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1. Data

We used exceptionally long data series of temperature, precipitation, discharge and glacier
mass balance to run and calibrate a distributed glacio-hydrological runoff model (Fig. S1).
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Fig. S1. Data coverage for model input and calibration, with calibration period (1955-1989)
displayed in grey.

Temperature and precipitation time series from Sabdan station (42.70°N, 76.10°E, 1524 m
asl, WMO N° 36921) were available in daily resolution for the time period 1937-1990. The data
were downloaded from the Royal Netherlands Meteorological Institute (KNMI) Climate Explorer
(http://climexp.knmi.nl).

The precipitation data series contained gaps (02/1955, 1966-1976, 10/1977, 04/1985, 06/1986,
04/07/12/1987), which we filled with daily data from the National Climatic Data Center NOAA
(http://www1.ncdc.noaa.gov/pub/data/documentlibrary/tddoc/td9290c.pdf). As the quality of the
NOAA data is likely to be lower than the quality of the KNMI data, we have excluded the period
1966-1976 for detailed calibration and used it only to approximate the transient glacier evolution
in the past.

As the year 1999 marks the turning point between “past” and “future” in our model, we have
extended the measured temperature and precipitation series with downscaled data from the
most moderate scenario (dry-cold scenario, see Chapter 4 below) for the period 1990-1999 to
allow continuous modeling from 1955 to 2099. The period 1990-1999 is, like 1966-1976, not
analyzed in detail.

Discharge data for Chon Kemin Uste (42.67°N, 75.91°E, 1289 m asl) and Karagai Bulak
(42.80°N, 76.41°E, 2078 m asl) gauges were available in daily resolution for the time periods
1936-2002 and 1951-1996, respectively. The data were provided by the Kyrgyz National
Hydrometeorological Agency (Kirgizgidromet, 1936-2002) and digitized by the authors of this
study.



Mass balance and equilibrium line altitude (ELA) have been assessed since 1957 at
Tuyuksu glacier, which makes them the longest series in Central Asia. We have received the
data from the (WGMS Haeberli et al., 2009), the original author is P. A. Cherkasov.

Glacier outlines are from (Bolch, 2007), who mapped the glacier coverage in the Chon Kemin
and surrounding valleys using a snow-free Landsat ETM+ scene from 08/08/1999. A TM4/TM5
ratio image was used to delineate the glaciers and misclassified pixels of vegetated areas and
lakes were eliminated using the Normalized Difference Vegetation Index (NDVI). We have also
digitized glacier outlines reflecting the situation in the 1950s based on topographic maps (Soviet
Topographic Map, 1988) to calibrate the model.

Landuse classification for the three non-glacier surface types classified in GERM (forest,
vegetation and bare surfaces) has been derived from a supervised classification in Erdas
Imagine 8.4 of the same Landsat ETM+ scene as used for the glacier outlines.

Daily snow cover has been used for visual comparison from four Landsat scenes in 1977
(17/04, 23/05, 07/09 and 01/11) and two Landsat scenes in 1979 (30/03 and 12/05). All Landsat
scenes were downloaded from http://earthexplorer.usgs.gov/.

Annual snow cover duration has been assessed from the Advanced Very High Resolution
Radiometer (AVHRR) at a resolution of 1 km starting in 1986 (Dietz et al., 2013). The data were
provided by Andreas Dietz.

The digital elevation model (DEM) and catchment area delineation are based on data from
the Shuttle Radar Topography Mission SRTM3 (Jarvis et al., 2008). The DEM was resampled
from 90 meters to the model resolution of 200 meters. From the SRTM3 DEM, the catchment
outline has been derived with ArcGIS Hydrotools. SRTM data were downloaded from
http://srtm.csi.cqiar.org/SELECTION/inputCoord.asp.




2. Statistical trend analysis (Mann-Kendall trend test)

Trends in temperature, precipitation and runoff were analyzed with the 2-sided non-parametric
Mann-Kendall trend test at the 80, 90 and 95% significance levels (Kendall, 1975; Helsel and
Hirsch, 1992). Serial correlation was removed using Sen’s slope method (Sen, 1968) and
Xuebin Zhang’'s pre-whitening approach (Zhang et al., 2000). With the help of moving time
windows, the multiple trend tests were computed for all time windows of at least 30 years in
length during the common 1937-1990 period. The trend matrices in Fig. S2 show the resulting
trends (standardized test statistic Zyk; tau) and significance levels (2-sided p-value) for key
climate variables.

Next 2 pages:
Fig. S2. Summary of the Mann-Kendall (MK) trend test statistics. Trend significance is indicated
by the 2-sided p-value and trends are indicated with the standardized test statistics tau.



Trend (Zy; tau) Significance level (2-sided p-value)
Bl o302 [1e-06,0.05) Bl ©0.001,005)

Bloz20n | 00501 " |005,0.9)

101,005 l0.1,02) [0.1,02)
-0.05,-1e-06) [ (0-2.0.3)

Mass balance Tuyuksu

1990 1990 <
1985 - 1oes [
E‘QM— Em&u— ! -
2 g
: r
1975+
19754
1870+
18704
1965
- T T T T T
L y ” ' y y 1840 1945 1950 1955 1960
1940 1945 1950 1955 1960 Start year
Start year
1990 4 1990 -
1985 - 1985
10804 & 1980+
7
g g
e}
o &
& w I ] I
1970+
1570
1965 -
1965 T T T T T
T T 1 T T 1940 1845 19850 1855 1960
1940 1945 1850 1955 1960 Start year
Start year
1990 4 1880
1985 = 18854
— = 1680~ REREN
H g
=
z c
& 1]
- 19754
1970+
1870 =
1965 -
1965+ ' 1 ' ' '
T ' v T 1 1940 1945 1950 1955 1960
1840 1845 1950 1955 1960 Start year

Start year



Summer temperature (JJA)

19904 - .. 1850
m

1985+ 1985

1980+ 1980+

End year
End year

175 19754
1970+

1970
1965

1965 =

19‘40 19‘45 |9I50 |9:55 19’60
Start year
Total runoff Uste

19904 19804
1985 = 1985 4
= 1980 =

1880 =

End year

19754 o
p—| 1970
1965
1965 T T T T T
19140 !9‘45 IeI50 ‘9‘55 19‘60 1840 1945 1950 1855 1960
Start year
Stert year yen
Summer runoff Uste (JJA)
16904 siond
1985 4 19854
E’uaem- i"ﬂ'"
2 g
c
w
1975+ 16751
19704 1970+
18654 19651 s T T u '
¥ Y T T ¥ 1840 1845 1950 1955 1960
1940 1945 1950 1955 1960 Start year

Start year



3. Climate data generation

We evaluated all available Global Circulation Model (GCM) runs for the two most extreme
representative concentration pathways scenarios (Meinshausen et al., 2011), RCPs 2.6 and 8.5,
generated under the Climate Model Intercomparison Project CMIP5 (Taylor et al., 2012) to
cover the whole range of possible climatic changes (Vuuren et al., 2011). Under the RCP 2.6
scenario, greenhouse gas emissions and emissions of air pollutants are reduced substantially
over time. RCP 8.5 is characterized by increasing greenhouse gas emissions over time
representative of scenarios leading to high greenhouse gas concentration levels. All GCM data
were downloaded from http://cmip-pcmdi.linl.gov/cmip5 (01/09/2013).

Downscaling of large-scale GCM output to a finer spatial resolution can be done either with
dynamical or statistical approaches (Fowler et al., 2007). Whereas dynamical downscaling
requires a higher resolution regional climate model (RCM) to be embedded within a GCM,
statistical downscaling establishes empirical relationships between GCM-resolution climate
variables and local climate.

We used the statistical “perturbation method” or “delta-change approach” (Prudhomme et al.,
2002; Huss et al., 2008b; Smith and Pitts, 1997), thus applying differences between the control
and future GCM simulations to baseline observations by adding (temperature) or scaling
(precipitation) the mean climatic change to each day. Following the method described in Huss et
al. (2008b), we use the daily variability of measured time series at Sabdan station and adapt
their monthly means along the linear trend line between the standard WMO baseline period
(1961-1990) and our future reference period (2081-2099). Using this technique, we obtain
meteorological time series with the same resolution, characteristics and variance as in the past.

We then compared all RCP 2.6 and 8.5 GCM runs regarding changes in summer temperature
and annual precipitation (mean 2081-2099 vs. 1961-1990; Fig. S3) and chose the four GCM
runs which are closest to the 10™ and 90" percentiles (Fig. S3), thus representing the range of
dry-cold, dry-warm, wet-cold and wet-warm future climates (Immerzeel et al., 2013; Lutz et al.,
2013).

Next page:

Fig. S3. Projected changes in climate at Sabdan station, Chon Kemin valley, according to RCPs
2.6 and 8.5 of the CMIP5 dataset. a, Changes in summer temperature and annual precipitation
based on all GCM runs for 75-77.5°E and 40-45°N (baseline period 1961-1990 vs future period
2081-2099). The range between the 10" and 90™ percentiles is shaded in grey. The four GCM
runs closest to the percentiles have been chosen for runoff modeling. b and ¢, Time series of
annual precipitation and summer temperature anomalies for Sabdan meteorological station
relative to the 1961-1990 baseline period. The four scenarios represent the range of dry-cold,
dry-warm, wet-cold and wet-warm future climates as displayed in Fig. 3a.
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4. Glacier Evolution Runoff Model GERM

4.1 Calibration and validation procedure

Table S1. Multi-variable calibration of GERM developed for this study.

Parameter group

Criteria

Selection

Climate Precipitation (4000 m asl) )
- values from Aizen et al. 2007 £ 10%
Mean annual evaporation
Mean annual runoff observed * 10%
Melt Daily snow cover visual
Annual snow cover
Mass balance and ELA observed + 10%
Glacier area change
Routing Monthly runoff NS>0.8



Table S2. Key model parameters of GERM.

Description Parameter Value Unit Source / Calibrated
Climate parameters

Precipitation gradient dP/dz 4.3 %/100m  Bolch (2007)
Temperature gradient dT/dz -0.51 °C/100m  Bolch (2007)

Threshold snow / rain Tihres 1.5 °C Calibrated (range -1-2.5°C)
Actual / potential evaporation Fer 70-100 % Calibrated

Snowdrift onto glacier SDy 2 - Calibrated

Melt parameters

Physical parameter Co -50 W m? Calibrated

Physical parameter Ci 10 W m?K"' Oerlemans (2001)
Albedo Ice Oice 0.35 - Calibrated (range 0.3-0.5)
Albedo Firn Osirn 0.55 - Calibrated (range 0.5-0.6)
Albedo Snow Osnow 0.75 - Calibrated (range 0.7-0.9)
Routing parameters

Retention slow reservoir I'slow 350 days Calibrated

Retention ice & firn lice 15 days Calibrated

Retention snow F'snow 20 days Calibrated

Retention rock Mock 25 days Calibrated

Retention pasture MNow_vegetation 40 days Calibrated

Retention forest Morest 55 days Calibrated
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Climate parameters

Precipitation was interpolated along a gradient of +4.3% per 100 meters, which corresponds to
31 mm per 100 meters as calculated by Bolch (2007). This gradient is in the range of other
studies in the region (Katchaganov, 2011; Hagg et al., 2007). Precipitation was assumed to
increase gradually until the crestlines (Katchaganov, 2011; Aizen et al., 1995). This results in
interpolated precipitation of 934 mm a™ at 4000 m above sea level, which corresponds well with
the results of Aizen et al. (2007; ~950 mm a™'). A threshold of 1.5°C with a linear transition
range of £1°C has been applied to distinguish between solid and liquid precipitation (Ye et al.,
2013). Similar to Kuhn (2003), we redistributed a constant fraction of snow fall (SDg = 2) within
the basin from ice-free areas to areas covered by glaciers, as wind and avalanches tend to
erode snow from ridges and steep slopes and deposit it in valleys and cirques (Machguth et al.,
2006). This snowdrift leads to additional glacier accumulation and to reduced melting as a result
of higher albedo for snow than ice.

Temperature was interpolated from Sabdan meteorological station using a gradient of
-0.51% per 100 meters (Bolch 2007). This gradient is in the range of other studies in the region
(Aizen et al., 1995, 1996; Hagg et al., 2013).

While potential evaporation can be much higher in arid Central Asia than in humid climates,
actual evaporation is limited by the low water availability during dry summers (Hagg et al.,
2013). An empirical evaporation model is implemented in GERM, which calculates daily
potential evaporation based on air temperature and the saturation vapor pressure (Huss et al.,
2008b; Hamon, 1961). The model considers five surface types (snow, ice, rock, low vegetation
and forest) and has an interception reservoir. Potential evaporation is reduced to actual
evaporation for each surface type using a factor Fgr that includes a function accounting for soil
moisture. The parameters of the evaporation model are calibrated with the values given by
Aizen et al. (2007) for the Chon Kemin valley. Modeled mean actual evaporation in the past
(1955-1989) is 384 mm, which is in line with previous studies (Aizen et al., 2007; Kuzmichenok,
2008).
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Melt parameters

Two melt models are implemented in GERM: an enhanced temperature-index melt model
(Hock, 1999; Huss et al., 2008a) and a simplified energy balance equation for net surface
energy flux (Oerlemans, 2001; Huss et al.,, 2008b). The latter approach is less sensitive to
temperature changes (Oerlemans, 2001; Pellicciotti et al., 2005), which renders it particularly
adequate for modeling in arid regions like Central Asia and over long time periods with
significant temperature increases. In the energy balance equation below, the first parenthetical
expression represents the shortwave radiation balance and the second parenthetical expression
represents long-wave radiation balance and turbulent exchanges:

Y={a(1-a)Qe}+{co+c.T}

daily mean surface energy flux (energy available for melting)

a atmospheric transmission to solar irradiance (reduced incoming shortwave radiation due
to cloudiness or haze)
a surface albedo for snow, ice and firn

Qe clear-sky shortwave radiation (mean daily potential global radiation calculated from
slope, aspect and topographic shading)

Co parameter for turbulent heat exchange

C1 parameter for longwave radiation balance (10 W m™, Oerlemans 2001)

Parameter c; was setto 10 W m?K™ and ¢, was used as a tuning parameter (Oerlemans, 2001;
Machguth et al., 2006; Painter et al., 2013). Albedo had to be constrained for ice, firn and snow
within the respective range of physical characteristics (Paterson, 1994).

Routing parameters

The water available for runoff is determined daily at every grid cell by solving the water balance
using the calculated quantities for liquid precipitation, melt and evaporation (Huss et al., 2008b).
The runoff routing model is based on the concept of linear storage, with an interception-, slow-
and fast reservoir (Farinotti et al., 2012; Huss et al., 2008b). Liquid precipitation first enters the
interception reservoir. When the surface-type dependent capacity is exceeded, it is routed into
the slow reservoir, which represents subsurface runoff components. The water volume added to
the slow reservoir depends on the filling level and on the maximum capacity of the slow
reservoir (Schaefli et al., 2005). When the maximum capacity of the slow reservoir is reached,
water is routed into the fast reservoir, which represents direct and near-surface runoff
components. All reservoirs are emptied at a reservoir-dependent retention constant.
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4.2 Calibration and validation results

Annual discharge is well reproduced by the model (Fig. S4). Monthly simulated and observed
discharge reach a Nash-Sutcliffe model efficiency coefficient of E = 0.96 (Nash and Sutcliffe,
1970), as shown in Fig. S5.
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Fig. S4. Simulated and observed annual runoff at Karagai Bulak gauge (1959-1989).
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Fig. S5. Simulated and observed monthly runoff at Karagai Bulak gauge (1959-1989,

with 1966-1977 excluded due to low quality of meteorological data).
The Nash-Sutcliffe model efficiency criterion E is 0.96 (Nash and Sutcliffe, 1970).

Simulated daily snow cover also corresponds well to visible snow cover on six selected Landsat
scenes in 1977 and 1979 (Fig. S6); seasonal accumulation and melting of snow are thus
reproduced realistically by the model. Simulated snow cover is displayed with a threshold of 15
mm snow water equivalents, which corresponds to 50 mm snow depth at a snow density of 300
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kg m™>. The accumulation season at Tuyuksu Glacier typically starts at the end of August or
beginning of September (21/08-22/09) and stops in middle June (02/06-24/06), which is well
reproduced by the model (Dyurgerov et al., 1995; Aizen et al., 1996; Schulz, 1965).

Simulated Landsat

07.09.1977

Snow water equivalent [mm]

[ Jo-15 B o« - 149
[ 11.8-20 I 150 - 204
B 21 -30 I 205 - 250

Bz -45 I 251 - 300
B s -93 I 01 -384

Fig. S6. Simulated and observed snow cover on six randomly chosen days in 1977 and 1979.
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Annual snow cover duration is simulated within a 10% range of observed values from AVHRR
satellite image analysis (Table S3); snow-rich and snow-poor years are thus well distinguished
and the altitudinal snow distribution is well reproduced by the model. Days with more than 91
mm simulated snow water equivalents have been counted for snow cover duration. This higher
threshold for AVHRR satellite images as compared to Landsat satellite images is due to the
different resolution of AVHRR images (1 km) and Landsat images (30 m). Altitudinal patterns
are well represented by the model and years with long snow cover duration (e.g. 1986) are well
distinguished from years with shorter snow cover duration (e.g. 1987). Simulated mean annual
snow cover duration was always in the range of the observed value + 10%, except in 1989,
when snow cover duration was slightly overestimated.

Table S3. Simulated and observed annual snow cover duration in the Chon Kemin valley
(1985-19809).

Snow cover duration [days]

Year Observed mean Observed £10% Simulated mean
1985 186 168-205 189
1986 218 196-240 206
1987 166 149-182 181
1988 181 163-199 181
1989 179 161-197 149
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Simulated glacier surface mass balance and equilibrium line altitude (ELA) in the Chon Kemin
valley show the same fluctuations at comparable levels as the series measured at Tuyuksu
Glacier (Fig. S7). Simulated average ELA is 3875 m above sea level and thus corresponds to
the previously assessed 3900 m above sea level in the Chon Kemin valley (Dyurgerov et al.,
1995). As a result of exposure to the North and the higher precipitation rate at Tuyuksu Glacier,
ELA is slightly higher in the Chon Kemin valley than at Tuyuksu.

a Net mass balance [mm water equivalent] ===Tuyuksu (measured) — simulated
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Fig. S7. Simulated and observed mass balance and equilibrium line altitude (ELA) between
1955 and 1990 in the Chon Kemin valley (simulated) and at Tuyuksu Glacier (measured).

The parameterization of glacier retreat is validated by comparing simulated with observed

glacier shrinkage rates. The previously assessed annual shrinkage rate of 0.36% a™' for the
period 1955-1999 (Bolch, 2007) is reproduced exactly by the model.
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