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Introduction

All analysis shown in the main text is reproducible and extensible for any of the 56

basins using the Jupyter notebook and code we have provided on GitHub (see link in

Acknowledgements). We encourage readers interested in detailed results for a specific

basin to make use of the material provided there. The public code also allows users

to change time scales of analysis—for example, presenting running means over 5-year
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rather than 30-year windows, or calculating SPEI at a 27-month rather than 15-month

timescale—and examine SPEI under the RCP 8.5 rather than RCP 4.5 emissions scenario.

For readers’ convenience, we include below extended results for each of the 56 basins

we analyzed, for the same time scales and climate scenario shown in the main text. The

results are presented as multi-page sets of panels that replicate the panels shown in Figures

2 and 3 of the main text, but with all 56 basins rather than the 4 examples shown in the

text. Figure S2 shows the glacial e↵ect on mean SPEI. Figure S3 shows the glacial e↵ect

on SPEI variance. The panels in both figures were computed with climate scenario RCP

4.5, examining SPEI with a 15-month integration timescale, comparing statistics with a

30-year running window.

Text S1. SPEI computation

SPEI is computed by aggregating and normalizing a simple climatic water balance,

Di = Pi � PETi, (1)

where Pi is the precipitation in time step i, PETi is the potential evapotranspiration in

the same time step, and Di is their di↵erence. We take precipitation Pi directly from

the output of each GCM that we analyze. We estimate PET with the Penman-Monteith

method, following Allen, Pereira, Raes, and Smith (1998). To calculate PET requires

surface temperature, surface pressure, surface specific humidity, and surface net radiation

from the GCM. Surface wind is set to be constant, as PET has been shown to be insen-

sitive to the inclusion of surface wind from GCMs (Cook et al., 2014). All methods for

calculating PET directly follow those in Cook et al. (2014).

Text S1.1. Sensitivity to integration timescale
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SPEI includes a user-selected timescale of integration, which can be adjusted to study

di↵erent types of drought and di↵erent parts of the hydroclimate system. Short timescales

relate to availability of water as soil moisture and headwater river discharge, while longer

timescales relate to reservoir storage, downstream water discharge, and changes in ground-

water storage (Vicente-Serrano et al., 2009). In our analysis, we present SPEI computed

with a relatively long integration timescale of 15 months. This choice reflects our focus

on hydrological drought in semi-arid mountain basins dependent on frozen precipitation

and seasonal snowmelt (see main text section 2 and McEvoy et al., 2012). We also com-

puted SPEI at a range of integration timescales to ensure our results for the 15-month

timescale were not anomalous. One example is below; results for all basins and timescales

are available on our public repository.

Figure S1 shows the glacial e↵ect on mean SPEI in the Tarim basin (compare with Figure

2b), with SPEI computed at seven di↵erent timescales of integration. The qualitative

patterns of the glacial e↵ect on SPEI are similar across integration timescales: some

models show �SPEI increasing nearly monotonically, while others show an initial increase

with a peak near midcentury and subsequent decline. Inter-GCM di↵erences in�SPEI are

broadly consistent across timescales, though the ordering of GCMs from smallest glacial

e↵ect in a basin to largest does vary. The magnitude of the glacial e↵ect ranges from

0.1 SPEI units to 2 SPEI units at di↵erent timescales. Although the smallest-magnitude

e↵ect appears at the shortest timescale of integration in the Tarim basin, there is no

monotonic relationship between �SPEI magnitude and integration timescale. That is,

the magnitude of the e↵ect we analyse does not scale linearly with the SPEI timescale.
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Text S2. Accounting for glacial runo↵

We account for glacial runo↵ in each basin during the period 1980-2100 using the runo↵

simulations of Huss and Hock (2018). Their model is forced by monthly near-surface

air temperature and precipitation from global climate reanalysis (Dee et al., 2011) and

CMIP5 GCM projections (Taylor et al., 2011), downscaled to each individual glacier. The

initial area of each glacier is defined as the “glacier catchment” for the duration of the

simulation. That is, the portion of a basin within a glacier catchment does not change

over time, even as the area of the glacier itself does change. Runo↵ is simulated at the

individual glacier level and includes all water exiting the catchment, both melted snow

and ice as well as rain falling within the catchment boundary. These monthly glacier

runo↵ totals are then aggregated to the basin scale.

In the Huss and Hock (2018) glacial model output, some portion of the GCM-derived

precipitation falling within a basin is also counted within the basin glacial runo↵. To

avoid double-counting precipitation in our SPEIG moisture source term, we scale GCM-

derived precipitation by each basin’s unglaciated area (Equation 1) and add it to glacial

runo↵ scaled by the basin’s glaciated area. PET is then subtracted from this sum, which

is equivalent to assuming that both precipitation falling in the unglaciated part of the

basin and glacial runo↵ from the glaciated part of the basin are encountering atmospheric

demand for moisture.

Text S3. Quantifying ensemble mean and range

In the present study, we have focused on identifying and interpreting qualitative di↵er-

ences among GCM-projected SPEI with and without glacial runo↵. This approach makes
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evident, for example, that no one GCM is consistently wetter or drier than another across

basins, and that di↵erences in both land and atmosphere schemes shape projected SPEI

in glaciated basins (see main text).

Future studies of hydrological drought in glaciated basins may wish to quantify inter-

basin di↵erences in the glacial e↵ect. To that end, we have supplied code in our public

repository to compute the inter-GCM mean and interquartile range of SPEI for each

basin, emissions scenario, and inclusion/exclusion of glacial runo↵—the so-called struc-

tural uncertainty in the glacial e↵ect. Figure S4 plots these ensemble statistics for the

Tarim Basin, both with and without glacial runo↵ (compare with main text Figure 1).

The ensemble mean and interquartile range further reinforce the findings of the main text:

without glacial runo↵, the Tarim basin would be drying throughout the century, while

with glacial runo↵ conditions are projected to be wetter in the 21st century than the 20th.
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Figure S1. Comparison of glacial e↵ect on SPEI over the 21st century when SPEI is

computed with integration timescales ranging from 3 to 27 months. The central panel

shows the 15-month integration timescale analysed in the main text of this work; shorter

integration timescales appear to the left and longer timescales to the right. Note di↵erent

y-axis scales in di↵erent panels.
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Figure S4. Multi-GCM ensemble mean and interquartile range of SPEI for the Tarim

basin, with (solid, blue fill) and without (dashed, orange fill) glacial runo↵.
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