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ABSTRACT. Meltwater runoff in the catchment area containing Chhota Shigri glacier (Western
Himalaya) is simulated for the period 1951-2099. The applied mass-balance model is forced by down-
scaled products from four regional climate models with different horizontal resolution. For the future
climate scenarios we use high resolution time series of 5 km grid spacing, generated using the newly
developed Intermediate Complexity Atmospheric Research Model. The meteorological input is down-
scaled to 300 m horizontal resolution. The use of an ice flow model provides annually updated glacier
area for the mass-balance calculations. The mass-balance model calculates daily snow accumulation,
melt, runoff, as well as the individual runoff components (glacial melt, snowmelt and rain). The resulting
glacier area decreases by 35% (representative concentration pathway (RCP) 4.5 scenario) to 70% (RCP
8.5 scenario) by 2099 relative to 2000. The average annual mass balance over the whole model period
(1951-2099) was —0.4 (+0.3) mw.e. a™". Average annual runoff does not differ substantially between the
two climate scenarios. However, for the years after 2040 our results show a shift towards earlier snow-
melt onset that increases runoff in May and June, and reduced glacier melt that decreases runoff in

August and September. This shift is much stronger pronounced in the RCP 8.5 scenario.
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INTRODUCTION

Glaciers in mountainous regions and the associated meltwater
runoff are particularly sensitive to climatic changes (e.g. Zhou
and others, 2010; Engelhardt and others, 2015). Most glaciers
around the globe have been shrinking since the end of the
Little Ice Age with increasing ice loss rates since the early
1980s (Bolch and others, 2012; IPCC, 2013). Despite different
local conditions and response times, glaciers all over the
world show to a large extent a uniform retreat (WGMS,
2008, 2013; Zemp and others, 2015).

Glaciers accumulate water as snow and ice during the
cold or wet season, and release it as meltwater during
the dry or warm season, when water demand is largest in
the downstream areas (Casassa and others, 2009). In
regions where meltwater during summer is an important
source for irrigation systems, power production or even
drinking water, changes in the regional water cycle may
affect agricultural land and threaten the livelihood of popu-
lated areas downstream (Kaltenborn and others, 2010;
Kaser and others, 2010). Glacier retreat and changes in the
associated streamflow are therefore expected to have great
socioeconomic impact on regions that are dependent on
meltwater from glacierized areas like in the Himalayan
mountains (e.g. Sharma and others, 2000; Bolch and
others, 2012; Immerzeel and others, 2013). In various moun-
tain regions, extensive glacio-hydrological research has
already been carried out, including the Alps (e.g.
Oerlemans, 2000), Norway (e.g. Engelhardt and others,
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2014), the Andes (e.g. Favier and others, 2004; Gurgiser
and others, 2013; Nicholson and others, 2013), the Tibetan
Plateau (e.g. Molg and others, 2012) and the Nepalese
Himalaya (e.g. Kayastha and others, 1999). However, very
few investigation have been carried out in the Indian part
of the Himalaya so far (Koul and Ganjoo, 2010; Azam and
others, 20714a). Limited access to restricted areas and
sparse observations are the reasons for the large uncertainties
connected to recent glacier volume and mass changes in the
Hindu Kush Himalayan (HKH) region (Hewitt, 2005; Bolch
and others, 2012; Kdib and others, 2012; Gardelle and
others, 2013).

Snow- and glacial melt contribution can be quantified by
calculating the residual of the water-balance equation (e.g.
Kumar and others, 2007). However, in the HKH region
runoff measurements are sparse and access to available
observations is limited due to governmental policies. The
identification of glacier responses to climatic changes and
associated feedbacks over these large and remote areas is
needed to quantify the glacier contribution to water
resources (e.g. Immerzeel and others, 2013; Koldunov and
others, 2016). Glacier mass-balance and runoff models are
therefore necessary for long-term glacier mass-balance simu-
lations and estimation of the associated runoff at high alti-
tudes, as well as to provide the past, present or future
relation between glaciers and climate.

Runoff processes in the Himalaya are complex. The
glacier meltwater contribution is important especially
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during warm and dry years (e.g. Naz and others, 2014). In
addition, the response of glacier-fed streamflow to climatic
changes is difficult to estimate due to the opposing trends
of increasing glacial melt and decreasing glacier areas (e.g.
Soncini and others, 2015). The impact of the ongoing
climate change (Vaughan and others, 2013) will initially
increase melt and discharge. Eventually, the reducing
glacier areas will limit the water supplies of downstream
communities, resulting in more frequent water shortages
during the dry season. Meltwater is extremely important for
the Indus basin (Immerzeel and others, 2010), and it is one
of the river systems that will most likely experience substan-
tially reduced water availability due to shrinking glaciers
(Rees and Collins, 2006). Such changes in runoff have
already been observed, but there is still large uncertainty
regarding when increased glacial melt will not compensate
the reduced glacier areas (Xu and others, 2009).

We present a modeling approach to calculate the mass
balance of Chhota Shigri Glacier and meltwater runoff in
the period 1951-2099. The glacier is located in the upper
Indus river system, and represents the Western Himalayan
region (Ramanathan, 2011). We build on a previous study
(Engelhardt and others, 2017), yet focus on the future
evolution of glacier mass-balance, runoff and glacial melt
contribution to runoff. The simulations are forced by high-
resolution meteorological variables for the period 2015-99,
from two climate scenarios (representative concentration
pathway (RCP) 4.5 and RCP 8.5), while the glacier area is
annually updated from 1951 until the end of the 21st century.

METHODS

Study area

Chhota Shigri (32.28'N, 77.58'F) is a north-facing valley
glacier, located on the Pir Panjal Mountain Range in the
Indian state of Himachal Pradesh in western Himalaya
(Fig. 1). With a glaciated area of ~16km” (in the year
2000) and a catchment area of ~35km* (Wagnon and
others, 2007; Ramanathan, 2011), almost 50% of the study
area is covered by glaciers. The glacier length is ~9 km
and covers an elevation range from 4050 to 5830 m a.s.l.
The main flow and the glacier tongue of Chhota Shigri
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have a northerly orientation, but the tributaries in the accu-
mulation area have various orientations. However, the
glacier consists of two main flows, of which the larger one
is coming from east. Debris covers 3.4% of the glacier
surface area (Vincent and others, 2013), and is mainly situ-
ated in the lower ablation area (<4500 m a.s.l.). The debris
cover consists of particles of various sizes, ranging from a
few millimeters to several meters. The surface slopes range
between 10° and 45° and the glacier tongue is situated in a
narrow valley. Runoff from the catchment collects in a
single proglacial stream contributing to Chandra River,
which is one of the tributaries of Chenab River in the Indus
river system.

Chhota Shigri is situated in the monsoon-arid transition
zone between two distinct precipitation regimes: the Mid-
Latitude Westerlies (MLW) and the Indian Summer
Monsoon (ISM) (Bookhagen and Burbank, 2010; Azam and
others, 2014a). Most of the precipitation occurs during the
accumulation season (October-May) due to the MLW; in
the hydrological year 2012/13, the ISM contributed only
~12% to the annual precipitation, with the majority being
supplied by the MLW, as revealed by a precipitation gauge
(Geonor T-200B) at Chhota Shigri Base Camp (3880 m a.s.
[, L-BC in Fig. 1). In the same period, at a meteorological
station at Bhuntar airport (situated ~50 km south-west from
Chhota Shigri, at 1092 m a.s.l.), the ISM contributed almost
50% of the annual precipitation (Azam and others, 2014b).
The more pronounced ISM signal in Bhuntar compared
with the area of Chhota Shigri glacier illustrates the need of
locally adjusted precipitation values.

At Chhota Shigri glacier, in-situ surface mass-balance
measurements have been carried out annually since 2002
(Ramanathan, 2011), and are the longest series of continuous
mass-balance observations available in the entire Himalayan
region (Azam and others, 2016). According to these observa-
tions, the average annual glacier-wide mass balance
between 2003 and 2014 is —=0.56 (x0.40) m w.e. a”'. In situ
geodetic measurements by Vincent and others (2013)
between 1988 and 2010 revealed a moderate mass loss
over that period of -3.8 (+2.0) m w.e., corresponding to —
0.17 (0.09) m w.e. a~'. Further, Azam and others (2014b)
reconstructed the annual mass balances of Chhota Shigri
glacier for the period 1969-2012, using the long-term
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Fig. 1. Left: Landsat-8 OLI image from 28 September 2014 showing the catchment of Chhota Shigri Glacier (red contour) based on Wagnon
and others (2007) and the glacier area (green contour). The inset picture shows the location of the study area (red star) in the Chenab River
basin in North India. Right: Elevation of Chhota Shigri Glacier in 500 m contours using SRTM data.
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meteorological measurements from Bhuntar airport, and
obtained on average —0.30 (+ 0.36) m w.e. a .

To represent the study area in a modelling approach, we
used the glacier outlines from the Global Land Ice
Measurements from Space (GLIMS) glacier database (Raup
and others, 2007). For the year 2000, the outline of Chhota
Shigri glacier in the database is 14.7 km?. In this study, two
adjacent glacierized areas of together 1.5 km?, which are
contributing to the outflow of the main glacier, were consid-
ered part of Chhota Shigri glacier. For the runoff calculations,
the modeled catchment area comprised both the glacierized
and non-glacierized areas upstream from the discharge
station. The catchment area of the study was 34.8 km?,
which corresponds to a 46.5% glacierized area in the year
2000.

The elevation of the model area was taken from a DEM,
which was derived from the Shuttle Radar Topography
Mission (SRTM) data of the USGS (http:/earthexplorer.usgs.
gov). The DEM is available at a resolution of 1 arcsec (%30 m).

Forcing data

Meteorological forcing for our study were daily 2 m air tem-
perature and precipitation values from regional climate
models (RCMs) that were driven by global weather reanalysis
(ERA-Interim) or General Circulation Models (GCMs). In
order to cover a very long study period, we used output of
three different RCMs with increasing horizontal resolution
to cover period 1951-2099 (Table 1).

Both the Rossby Centre regional atmospheric climate
model version 4 (RCA4) and the REgional atmosphere
MOdel (REMO) time series are covering the Coordinated
Regional Climate Downscaling Experiment (CORDEX,
http:/www.cordex.org) South Asia domain (see Kumar and
others, 2015). The performance of REMO in this region has
already been evaluated in several studies (e.g. Jacob and
others, 2012; Saeed and others, 2012; Kumar and others,
2015). The Weather Research and Forecasting (WRF)
Model (version 3.7.1) calculations were performed over a
domain centered on Chhota Shigri glacier. The RCA4 used
GCM output as forcing (from MPI-M-MPI-ESM-LR historical
scenarios), and REMO was forced by the ERA-Interim
reanalysis time series (Dee and others, 2011). WRF was run
with a nested approach with 5km grid spacing for the
inner domain and 25 km grid spacing for the outer domain.
The latter was also forced with the ERA-Interim reanalysis
time series.

The horizontal interpolation of the RCM time series to
each grid point of the mass-balance model was achieved
by linear horizontal interpolation of the values from the
four closest RCM grid points to each grid point of the mass-
balance model. The vertical adjustment of the temperature
and precipitation time series over the whole model domain
was performed by using the monthly average temperature

Table 1. Overview of the available regional climate model time series

lapse rates and precipitation gradients of the respective
RCM output.

To calibrate the obtained temperature and precipitation
time series, we performed a bias correction. First, the hori-
zontally interpolated and vertically adjusted WRF tempera-
ture and precipitation values were corrected with in-situ
observations from the automatic weather station (AWS) and
the precipitation gauge, respectively. For temperature, the
correction uses the bias between the monthly average tem-
peratures from the RCMs and the observed monthly
average temperatures of the period of available temperature
measurements (2010-13). For the the average annual air tem-
perature the temperature bias between the WRF time series
and the measurements (RCM minus observations) is —
2.6 C. After the calibration of the high resolution WRF time
series, the homogenization of the other two RCM time
series was carried out by a bias correction so that the
monthly average temperatures within the overlapping
periods (i.e. 2009-14 between REMO and WRF and 1989-
2005 between RCA4 and REMO) are in agreement.

A similar approach was performed for precipitation based
on its measured annual total in the hydrological year 2012/
13, the only year of available precipitation observations.
Since only 1 year of precipitation measurements was avail-
able for this study, this observed annual precipitation was
used for calibration instead of monthly values. The precipita-
tion bias between the WRF time series and the measurements
was -0.191 m w.e. a~' or —18% of the annual precipitation
sum. However, the average WRF precipitation distribution
throughout the year follows the precipitation pattern of a
measurements in Kaza (Tawde and others, 2016), located
~50 km east of Chhota Shigri and in the same valley
(Lahual Spiti valley), north of the orographic barrier, as the
outflow of Chhota Shigri.

Forthe 2015-99 period, high resolution (5 km grid spacing)
future climate scenario time series were generated by using
the newly developed Intermediate Complexity Atmospheric
Research (ICAR) Model (Gutmann and others, 2016). ICAR
is a 3-D, quasi-dynamical, linear climate model. Essential
input variables are 3-D outputs from RCMs or reanalysis as
input. Required information is temperature, pressure, water
vapor mass-mixing ratio and horizontal wind components.
Optional variables include the hydrometeor fields, incoming
short-wave and long-wave radiation and skin temperature of
water bodies. The ICAR model uses wind fields from a
linear, mountain-wave theory to calculate perturbations to
the wind velocities. This wind field is used to advect heat
and moisture instead of solving the Navier-Stokes equations
of motion, as used in many other atmospheric models. By
eliminating the Navier-Stokes calculations, the ICAR model
can run several orders of magnitude faster than regular atmos-
pheric models (Gutmann and others, 2016). The computa-
tional time can be further minimized by reducing the
number of model layers.

RCM Simulation period Horizontal resolution Forcing Reference

RCA4 1951-2005 50 km MPI-M-MPI-ESM-LR Strandberg and others (2015)
REMO 1989-2014 25 km ERA-Interim Jacob and Podzun (1997)
WRF 2009-2014 5km ERA-Interim Skamarock and others (2008)
ICAR 2006-2099 5km NorESM Gutmann and others (2016)
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The Thompson Microphysical Scheme (Thompson and
others, 2008) was used to obtain realistic precipitation esti-
mations and the Noah land surface model (Niu and others,
2011; Yang and others, 2011) is used to estimate temperature
and humidity at the surface. Since ICAR is a quasi-dynamical,
linear model and not a full atmospheric model, the typically
biased, calculated precipitation needs some adjustment. We
used the 2009-14 results from the high-resolution WRF time
series (5 km grid spacing; forced by ERA-Interim) as reference
to estimate the precipitation bias-correction fields in ICAR.
These bias correction fields were applied on the time series
of the future climate scenarios. The precipitation bias was
estimated at 0.13 m w.e. a~' (12%).

For the future climate scenarios, we used output from the
Norwegian Earth System Model (NorESM) that is based on
the Representative Concentration Pathways (RCP) 4.5 (the
so-called climate stabilization scenario) and RCP 8.5 (Van
Vuuren and others, 2011). The variables were first dynamic-
ally downscaled to 25 km by using REMO and then further
dynamically downscaled to 5 km by using ICAR.

The historical time series (1951-2014) consist of the
downscaled output from the three described RCMs
(Table 1), i.e. RCA4 from 1951 to 1988, REMO from 1989
to 2009, and WRF from 2009 to 2014. Combining the histor-
ical time series and the two future climate scenarios (2015-
99) results in daily temperature and precipitation values for
a 149-year long simulation period (1951-2099). The
annual temperature of the historical RCM output within the
domain of the mass-balance model ranges between -9.8
and —5.5C (Fig. 2a). Likewise, the annual precipitation
rate ranges between 1.278 and 2.605 m w.e. a! (Fig. 2b).
About 20-25% of the annual precipitation occurs between
June and September, and can be attributed to the ISM. The
remaining ~80% occurring between October and May can
be attributed to MLW. The RCP 4.5 climate scenario does
not predict a change in average precipitation over time.
The RCP 8.5 climate scenario time series predict a slight
decrease of annual precipitation by 5% compared with the
historical values (1951-2014). Annual air temperature that
already depicted a strong increase in the historical time
series, keeps increasing in both climate scenarios (Fig. 2a).
This temperature increase is similar for both climate scen-
arios until ~2050. After that, the RCP 8.5 climate scenario
shows a continued temperature increase, whereas the tem-
perature increase in the RCP 4.5 climate scenario slows
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down such that the temperature curve flattens out towards
the end of the 21st century.

Mass-balance model

A mass-balance model, with a horizontal grid resolution of
10 arcsec (=300 m), was used to calculate the surface
mass balance in the catchment of Chhota Shigri glacier
(34.8 km?). The model uses as input daily temperature and
precipitation values at each model grid point. The simulations
were performed for the period of available meteorological
input (1951-2099), individually for all grid points represent-
ing an area that is at least partly inside the model domain.
The glacier area during the model period was updated annu-
ally using an ice dynamics model (described in the section ‘Ice
dynamics model’). Precipitation was accumulated as snow
when the air temperature was lower than the threshold tem-
perature for snowfall (Tg), which was set to 1.3 (+0.5)C.
Following Kienzle (2008), we applied a linear transition
interval of 2°C where the precipitation gradually shifts from
snow to rain. Daily melt of snow or ice Mgyowsice Was calcu-
lated when the air temperature was above the threshold tem-
perature for melt (), which was setto — 1.9(+ 0.6) 'C, using a
distributed temperature-index approach including incoming
short-wave radiation (see Pellicciotti and others, 2005):

Msnow/ice - maX[C . (T - Tm) + Rsnow/ice . I7 OL (1)

with the melt factor C, the air temperature input T, the radi-
ation coefficients R for snow and ice and the potential direct
solar radiation /. Following Hock (1999), potential solar radi-
ation was calculated at each grid point within the model
domain. The calculation of / accounted for slope, aspect as
well as shading effects from the surrounding topography
inside and outside the model domain, and was computed
on each day of the year. The use of potential solar radiation
allows to account for melt events due to high solar radiation
intensity at temperatures close to the freezing point. In order
to retrieve the seasonal mass balances from the daily mass-
balance series, we defined the beginning and end of each
season respectively as the day when the glacier-wide mass
balance was at its annual maximum (end of the winter
season) and at its minimum (end of the summer season). The
calibration of the model is based on the available annual
mass-balance measurements (2003-14), and was validated
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Fig. 2. Annual air temperature (a) and annual precipitation (b) from the model input, averaged over the model domain. The historical values
(black) for 1951-2014 are followed by the 2015-99 future projection, based on RCP 4.5 scenario (blue) and RCP 8.5 scenario (red). Annual
values are presented by thin lines, whereas the bold lines represent the 31-year moving average.
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with geodetic measurements and other model approaches
from various time periods, as described in Engelhardt and
others (2017). The five model parameters (Table 2) were opti-
mized to achieve best the agreement between simulated and
observed annual mass balances. A Monte-Carlo simulation
with 10 000 independent runs allowed the model parameters
to vary withina plausible range. We assumed as uncertainty of
each model parameter their value range determined by the
best 100 simulations.

Runoff model

Runoff was calculated as the sum of glacial melt (ice melt and
firn melt), snowmelt (both inside and outside the glacier area)
and liquid precipitation (rain) for the whole catchment (Eqn
(1)). Each runoff component as well as the combined runoff
were calculated on a daily time step individually for each
grid point of the model domain. The daily simulated
discharge integrated over the whole model domain (R) was
calculated as the sum from all grid points.

R = Mice + Mirn + Msnow on glacier area + Msnow outside glacier area

glacial melt snow melt

+ Mraim
(2)

The model does not include a water retention factor (which
delays the onset of runoff) or storage constants for snow,
firn or ice (which smoothes runoff over some days) as in
Engelhardt and others (2014), since runoff and the runoff
components were evaluated monthly or annually. Annual
runoff was calculated for calendar years in order to capture
the runoff of the whole ablation season.

Ice-dynamics model

The ice dynamics were simulated with a 1-D ice flow model
that has been used in several studies (e.g. Oerlemans, 1986;
Stroeven and others, 1989; Greuell, 1992). Since Chhota
Shigri glacier has a complex geometry with several tributary
glaciers, we divided the glacier into six basins. The ice flow
was calculated along each of the six central flowlines of the
glacier basins. One flowline is located on the ice body that
flows down the main glacier valley. The other five flowlines
were defined on the tributaries to the main flow.

The model resolution on each flowline is 50 m. At every
grid point, the ice flow through a vertical cross section S
was calculated based on the conservation of mass:

85 a(US)

o o b (3)

Table 2. Average and uncertainty of the five model parameters

where U is the vertically averaged ice velocity of a cross
section, w; is the width at the glacier surface, and b is the spe-
cific mass balance. The cross sections were parameterized
with a trapezoid defined by a constant effective slope of
the valley walls 1 and a valley width wg, such that the area
of the cross section S is given by:

5= H(Wo+%/lH>. (4)

By combining Eqns (3 and 4), we obtained the ice dynamics
in terms of the time evolution of the glacier ice thickness (H)
along the 1-D glacier flowline:

oH -1 0 1
o we L AH o {HU <WO + E/IH)} + (wo + AH)b. (5)

The ice velocity U is the sum of the deformation velocity Uqg
and the sliding velocity Us. We used the shallow ice approxi-
mation (SIA) such that the ice velocity was determined by the
local driving stress and we assumed that the ice is at the pres-
sure melting point, as melt may occur over the whole glacier.
Then the vertical averaged ice velocity is given by

U= U+ Us

ah) 3+ fs Ojicegl_l(ah/ax))3

= de(picegHa H ’

(6)

with ice density pjce, gravitational constant g and dh/ox for
the glacier surface slope. The values for parameters of
deformation fy=1.9x107**Pa>s™" and sliding f =
5.7%x1072°Pa=3m~2s~" were taken from Budd and others
(1979). The sliding parameter f; includes the bulk effect of
the water pressure on glacier sliding and the model did not
include seasonal variation in velocity. Combining Eqns
(5 and 6) gave an expression for the evolution of the ice thick-
ness that was solved with a forward explicit scheme on a
staggered grid, in times steps of 5 h.

Following Zuo and Oerlemans (1997), the contribution of
the tributaries to the main flowline was calculated by con-
verting the ice flux from the tributary into an elevation
change of the main flowline. The ice flux of the tributary
was calculated at the last tributary gridpoint that has a
higher surface elevation than the main flowline at the point
where the two meet.

The 1-D model was forced by annual surface mass bal-
ances. We derived a linear mass-balance gradient g and a
time-dependent equilibrium line altitude (ELA) for each of
the glacier basins from the 2-D mass-balance model results
for the reference surface. To account for the elevation-mass
balance feedback, the specific mass balance b at a gridpoint

Parameter Description Value Range Unit

Ts Snow threshold factor 1.3 (x0.5) —3to +3 °C

Tm Melt threshold factor —1.9 (+0.6) —3to+3 °C

Renow Radiation coefficient for snow 2.6 (+0.7) 0to6 mm’ C'd™ kW™ ' m?
Rico Radiation coefficient for ice 3.9 (x0.7) 0to 6 mm C'd~ kW™ "'m?
C Melt factor 3.5 (x0.5) 0to 6 mm’'C™'d™!

https://doi.org/10.1017/a0g.2017.13 Published online by Cambridge University Press


https://doi.org/10.1017/aog.2017.13

52 Engelhardt and others: Meltwater runoff in a changing climate (1951-2099) at Chhota Shigri Glacier, Western Himalaya, Northern India

with surface elevation h was then given by
b = B(h — ELA). (7)

The mass-balance model provided the ELA for the period
1952-2099. As model spin-up, the forcing until 1951 was
chosen such that the simulated glacier extent in 2000
matched the observed glacier outline in that year.

As the glacier bed topography is unknown, we recon-
structed the glacier bed from the mismatch between
observed and modelled surface topography in an iterative
procedure (Leclercq and others, 2012; van Pelt and others,
2013). The simulation is a transient run until 2000, and
then the bed was adjusted by half the difference between
modelled and observed surface elevation. The first iteration
started in 1800 with zero ice thickness, subsequent iterations
started in 1900. In the period 1952-2014 the mass balances
were calculated from the annual ELA. Before 1951, the
model was forced with an ELA history that makes the simu-
lated glacier area agree with the observed glacier area in
year 2000. The iterative procedure was performed until
further bed elevation updates did not improve the simulated
surface elevation.

The future glacier evolution was calculated by forcing the
ice-dynamics model with the ELA derived from the surface
mass-balance model, which was forced with the RCP 4.5
and RCP 8.5 scenarios for the period 2015-99. The spin-up
of the model was initiated in 1702. Thereafter the model
was run with the modelled ELA from 1952 to 2099.

To validate the obtained glacier areas, we manually
derived the outlines of the glacier extents from a Landsat
image (from August 1977) and a from a Sentinel image
(from October 2016). Both images were downloaded from
the USGS Glovis (https:/glovis.usgs.gov).

RESULTS

Glacier area and volume

The simulated glacier geometry and surface velocity agree
well with the observations by Azam and others (2012),
who measured ice thickness and surface velocity at four
cross sections on the main flowline. Our modelled
maximum ice thickness does not fit very well to the observa-
tions at every cross section (Fig. 3), which can be ascribed to
the parametrization of the bed geometry with a trapezoid.
The agreement between observed and modelled cross-sec-
tional area is good, and the modelled value is within the
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measurement uncertainty on three of the four cross sections.
Also, the modelled surface velocity is close to the observed
surface velocity. As the modelled cross-section area and
the velocity are close to the observations, the modelled ice
flux seems to correspond well with the real ice flux. The
results revealed only small area changes for Chhota Shigri
glacier in the period 1951-2014, which corresponds with
observed area change for the period 1977-2016 (Fig. 4a).

The uncertainty of the validation data is approximately in
the same range as the area mismatch. The uncertainty in the
Landsat images from 1977 is larger than the uncertainty of
the Sentinel image from 2016, due to much lower resolution
in the Landsat images. Forced by the climate scenarios RCP
4.5 and RCP 8.5, the model predicted a decrease of the
glacier area in the period 2015-50 of ~1 km? for the RCP
4.5 scenario, and ~2 km? for the RCP 8.5 scenario. A strong
decrease of glacier area was predicted in the period 2050—
99, however with large differences between the two used
climate scenarios: a decrease of 35% to ~10 km* for the
RCP 4.5 scenario and a decrease of 70% to <5 km? for the
RCP 8.5 scenario.

The reduction of the glacier area is a consequence of the
simulated decrease in glacier volume (Fig. 4b). The modeled
reduction in glacier volume was even stronger than for the
glacier area, with a glacier wastage of ~70% (RCP 4.5) to
90% (RCP 8.5) by the end of the 21st century relative to
the year 1950.

Glacier mass balance

The simulated mass balances for Chhota Shigri glacier in
1951-2014 are similar to the results of Engelhardt and
others (2017), where the same data input was used but
who applied a constant glacier surface (reference surface)
for the entire period. In the period 2015-99, the simulated
mass balances show little differences between the two
climate scenarios (Fig. 5). However, with a negative annual
mass balance average of 0.4 (+0.3) m w.e. a! the glacier
area continues to shrink until the end of the model period.
Negative mass balance and the shrinking glacier area
were due to an increasing average ELA during the simulation
period (Table 3). In the last three decades, the ELA has
already increased from 5011 m a.s.l. (1951-80) to 5054 m
a.s.l. (1981-2010). However, the further increase of the
ELA is dependent on the climate scenario. The RCP 4.5 scen-
ario suggests a moderate increase of the ELA to about 5100 m
a.s.l. (2011-40) and 5200 m a.s.l. (2070-99). The RCP 8.5
scenario suggests higher ELA by 50 m in 2011-40 and a
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Fig. 3. Simulated maximum ice thickness, glacier cross sections and surface velocity along the main flowline, compared with results by Azam

and others (2012).
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Fig. 4. Simulated glacier area (a) and glacier volume (b) using input from historical time series for 1951-2014 (black) and input from RCP 4.5

(blue) and RCP 8.5 (red) scenarios for 2015-99.

further increase by 250 m in 2070-99, resulting in ELA as
high as 5400 m a.s.l.

Runoff

The average annual runoff show a large interannual variabil-
ity with values between +1.3 and +2.6 m w.e. a' (Fig. 6a).
Average runoff in the historical simulation increased from
the period 1951-80 to 1981-2010 from 1.86 (+0.2) to 2.05
+£0.2) m w.e. a~'. Thereafter, and until the end of the future
projection, annual runoff remained rather constant at ~2.0
(0.2) m w.e. a’, independent of the climate scenario
(Table 4). In both climate scenarios, the average contribution
of snowmelt to annual runoff increases from 50 in the histor-
ical simulation to more than 60% for 2011-99 (Table 4), but
shows more interannual variability, especially in the RCP 8.5
scenario (Fig. 6a).

After an initial increase, the glacial melt contribution
reaches a peak in the period 1981-2040 (Fig. 6). Then it
decreases from ~30 to 20% by the end of the simulation
period. However, this decrease is simulated to occur earlier
for the RCP 8.5 scenario where the decrease is already
evident during the period 2041-70 (Table 4). For the RCP
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Fig. 5. Simulated seasonal and annual glacier mass balances of
Chhota Shigri using input from historical time series for 1951-
2014 (black) and input from RCP 4.5 (blue) and RCP 8.5 (red)
scenarios for 2015-99, based on annually updated glacier areas.
Annual values are presented by thin lines, whereas the bold lines
represent the 31-year moving average.
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4.5 scenario, the decrease in glacial melt contribution is
not visible before the 2070-99 period.

August runoff increased by 0.5 m w.e. a~' until ~2030
(Fig. 6b). Thereafter, August runoff was simulated to
decline. This decline is more pronounced in the RCP 8.5
scenario. The glacier contribution to runoff in August is
~50% (Table 4), but shows a high interannual variability.

Annual runoff remains rather constantduring the simulation
period. However, there is a visible shift of runoff towards earlier
in the year (Fig. 7). July runoff peaks at ~6-7.5m w.e. a”' in
all periods and both climate scenarios. The largest percental
changes however are evident in May. In this month, the RCP
4.5 scenario suggests a doubling of the monthly runoff from
~1 to 2m w.e. a~', and results with the RCP 8.5 scenario
shows even a tripling with more than 3 m w.e. a™' in the
period 2070-99. A similar runoff increase was simulated for
June. In the historical simulation, runoff was ~3 m w.e. a™
In both climate scenarios, runoff was simulated to increase
to ~5m w.e. a'. In July, the RCP 4.5 scenario suggests an
almost constant runoff of ~7 m w.e. a~'. Using RCP 8.5 scen-
ario, a slight increase in the period 2011-40 is followed by a
decrease until the end of the simulation period. After 2070,
runoff is modeled to a level below current values. For
August and September, a decrease in monthly runoff was
modeled in both climate scenarios. The decrease is most
prominent in August when the RCP 8.5 scenario suggests a
decrease from 6.6 (2011-40) to 4.7 m w.e. a~' by the end of
the simulation period (Fig. 7b).

DISCUSSION

The parameter of this study were taken from Engelhardt and
others (2017), where they were calibrated by the available
glacier mass-balance measurements (2003-14) and vali-
dated both by geodetic measurements for different time
periods, and by runoff measurements (2010-13). The uncer-
tainty to the regional climate model input was also evaluated
in the study Engelhardt and others (2017) by modeling mass
balance and runoff for the periods where there is overlapping
meteorological input available. The uncertainty of the glacier
mass balances due to differences among the RCM time series
was calculated to 0.32 m w.e. a~' between the RCA4 and
REMO time series, and 0.11 m w.e. a_' between the REMO
and WRF time series. The uncertainty to the model parameter
was calculated to 0.08 m w.e. a'. The runoff uncertainties
due to differences among the RCM time series were
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Table 3. 30-year averages, averaged over the whole catchment area of Chhota Shigri glacier, of glacier area and its relative extend in the
catchment, average equilibrium line altitude (ELA), simulated annual mass balances (B,), annual temperature (T,), annual precipitation
(P,), summer (June-September) precipitation (Ps) and its contribution to annual precipitation)

Period Glacier area Glacier share ELA B, T, P, P P
km? % m a.s.l. mw.e. a” °C mw.e. a” mw.e. a" %
Historical time series
1951-1980 16.4 47 5011 —-0.27 —8.7 1.852 0.440 24
1981-2010 16.1 46 5054 —0.40 —-7.6 1.868 0.406 20
RCP 4.5 scenario
2011-40 15.5 45 5096 —0.45 —6.4 1.824 0.372 20
2041-70 14.0 40 5182 —0.43 =55 1.809 0.379 21
2070-99 11.7 34 5212 —0.28 -5.0 1.903 0.385 20
RCP 8.5 scenario
2011-40 15.4 44 5147 —0.55 —6.2 1.715 0.348 20
2041-70 13.0 37 5234 —0.34 —4.9 1.827 0.371 20
2070-99 7.8 22 5408 -0.39 -3.3 1.785 0.406 23

calculated to +0.1 m w.e. a~' and +5% for the contributing
sources. Additional uncertainties due to the model para-
meters are ~+0.1 m w.e. a”' for each of the average annual
runoff values and ~+3% for the contributing sources.

Further uncertainty is related to long simulation and the
importance of local effects on temperature lapse rate or precipi-
tation gradients (Mandal A, Ramanathan A, Engelhardt M and
Nesje A, unpublished) that might not be represented sufficiently
in the RCM output. The temperature and precipitation gradients
were directly retrieved from the RCM output, which could have
led to inaccuracies of local mass-balance gradients.

The low melt threshold factor (T,,,in Eqn (1)) of — 1.9 (+ 0.6) C
reflects the typical situation of many areas in the Himalayan
mountains where melt occurs on days with positive tempera-
tures during daytime, while daily average temperatures are
yet below freezing point. The need for a lower melt threshold
temperature in these situations was also discussed by van den
Broeke and others (2010) conducted for western Greenland,
where it was suggested to use threshold temperatures down
to —5°C.

Uncertainty is also related to the temperature and precipi-
tation input in the years 1951-88, which only were available
at 50 km horizontal resolution that is too coarse for brief pre-
cipitation events to be resolved adequately. These time series
are based on a global climate model and not on ERA-Interim
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reanalysis time series. Due to the large overlapping period of
17 years (1989-2005) with the REMO data that are based on
ERA-Interim, we achieved a suitable bias correction of these
input time series. The small change in annual precipitation
over the simulation period is in line with other studies for
the Western Himalayan region (e.g. Dimri and Dash,
2012). However, Immerzeel and others (2013) concluded
that the largest future runoff uncertainty is due to uncertain-
ties in projected precipitation. The stochastic nature of the
meteorological variables is a larger source of uncertainty
for average runoff than the uncertainty of the RCM output
in the future (Ragettli and others, 2013).

A rising ELA implies that more of the winter accumulation
is melting during summer, leaving less snow behind that can
form firn and new glacier ice that eventually flows down to
the ablation area. The large increase in the ELA in this
study is in line with the results of Soncini and others (2015)
in the Karakoram area. Changes in glacier mass balance by
this study are related to changes in temperatures, which are
expected to increase by 2.6°C (RCP 4.5) or 4.3°C (RCP 8.5),
whereas annual precipitation remains almost unchanged
(Table 3).

The negative annual glacier mass balance in the period
1951-2015 indicates that the glacier is already not in equilib-
rium with current climate conditions. Even with a smaller area

b 1o August
T‘: “ll 1I~L\ |
g 6 l l l II' |d[. || Imului.wh,- (\\
£ 7 Al
e 4 | IJ'| l. Y \
g ll-l] “p"" ] i
& TV [f]l, rlllllli'lu Ll (I

; r ' ‘|| u l I F‘

10950

2000 2050 2100

Year

Fig. 6. (a) Annual runoff, snowmelt (middle curve), and glacier melt (lower curve), and (b) August runoff, and glacier meltin 1951-2099. The
simulations are based on input from historical time series (black curves) and from climate scenarios RCP 4.5 (blue curves) and RCP 8.5 (red
curves) for 2015-99. Annual values are presented by thin lines, whereas the bold lines represent the 31-year moving average.
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Table 4. 30-year averages of simulated annual runoff, annual runoff sources, August runoff and August glacial melt for the catchment of

Chhota Shigri glacier

Annual snow
melt contribution

Period Annual runoff

Annual glacier
contribution

Annual rain
contribution

August runoff August glacier

contribution

-1

—1

—1

m a m a % m a % m a % m a %
Historical time series
1951-1980 1.86 0.92 49 0.59 32 0.34 19 5.87 45
1981-2010 2.05 1.07 52 0.68 33 0.30 15 6.15 47
RCP 4.5 scenario
2011-40 2.01 1.18 59 0.66 33 0.17 08 6.45 49
2041-70 2.03 1.23 61 0.58 29 0.22 11 6.00 50
2070-99 2.02 1.35 67 0.42 21 0.25 12 5.48 41
RCP 8.5 scenario
2011-40 2.02 1.18 59 0.66 33 0.18 09 6.60 52
2041-70 1.96 1.28 65 0.43 22 0.25 13 5.47 43
2070-99 2.02 1.23 61 0.44 22 0.35 17 4.67 50

loss of 35% using the RCP 4.5 scenario (the so-called climate
stabilization scenario), the glacier ice volume will greatly
decrease by 80% until the end of the century. The effect of
debris cover on glacier area changes is not considered.
However, Chhota Shigri is a clean glacier compared with
other glaciers in the Himalayan mountains (Ramanathan,
2011), with only the lower parts of the glacier tongue (~3%
of the glacier area) covered by debris. Since thin debris
cover enhances, while thicker debris cover prevents melt
(Scherler and others, 2011), the long-term evolution of
glacial melt and corresponding glacier area changes might
diverge from the model results.

Immerzeel and others (2013) calculated an increase in
meltwater runoff for two watersheds in the Western and
Eastern Himalaya at least until 2050. Our results do not
show such an increase for the annual runoff sums during
the 21st century (Fig. 6a). August runoff peaks already in
the period 2011-40 with both a slightly higher peak and a
stronger decline after 2040 for the RCP 8.5 scenario
(Fig. 6b). This change in runoff contribution is due to a shift
of meltwater production towards less glacial melt and
increased snow melt. With increased air temperatures in all
months, the onset of snow melt occurs earlier in the
season. Decreased glacier area provides less glacial melt in
late summer when less snow is available for melt.

The high interannual variability of glacial melt in August
illustrates the balancing effect of a glacier within a
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catchment. Annual total runoff shows much lower variability
(Fig. 6b) since glacial melt is higher in warm and dry
summers, and lower in cool and wet summers. A further
decrease in glacier area however will eventually result in
more variable annual runoff, and especially more variable
late summer runoff.

CONCLUSION

The mass balance of Chhota Shigri glacier and runoff in its
catchment area were simulated in the period 1952-2099.
The average annual mass balances of Chhota Shigri were cal-
culated to on average negative (-0.4 = 0.3 m w.e. a " for the
whole model period. Annual runoff was calculated to on
average ~2.0 (x0.2) m w.e. a”'.

Average annual precipitation did not change much during
the simulation period, but average annual air temperature
increased by ~3.7°C (RCP 4.5) or 5.4°C (RCP 8.5). This led
to a decrease in glacier area and to an increase in runoff in
early summer, and a decrease in runoff later in the year as
less glacial melt occurs. According to these results, especially
in late summer runoff becomes more vulnerable to variations
in summer temperatures and summer snowfalls, which alter
the contribution of glacial melt to runoff.

The retreating glacier will show a major change in sea-
sonal meltwater runoff. A continuation of the surface mass-
balance measurements is therefore essential, since longer
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Fig. 7. Monthly runoff (solid lines) and from glacial melt (dashed lines) in (a) the RCP 4.5 scenario, and (b) the RCP 8.5 scenario, averaged over

five 30-year periods between 1951 and 2099.
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time series of uninterrupted measurements will improve
model calibration. There is also a necessity to extend the
model approach to other glaciers in the region since the
simulation of glacier mass balance and runoff for larger
regions is essential to estimate future evolution of the runoff
regime further downstream close to settlements and agricul-
tural areas in the coming decades.
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