.5281/zenodo.6647291, 2022.

Zelinka, M. D., Myers, T. A., McCoy, D. T., Po-Chedley,
S., Caldwell, P. M., Ceppi, P., Klein, S. A., and Tay-
lor, K. E.: Causes of Higher Climate Sensitivity in CMIP6
Models, Geophysical Research Letters, 47, e2019GL085782,
https://doi.org/10.1029/2019GL085782, 2020.

https://doi.org/10.5194/tc-20-1339-2026 The Cryosphere, 20, 1339–1361, 2026

https://doi.org/10.5194/esd-15-1301-2024
https://doi.org/10.1002/wat2.1475
https://doi.org/10.1029/2024EF004590
https://doi.org/10.5194/esd-13-935-2022
https://doi.org/10.5281/zenodo.6510185
https://doi.org/10.5194/hess-20-3631-2016
https://doi.org/10.1002/hyp.13603
https://doi.org/10.1002/wat2.1483
https://doi.org/10.1175/2009JCLI2909.1
https://doi.org/10.26092/elib/1501
https://oggm.org/2021/08/05/mean-forcing/
https://oggm.org/2021/08/05/mean-forcing/
https://doi.org/10.5194/esd-6-1-2015
https://doi.org/10.5194/hess-26-5971-2022
https://doi.org/10.5194/hess-26-5971-2022
https://doi.org/10.5194/tc-19-1491-2025
https://doi.org/10.1038/s41558-018-0361-0
https://doi.org/10.1029/2021RG000754
https://doi.org/10.5194/tc-18-5045-2024
https://doi.org/10.1126/science.adu4675
https://doi.org/10.5281/zenodo.6647291
https://doi.org/10.1029/2019GL085782

	Abstract
	Introduction
	Methods
	Study areas
	Global glacier runoff projections
	Drought buffering
	Model spread

	Results
	Magnitude of glacial drought buffering correlates with glacier area fraction
	Change in glacial drought buffering over time consistent among glacier models
	Inter-GCM spread in glacial drought buffering is substantial and under-sampled

	Discussion
	Drought buffering robustness across global glacier models
	Interpretation of large and under-sampled climate model uncertainty
	Implications and limitations for downstream hydrological applications

	Conclusions
	Appendix A: Regional maps
	Appendix B: Glacier models included
	Appendix C: Global climate model ensembles and climate sensitivity
	Appendix D: Per-basin comparison with CMIP6 archive
	Code and data availability
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

