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The hydrology of high-elevation watersheds of the Hindu Kush-Himalaya region (HKH) is poorly known.
The correct representation of internal states and process dynamics in glacio-hydrological models can
often not be verified due to missing in situ measurements. We use a new set of detailed ground data from
the upper Langtang valley in Nepal to systematically guide a state-of-the art glacio-hydrological model
through a parameter assigning process with the aim to understand the hydrology of the catchment
and contribution of snow and ice processes to runoff. 14 parameters are directly calculated on the basis
of local data, and 13 parameters are calibrated against 5 different datasets of in situ or remote sensing
data. Spatial fields of debris thickness are reconstructed through a novel approach that employs data
from an Unmanned Aerial Vehicle (UAV), energy balance modeling and statistical techniques. The model
is validated against measured catchment runoff (Nash-Sutcliffe efficiency 0.87) and modeled snow cover
is compared to Landsat snow cover. The advanced representation of processes allowed assessing the role
played by avalanching for runoff for the first time for a Himalayan catchment (5% of annual water inputs
to the hydrological system are due to snow redistribution) and to quantify the hydrological significance
of sub-debris ice melt (9% of annual water inputs). Snowmelt is the most important contributor to total
runoff during the hydrological year 2012/2013 (representing 40% of all sources), followed by rainfall
(34%) and ice melt (26%). A sensitivity analysis is used to assess the efficiency of the monitoring network
and identify the timing and location of field measurements that constrain model uncertainty. The
methodology to set up a glacio-hydrological model in high-elevation regions presented in this study
can be regarded as a benchmark for modelers in the HKH seeking to evaluate their calibration approach,
their experimental setup and thus to reduce the predictive model uncertainty.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction into the present composition of runoff and interactions between

climate, glaciers, snow and soil.

The Hindu Kush-Himalaya region (HKH) holds the largest vol-
ume of ice outside the polar regions and thus stores important
freshwater resources [36]. Climate change is expected to have sig-
nificant consequences on snowmelt and glacier runoff across the
region (e.g. [42,53]). Understanding the present hydrological
regimes and climatological and glaciological processes of high-
elevation catchments is thus vital. This requires better insights

* Corresponding author at: ETH Zurich, Institute of Environmental Engineering,
Stefano-Franscini-Platz 5, 8093 Zurich, Switzerland. Tel.: +41 44 633 27 30.

E-mail address: ragettli@ifu.baug.ethz.ch (S. Ragettli).

http://dx.doi.org/10.1016/j.advwatres.2015.01.013
0309-1708/© 2015 Elsevier Ltd. All rights reserved.

Our knowledge of high-altitude snow/ice and its response to cli-
mate is still incomplete [10,16]. In the Himalayas, fieldwork is dif-
ficult due to the remoteness of glaciers as well as logistical,
financial and political obstacles. For this reason, in recent years
the focus has been on remote sensing approaches used to recon-
struct snow cover, frontal and areal changes of glaciers and ice
volumetric changes (e.g. [29,46,83]). However, in the light of
possible changes in the snow- and glacier-energy balance due to
climatic changes, there is a strong call for more in situ
measurements across the Himalayas and models that integrate
those data in space and time [10,16,77]. Local processes and effects
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that are difficult to study using remotely sensed data could explain
regional differences and temporal changes in glacier mass balance
across the region, such as the glacier expansion in the central
Karakorum known as the ‘Karakorum anomaly’ [33]. Recent
studies on the spatial variability of glacier extension and mass
balance across the HKH point at the importance of varying
monsoon and westerly winds influence on the local climate
[46,93], but also of gravitational redistribution of snow, glacier
flow dynamics and the interplay between glacier surface
characteristics such as debris cover and albedo, topography and
energy fluxes reaching the glacier surface [34].

Glacio-hydrological models are indispensable tools to study
these effects and to understand the characteristics of a catchment
and its response to climate. They are however subject to a num-
ber of factors that complicate their applicability in high elevation
regions: (i) the lack of representative data to force the models
[37,67], (ii) simplifications in model structure due to insufficient
process understanding and the scarcity of detailed information
about glacio-hydrological processes [37] and (iii) parametric
uncertainty due to insufficient quality or paucity of data for mod-
el calibration and validation (e.g. [75]). A growing number of
studies have assessed the relation between snow- and/or glacier
changes and runoff production at the catchment scale in the
HKH using models (e.g. in the Central Himalaya:
[41,42,48,49,59,70], or in the Karakorum: [9,66,75]). However,
the applied models were calibrated using a maximum of two
response variables (usually runoff and/or remotely sensed snow
cover). Many studies have not included observations about the
cryosphere other than initial glacier outlines (e.g. [59,70,75]).
The use of only one or two response variables increases the risk
that many combinations of parameters yield the same result,
which leads to a large degree of predictive uncertainty [8]. Also,
most previous modeling studies do not use meteorological data
from stations above 4000 m asl - where most glaciers are. Finally,
data scarcity is also the reason why the effect of variable debris
thickness on glacier melt is rarely considered and why there is
no previous modeling study in the HKH region which reproduces
observed avalanche patterns.

The present study has two main goals. First, to provide high
resolution (temporally and spatially) simulations of the full water
balance of a high-elevation catchment in the HKH to improve our
understanding of the role of cryospheric processes for streamflow
generation. These simulations (i) incorporate high elevation data
as model inputs, (ii) make use of state-of-the art algorithms to
model the relevant processes, and (iii) use local data to constrain
parametric uncertainty and limit equifinality problems. The second
goal is to provide recommendations on network design and the
timing and location of field measurements, in order to collect the
data that can be most efficiently used to constrain the uncertain-
ties of the glacio-hydrological model. For this purpose we devel-
oped an approach that assesses the capacity of model parameters
and variables to explain uncertainty in a given model output
[75]. For the present study this approach is also used to assess
the effectiveness of ongoing monitoring programs within the study
catchment, the upper Langtang catchment in Nepal.

This study presents thus a methodological framework to set up
a glacio-hydrological model for a high-elevation Himalayan
catchment. We make use of a unique set of ground data combined
with high resolution satellite observations to inform our choice of
model parameters. Through advanced high-resolution modeling
we provide a fundamental understanding of the role of individual
processes for streamflow generation in a Himalayan head-water
catchment. The methodology enables a detailed assessment of
the state of the glaciers within the catchment, their role in
runoff production and the processes controlling their response to
climate.

2. Study area and climate

This study focuses on the upper Langtang catchment, located
approximately 50 km north of Kathmandu, Nepal (Fig. 1). The

catchment has an area of 350 km?, with a total glacier portion of
33.8%, of which 27% are debris covered. Only at the less steep
slopes along the main river sparse forest and grassland exists
(approximately 1.5% of the catchment area [48]). Boulders and
scree cover the steep slopes and high plateaus. The outlet of the
upper Langtang catchment is at 3650 m asl (Fig. 1a).

The tongues of the largest glaciers within the catchment are
debris covered (Table 1). Field observations indicate that the com-
position of the debris layer is highly heterogeneous, from very fine
silt to large boulders exceeding several meters in height. The lar-
gest glacier is Langtang Glacier, in the northeast of the catchment.
The Lirung Glacier, with the greatest elevation range (4040-
7180 m asl) has been the site of several glaciological investigations
in the past [57,78-80]. Other glaciological studies focused on Yala
Glacier, a non-debris covered glacier [1,4,22,24,25,88]. Glacieriza-
tion and snow cover in the catchment have been documented by
lida et al. [38], Shiraiwa et al. [84] and Steinegger et al. [86] and
more recently by Pellicciotti et al. [68].

The climate in the Langtang valley is monsoon dominated and
approximately 70% of the annual precipitation falls during the
monsoon (mid-June-September, [43]). Outside of this period pre-
cipitation is limited and is produced by the occasional passage of
westerly troughs during post-monsoon (October-November) or
winter (December-February). Localized convective precipitation
events occur during the pre-monsoon (March-mid-June, [43]).
Seasonally, temperatures are highest during the monsoon, with ris-
ing (falling) temperatures during the pre-monsoon (post-mon-
soon) periods.

3. Data and methods

The modeling approach presented in this study aims at making
maximal use of in situ data for the estimation and calibration of
model parameters. The instruments that have been installed since
May 2012 and that provide data for this study are

e Two permanent automatic weather stations (AWSs) at Kyangj-
ing (AWS K, 3862 masl) and near Yala Glacier (AWS Y,
5090 m asl).

e A pluviometer and a sonic ranging sensor near Yala Glacier (Plu-
vio, 4831 m asl) [43].

e Two temporary AWSs on Lirung Glacier (AWS L-G, 4164 m asl)
and on Yala Glacier (AWS Y-G, 5204 m asl).

e Tipping buckets and temperature sensors (T-Loggers) installed
at various locations in the main valley [43].

e T-Loggers installed on Lirung Glacier.

o Stakes installed on Yala Glacier for mass balance observations
[4].

e Newly equipped hydrological stations for runoff measurements
at the outlet and near Lirung Glacier.

The characteristics and locations of the hydro-meteorological
stations are provided in Table 2. Locations are shown in Fig. 1. Sta-
tion data are complemented by data measured manually in the
field (debris thickness, snow density, terminus position of Lirung
Glacier). New rating curves were obtained in 2012 and 2013 for
Langtang Khola (at the outlet of the upper Langtang catchment)
and Lirung Khola (near Lirung Glacier) by tracer (constant-rate
injection) and current meter measurements and coincident obser-
vations of stream height from an automated pressure level trans-
ducer at Lirung Khola and a radar water level sensor at Langtang
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Fig. 1. (a) Map of the upper Langtang catchment showing the position of meteorological stations and streamgauges (Table 2), tipping buckets and temperature loggers,
ablation stakes and Landsat ETM+ derived supraglacial lakes. The numbers on the map indicate the locations of glaciers listed in Table 1. (b) Map of the glacier tongue of
Lirung Glacier. The Unmanned Aerial Survey System (UAV) range shows the area that has been mapped by airborne stereo imagery in May and October 2013. The debris
thickness values within the UAV range indicate reconstructed debris thickness, and outside the UAV range the randomly sampled reconstructed debris thickness.

Table 1

Names and characteristics of glaciers within the upper Langtang valley.
Name ID Area Elevation range Mean elevation  Debris Mean slope Main Mass balance  AAR  IC IC rank elev.

[km?] [m asl] [m asl] cover (%) (%) aspect [°] [m w.e./a] (%) rank  corrected

Langtang 1 57.1 4490-7160 5510 35 46 230 -0.13 55 9 12
Langshisha 2 16.8 4420-6840 5520 33 43 310 -0.21 50 7 10
Shalbachum 3 11.6 4210-6690 5380 37 49 147 -0.36 37 8 11
Lirung 4 113 4040-7180 5490 10 94 130 —0.80 22 6 3
Kimoshung 5 4.2 4400-6360 5610 0 39 215 0.69 83 10 6
Langshisha Ri 6 2.7 4970-6270 5770 0 47 191 0.52 78 12 7
Yala 7 1.6 5170-5630 5370 0 42 211 -0.17 44 3 5
Ghanna 8 14 4720-5860 5150 56 45 71 -0.57 24 5 9
Urkin Kangari 9 13 5110-5450 5300 0 23 11 -0.92 13 1 2
Gangchenpo 1 10 13 4990-5880 5450 0 46 292 0.58 56 4 4
Kanja La 11 1.2 5100-5830 5320 0 29 45 -0.71 28 2 1
Gangchenpo 2 12 11 5140-6300 5760 0 72 220 0.16 29 11 8

Only glaciers with an area larger than 1 km? are shown. Locations of glaciers are indicated in Fig. 1a. Mass Balance, Accumulation area ration (AAR) and information content
(IC) ranks are modeling results that correspond to the model setup tested by case 8 (Table 4). Slope is the ratio between vertical and horizontal distance, Aspect is expressed
clockwise from north.

Table 2

Characteristics and location of the hydro-meteorological stations used in this study.
Station Code Elevation (m asl) Latitude Longitude Location Period of functioning
AWS Kyangjing AWS K 3862 28.2108 85.5695 Kyangjing village 01 May 2012-17 Nov 2013
AWS Lirung Glacier AWS L-G 4164 28.2349 85.5613 Lirung Glacier tongue 13 May 2012-25 Oct 2012,

9 May 2013-23 Oct 2013

AWS Yala AWS Y 5090 28.2325 85.6121 Close to Yala Glacier 01 May 2012-17 Nov 2013
AWS Yala Glacier AWS Y-G 5204 28.2352 85.6127 Yala Glacier ablation area 7 Jun 2012-20 Jun 2012
Pluviometer Yala Pluvio 4831 28.2290 85.5970 near Yala 08 May 2012-11 Jun 2013
Lirung Khola streamgauge Lirung Q 3971 28.2199 85.5617 Outlet Lirung subcatchment 1 May 2013-17 Nov 2013
Langtang Khola streamgauge Langtang Q 3652 28.2091 85.5475 Study catchment outlet 01 Apr 2012-17 Nov 2013

Khola. We also use remotely sensed data of snow cover (Landsat transfer model [50,94|. The UAV dataset is used to obtain
ETM+ and MODIS) and stereo imagery provided by an Unmanned high-resolution digital elevation models (DEMs) of Lirung
Aerial Vehicle (UAV). Landsat ETM+ data were atmospherically- Glacier that provide surface height changes and is described in
corrected via the LandCor implementation of the 6S radiative detail in [40].
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Fig. 2. Scheme of the methodology developed to estimate optimal model parameters for the upper Langtang valley making maximal use of available in situ data. Rectangular
boxes represent model parameters that are directly calculated using local data (blue hexagons). Those parameters are kept fixed during the calibration of other model
components - represented by gray rounded shapes - against the calibration datasets (red hexagons). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

Sections 3.2-3.9, describe how the data are used by the model
as input, for parameter estimation and for model validation. An
overview about how the local data are used for calibration of TOP-
KAPI-ETH parameters is provided in Fig. 2.

3.1. The glacio-hydrological model TOPKAPI-ETH

The model used in this study is the process-oriented, distribut-
ed model TOPKAPI-ETH. The model has been applied in numerous
hydrological studies of high-elevation watersheds in the Andes
[73,74], Alps [18-20] and Karakorum [66,75]. In this study, TOP-
KAPI-ETH is applied with a grid resolution of 100 m and an hourly
temporal resolution. In comparison with previous TOPKAPI-ETH
applications, the model structure is identical except for the new
glacier debris component, which now allows taking into
account the effect of a spatially variable debris thickness on melt.
The most important model components and parameters are listed
in Table 3. Details about the model components are presented in
Sections 3.3-3.8.

3.2. Input data

The model requires air temperature, precipitation and cloudi-
ness as input data. Hourly temperature and precipitation are mea-
sured in Kyangjing (Fig. 1) at AWS K and extrapolated to every
model grid cell (see Section 3.3). The ratio of measured incoming
shortwave radiation and modeled potential clear-sky radiation at
AWS K is used to calculate cloud transmissivity (CT) factors. Poten-
tial clear-sky global irradiance is simulated with a non parametric
model based on Igbal [44] accounting for the position of the sun
relative to every grid cell at each time step. The vectorial algebra
approach proposed by Corripio [17] is used for the interaction
between the solar beam and terrain geometry. The hourly CT fac-
tors, which are constant in space, multiply the modeled clear-sky
incoming shortwave radiation.

The high temporal resolution chosen constrains the possible
simulation period, as AWS K providing the hourly input data was
installed on 1 May 2012. We use the period between 1 May 2012

and 17 Nov 2012 to initialize the model. The annual water balance
and runoff simulations are calculated for the period 18 Nov 2012-
17 Nov 2013.

3.2.1. DEM, glacier and debris maps

A 30m resolution ASTER Global Digital Elevation Model
(GDEM) dataset (available on <http://gdem.ersdac.jspacesystems.
or.jp>) resampled to 100 m resolution is used in this study. The
vertical accuracy is between 10 and 15 m in area with slopes less
than 30° [26,60].

For the debris covered glaciers in the valley, accounting for 82%
of the total glacier area, the debris and glacier maps are provided
by Pellicciotti et al. [68], where glaciers were manually delineated
using three Landsat scenes from 2008, 2009 and 2010. For other
glaciers, we use information from two available regional glacier
maps: (i) a map based on a semi-automated object-based classifi-
cation method using Landsat TM7 imagery around the period 2003
[3]; and (ii) a map of manually delineated glacier outlines based on
Landsat images taken from 1999 to 2003 [61]. The final glacier and
debris maps are shown in Fig. 1a. Since the simulation period in
this study is only 1.5 years, no changes of glacier or debris area
over time are assumed.

3.3. Extrapolation of meteorological input data

Temperature is extrapolated to every grid cell using hourly
lapse rates calculated between air temperature measured at AWS
K (3862 m asl) and AWS Y (5090 m asl). Seasonal and diurnal vari-
ability of temperature lapse rates in the Langtang valley are dis-
cussed in detail by Immerzeel et al. [43].

To account for the cooling effect of snow and ice surfaces, when
extrapolated air temperatures over these surfaces are above 0 °C,
the lapsed air temperatures are corrected with the parameter
Tinod- Tmoa iS constant and calculated from the mean difference
between air temperature extrapolated at AWS Y and measured at
AWS Y-G (Table 3). Local air temperature variations over debris
are also accounted for with a constant parameter (Tpoddebris ), @S deb-
ris has been shown to warm up to very high values during the day
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Table 3

Summary of all TOPKAPI-ETH parameters that are included in the calibration scheme (Fig. 2).

Name Unit Description

Value(s) Reference or

Comments

calibration data

Distribution of meteorological input

Values as in [43]
Values as in [43]

Measured hourly lapse rates

Mean difference between lapsed temperatures from AWS Y and
measured at AWS Y-G; standard deviation 0.46 °C

Mean temperature difference between lapsed temperatures and

PGv o km~! Vertical precipitation gradient Seasonal AWS K, Pluvio,
Tipping buckets
PGh o km~! Horizontal precipitation gradient Seasonal AWS K, Pluvio,
Tipping buckets
LR °Cm-! Temperature lapse rate Hourly AWSK, AWSY
Trod °C Temperature decrease over snow 0.71 AWS 'Y, AWS Y-G
and bare- ice
Tinoddebris °C Temperature increase over 0.75 AWS K, Lirung
glacier debris T-Loggers

Avalanching

SGRg, SGR¢ m, — Snow holding depth dependent 250,

on the slope angle; exponential 0.17245
regression function
Snow-& ice melt
o - Albedo of fresh snow 0.83 AWS Y
0l - Decay of snow albedo 0.34
Olreset mm d-! Threshold precipitation rate to 1 AWS Y
reset snow albedo
Olglacier - Albedo of bare-ice (glacier 0.25 AWS Y-G
surface)
SRF ETI melt model (Eq. (1)) 0.00625 Yala MB, Lirung Q
TF ETI melt model (Eq. (1)) 0.18
Tr, Py °C Threshold temperature for melt 1 Literature

onset and for for precipitation
state transition

Subdebris ice melt

Landsat snow cover

AWS 'Y, Yala stakes

Yala MB, Lirung Q

interpolated temperatures between Lirung T-Loggers, debris
covered Lirung Glacier tongue, 1 May-30 Sep 2013. Standard
deviation over 117 grid cells: 0.07°C

Calibration against avalanched snow cover on the Lirung debris
covered glacier tongue, 9 and 25 Oct 2013: mean difference in snow
cover 0.01 km? or 6.25%

Mean measured fresh snow albedo at AWS Y of 12 snowfall events
in 2013; standard deviation 0.04

(1) Calibration simulated against measured albedo at AWS Y, 20
April-24 June 2013, RMSE 0.16. (2) calibration against Yala MB
(Fig. 4)

Minimum precipitation rate of 12 observed snowfall events in 2013
at AWS'Y

Mean measured value; standard deviation 0.03

Calibration results in Fig. 4

Calibration results in Fig. 4

With daily time steps often around 0°C [11,39,48], but higher
values with hourly time steps (snow depth observations by sonic
ranging sensor and measured temperatures at Pluvio)

Calibration results in Figs. 3 and 4

Calibration results in Figs. 3 and 4

Calibration results in Figs. 3 and 4

Median of measured debris albedo at AWS L-G, 10 May to
22 Oct 2013, standard deviation 0.03
See Fig. 4

Calibration results in Fig. 4
Calibration results in Fig. 4

Calibration against measured actual evapotranspiration (ETA) in
Kyangjing by Sakai et al. [81], 15 July-29 August 1996. Simulated ETA
during the same period in 2013: 95.3% of measured ETA in 1996

TF4, TEg Debris-ETI melt model (Eq. (2) 0.03, 0.8 AWS L-G, Energy
and (4)) balance melt model
(EB model)
SRF41, SREg; Debris-ETI melt model (Eq. (2) 0.005,7 AWS L-G, EB model
and (5))
lagy, lag, m~!, - Debris-ETI melt model (Eq. (2) 16, 2 AWS L-G, EB model
and (3))
Oldebris - Debris albedo 0.15 AWS L-G
d m Debris thickness 0.1-2.5 UAV, EB model,
field data Lirung
Glacial meltwater routing
Kice h Storage constant for ice melt 72 Lirung Q
Ksnow h Storage constant for snowmelt 240 Lirung Q
on glaciers
Evapotranspiration
CropF - Crop factors of 0.05- Literature
evapotranspiration 1.30
ET gebris % Evaporation from glacier debris, 25 Literature

per mm monsoon precipitation

Value adopted from Sakai et al. [81]

[13]. The correction is based on observations at temperature log-
gers installed on Lirung Glacier during the monsoon period in
2012 and 2013 (Fig. 1b, Table 3).

Seasonal horizontal and vertical precipitation gradients are tak-
en from [43]. The study found vertical precipitation gradients in
the Langtang valley with between 31%-53% precipitation increase
per kilometer vertical distance, depending on the season of the
year. The horizontal valley gradient was derived from precipitation
data recorded at tipping buckets (Fig. 1a) installed in the upper
Langtang valley but was found to be relatively weak (mostly less
than +0.6% per kilometer). Previous modeling studies
[41,42,48,49] have used a stronger horizontal valley gradient of

—3% km ', based on observations by Shiraiwa et al. [84]. No new
data are available in the eastern half of the catchment (Fig. 1a),

and the observations by Shiraiwa et al. [84] are only based on snow
pack data from five locations in the winter 1989/1990. Thus, we
test the effect on simulated streamflow and snow cover of different
assumptions of horizontal precipitation gradients upstream of the
easternmost tipping bucket (Numthang), after calibration of all
other model parameters. The horizontal precipitation gradients
are tested independently for pre-monsoon/monsoon (March-
September) and for post-monsoon/winter (October-February).

3.4. Avalanching

Gravitational snow transport is modeled using the approach by
Bernhardt and Schulz [7], where a maximum snow holding depth
is defined as an exponential function of slope. Snow exceeding
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the threshold depth is moved to the next model grid cell down-
wards. The two parameters of the exponential regression function
(SGR,, SGR(¢) need to be calibrated. Since for safety reasons it is
impossible to measure the maximum snow holding depth in the
field, modeled avalanche patterns are calibrated against Landsat
ETM+ snow cover (SC) data at the upper end of the debris covered
Lirung Glacier tongue. The area above Lirung tongue has a mean
slope of more than 100% and ranges from 4500 to 7200 m asl. It
is known from field observations that avalanches are very common
at this location after major snowfall events and avalanche cones
are large enough to be identified by Landsat 30 m resolution ima-
gery. Two Landsat SC images from October 2013 are chosen for
comparison (October 9th and 25th). Twelve more images from
2013 would be available, but are not suitable for comparison due
to clouds or extensive snow cover. The scene from 9 October
2013 shows only 1.4% snow cover in the catchment for the eleva-
tion range 4365-4520 m asl (which comprises the upper end of
Lirung tongue), while at the same elevation on Lirung Glacier
71.4% of the area was snow covered. For calibration of the
avalanching model component, TOPKAPI-ETH is run for more than
150 possible parameter combinations of SGR, and SGR¢. Other
model parameters are independently defined (Fig. 2) and main-
tained constant. The optimal parameter combination is determined
by choosing the model run which shows the lowest mean differ-
ence in total snow cover over the debris covered tongue.

To constrain the possibility that the simultaneous calibration of
snow and bare-ice melt parameters (Section 3.5) affects the
calibration of gravitational snow transport parameters, we perform
several calibration iterations. The iteration loop ends when optimal
parameters SGR, and SGR¢ do not vary anymore from one iteration
to the next.

3.5. Snow- and bare-ice melt

Snow- and bare-ice (debris-free) melt is computed using an
Enhanced Temperature-Index (ETI) approach [64,65]:

M {TF-Ti+SRF-Ii-(1—O(,~) Ti=Tr
P =

1
0 T1<TT ()

Melt (M, mm w.e. h™1) in each grid cell i is a function of an air
temperature (T, °C) dependent term including an empirical tem-
perature factor TF (mm w.e. h™'°C~!) and a shortwave radiation
dependent term that uses the distributed incoming shortwave
radiation (I, Wm™2), an empirical parameter SRF (m?mm w.e. W2
h~') and snow or ice albedo (o). Ty is the threshold air temperature
for melt onset.

Bare-ice albedo is constant in space and is calculated as the
mean ratio of incoming and reflected shortwave radiation mea-
sured at AWS Y-G during June 2012. The decrease of fresh
snow albedo («;) is modeled as a logarithmic decay in function
of cumulated daily maximum positive air temperatures, controlled
by an empirical parameter o, [12]. Each time precipitation exceeds
a snowfall threshold rate o, Snow albedo is reset to ;. The para-
meters o1, o and s are estimated using data measured at AWS
Y. Details are provided in Table 3.

The parameters TF and SRF are calibrated simultaneously
against the observed mass balances at eight ablation stakes on Yala
Glacier and against measured runoff at the outlet of the Lirung
Glacier subcatchment (Fig. 2). The advantage of this approach is
that the uncertainty in parameter identification can be reduced
by evaluating the model against a number of responses represent-
ing different aspects of the hydrological functioning of the catch-
ment (e.g. [2]). The effect of potential measurement errors on
optimal parameters can also be mitigated [5].

Lirung runoff data are discussed in Section 3.7. The mass bal-
ance obtained from stake readings between 10 November 2011
and 3 November 2012 and the location of the stakes on Yala Glacier
are described in [4]. The present study uses stake readings from 3
November 2012, 8 May 2013 and 18 November 2013. The mass
balances calculated between 3 November 2012 and 8 May 2013
are not used for calibration, to prevent possible error compensa-
tion due to inaccuracies in simulated winter snow accumulation.

The parameter o, is also included in the calibration against Yala
mass balance observations (5190-5501 m asl), to obtain a second
estimate of snow albedo evolution. Albedo parameters are kept
constant when calibrating TF and SRF against Lirung runoff. There-
fore, an optimal o, is determined for each pair TF-SRF on the basis
of the Yala mass balance data, and this o, is then used for each pair
TF-SRF during calibration against Lirung streamflow.

3.6. Sub-debris ice melt

The presence of supraglacial debris strongly affects ablation
(e.g. [13,62,95]). For this study, TOPKAPI-ETH was modified to
account for the debris thickness feedback on melt. The sub-debris
ice ablation model implemented is based on work by Mabillard
[54] and has been tested on Miage and Arolla glacier in the Alps
[15]. Ice melt below debris is calculated using a modified version
of the ETI melt model that can take into account the melt reducing
effect of varying debris thickness and hereafter is called debris-ETI
(dETI) model:

TFy - Ti(t — lag) + SRFy - Li(t —lag) - (1 — o) T; > Tr

M;(t) =
() {0 T,‘<TT

@)

where M;(t) is simulated melt (mm w.e. h™1) for each grid cell i and
time step t, T is air temperature (°C), I is incoming shortwave
radiation (W m~2), o is debris albedo and Ty is the threshold air
temperature for melt onset. In contrast to the original ETI equation
(Eq. (1)), a parameter lag has been introduced. This parameter has a
unit h and varies in function of debris thickness, to take into
account that the effect of air temperature and shortwave radiation
on melt is temporally delayed by the debris:

lag = lag, - d — lag, 3)

where d is debris thickness (units of m) and lag, and lag, are two
empirical parameters. Both SRF; and TF,; (Eq. (2)) also vary with
debris thickness:

TFg = TFyy -d " (4)

SRFy = SRFy; - e~ SRFad (5)

TF4, TF4, SRFy; and SRF,, are empirical parameters which need to
be calibrated. The physics of the energy exchange between surface
and atmosphere and within the debris layer is best represented by
physically-based models. Energy balance (EB) models have very
good performance when high quality input data are available (e.g.
[65,76]), but their use is more questionable at the distributed scale
or with extrapolated data [28]. We therefore assume that a dEB
model provides the best estimates of ablation at the location of
AWS Lirung Glacier (AWS L-G). The dETI model is compared to the
debris-EB (dEB) model of Reid and Brock [76] at AWS L-G to ensure
appropriate parameter selection. To test the validity of the dEB model,
modeled surface temperatures were validated against measured data
[92]. This study uses the dEB results for a debris thickness range of
0.1-2.5m and for the period 19 May 2013-21 Oct 2013 (Fig. 3).
The parameters of the dETI model are calibrated against the outputs
of the dEB model by minimizing the mean of the root mean square
error of hourly melt rates for the tested range of debris thickness.
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Fig. 3. (a) Energy balance (EB) and debris-enhanced temperature index (dETI) melt model outputs for given debris thicknesses (simulations for the period 19 May 2013-21
Oct 2013). The dashed line represents the @strem curve that has been fitted to the results of the EB model. (b) Close-up view of model results corresponding to debris

thicknesses of 20, 50, 100 and 150 cm for the period 15-22 July 2013.

More than 350000 possible parameter combinations of
lag,, lag,, TFs, TF4, SRF4 and SRF4, were tested.

3.6.1. Debris thickness estimation

The surface properties of a debris covered glacier are highly
heterogeneous, with a rugged topography, ice cliffs and supragla-
cial ponds [6,68]. Ground-based observations of debris thickness
can only provide a rough estimate of the debris thickness distribu-
tion, and were conducted only on Lirung Glacier (the transects
where debris thickness was mapped are shown in Fig. 1b). The
debris was mostly too thick to be sampled by manual methods
(in 92.8% of all cases debris was thicker than 50 cm). Debris thick-
ness can be estimated by methods that are based on remote sens-
ing such as the ones described by Mihalcea et al. [55], Zhang et al.
[95], and Foster et al. [21] or by Fujita and Sakai [23]. Empirical
methods such as Mihalcea et al. [55] are site specific and require
large amount of in situ data for calibration. The more physically
based method by Foster et al. [21] failed to reconstruct the thick
debris of Lirung Glacier, likely because of the assumption of a lin-
ear temperature gradient within the debris and lack of knowledge
of surface temperature distribution [69]. In this study, we therefore
propose a new approach that makes use of several available data-
sets to map debris thickness.

First, two high resolution DEMs obtained from UAV flights at
the beginning (19 May) and at the end (21 Oct) of the ablation sea-
son 2013 are used to quantify the mass loss at Lirung Glacier gla-
cier between the two dates. The glacier surface height changes
are aggregated to the TOPKAPI-ETH 100 m grid and converted into
meter water equivalents (m w.e.) of melt assuming a density of ice
of 900 kg m 3. The @strem curve is derived using the dEB model at
the location of AWS L-G as described in Section 3.6. This curve
(equation indicated in Fig. 3a) is used to assign a debris thickness
to each TOPKAPI-ETH glacier grid cell in the UAV survey from the
cell ablation rate, assuming that the @strem curve is the same over
the entire tongue.

Vertical emergence of the glacier would cause an error in the
quantification of ice loss and therefore in the debris thickness esti-
mates. Overall this error is likely to be limited as the flow velocity
of the Lirung Glacier is very small [40]. However, there is a small
region near AWS L-G (Fig. 1b) where emergence occurs [40]. From
field observations we know that this area is characterized by thick
debris cover. In order to prevent unrealistic debris thickness values
due to very small elevation changes or increasing surface height,
maximum debris thickness is limited to 2.5 m.

The inverse @strem approach is used to calculate debris
thickness on the lower half of the Lirung Glacier tongue, in the area
covered by the UAV survey (Fig. 1b). Then, the thickness of all deb-
ris covered glacier areas are sampled from the debris thickness
estimates from Lirung Glacier, and satellite imagery is used to dis-
tinguish between the most important debris surface characteristics

for the random sampling. The presence of lakes and ice cliffs affect
the reconstructed debris thickness estimates, and they are taken
into account in an indirect way. A supraglacial lake map from
May 2012 is thus used to identify the concentration of supraglacial
ponds. A map of supraglacial cliffs is not available, thus we assume
that the fraction of cliffs correlates with the presence of lakes [95].
If a 50 m elevation band of a debris covered glacier includes supra-
glacial ponds, the debris thickness of those grid cells is sampled
randomly from 50 m elevation bands within the UAV survey area
that do include ponds. The same is done for 50 m elevation bands
that do not include ponds, and separately for the lowest 50 m
elevation band of each debris covered glacier, in order to account
for the effect of frontal ablation on reconstructed debris thickness.
The spatial density of supraglacial lakes and cliffs is thus used as a
proxy for spatial variations in the equivalent debris thickness when
sampling the debris thickness estimates from Lirung Glacier. The
supraglacial lake map is described in Pellicciotti et al. [68] and is
constructed from Landsat ETM+ multispectral data. The locations
of the ponds are indicated in Fig. 1a.

Few previous studies have shown a mild dependency of debris
thickness on elevation [21,47,95], but these relationships were all
obtained along one longitudinal profile neglecting the transverse
variability, which our field observations showed was large. At Lir-
ung Glacier, thick debris accumulated through rockfall and
avalanches appears right below the glacier cirque. On the basis of
our observations from the field a gradual increase of debris thick-
ness along the entire glacier is not evident for such glaciers. Due
the lack of an established functional dependence of thickness on
elevation or other topographical variables we thus apply the ran-
dom sampling approach described above. However, 12.9% of the
total debris covered area at the upper end of the tongues is exclud-
ed from the random sampling, and only a shallow debris thickness
of 0.1 m is assumed here (Fig. 1a) in accordance with the results of
Zhang et al. [95], who found that debris thickness varied between O
and 20 cm in the uppermost section of debris covered area. We
assign such shallow debris thickness to glacier area where a dis-
crepancy exists between the manually and a automatically [63]
delineated debris cover map, assuming that only the manual
method correctly classifies the shallow debris cover of such areas.

3.7. Glacier meltwater routing

Meltwater from the glacier is routed to the glacier outlet (i.e.
the lowest grid cell of the glacier) using the linear reservoir
approach, which has been commonly used for the transformation
of surface meltwater into glacier discharge (e.g. [32,45,73]). We
distinguish two reservoirs for snow and ice, respectively. The two
storage coefficients (Ksuy and Kje) are calibrated together with
the melt parameters TF and SRF against hourly runoff measured
between 1 May 2013 and 17 Nov 2013 at the outlet of the Lirung
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subcatchment (prior to this period the stream was frozen). More
than 1500 possible combinations of the parameters TF, SRF, Ksuow
and K;. are tested. The Nash-Sutcliffe (N&S) efficiency criterion
[58] is used for model evaluation. As a second criterion, we reject
all parameter combinations that result in a mean daily runoff
amplitude higher or lower than +£50% of the measured mean daily
amplitude.

As 71.3% of the Lirung subcatchment area is glacierized, it can
be assumed that the independent calibration of evapotranspiration
parameters (Section 3.8) does not interfere with the calibration of
storage coefficients and melt parameters.

3.8. Evapotranspiration and drainage

Water routing outside the glacier areas is based on the kinemat-
ic wave concept, whereby soil drainage and channel- and overland
flow are represented by nonlinear reservoir differential equations
[51,52]. The soil-, surface- and channel routing is based on proper-
ties that in theory are physically measurable. However, soil and
surface roughness parameters aggregate spatially and temporally
heterogeneous properties of the real system. The aggregate nature
of parameters makes it difficult to specify them directly and unam-
biguously from point observations made in the field. Considering
the large number of properties that need to be specified (eight
parameters per soil type and layer), a systematic identification of
soil parameters on the basis of in situ data or through calibration
is thus difficult. Soil parameters for this study are therefore exclu-
sively estimated based on literature [19,75,82]. We define nine dif-
ferent soil classes (assigned as a function of three slope categories
and thee elevation categories) and two soil layers. The suitability of
the soil configuration and the standard parameters to represent
seasonal soil water storage is discussed in Section 5.2.

Potential evapotranspiration from non-glacierized cells is calcu-
lated using the Priestly-Taylor equation [71], in which net radia-
tion is assumed to be a function of incoming shortwave
radiation, albedo, and air temperature through an empirical equa-
tion. Crop factors (CropF) determine the potential crop evapotran-
spiration. Actual evapotranspiration (ETA) depends on the
available soil moisture content within the superficial soil layer,
which is calculated by the model. Since no recent field observa-
tions of ETA are available, the modeled ETA at Kyangjing (Fig. 1a)
is compared to the magnitude of lysimetric estimates by Sakai
et al. [81] during the monsoon period (Table 3). The same publica-
tion also provides an estimate about evaporation from glacier deb-
ris. The estimate of 25% evaporation of liquid precipitation on
debris covered glacier area during the monsoon period is consid-
ered by subtracting that amount from precipitation over debris.

3.9. Model validation

At the outlet of the upper Langtang catchment (Fig. 1a), hourly
discharge is estimated from stage heights recorded by a radar
water level sensor (Ott RLS) at 15-min intervals. In contrast to most
glacio-hydrological studies, catchment runoff is not used for para-
meter calibration, and can thus be used for model validation.

A second dataset that has not been used for calibration and that
is used for model validation is observed fractional snow cover (fSC)
data from MODIS and Landsat imagery. MYD10A1 and MOD10A1
data from the MODIS Aqua and Terra platforms with 500 m resolu-
tion are downloaded from <www.nsidc.org>. Images with more
than 10% cloud cover over the study catchment are discarded
due to the risk of cloud/snow confusion [30,31,91]. TOPKAPI-ETH
fSC is then calculated for each corresponding 500 x 500 m MODIS
grid area. The root mean square error of daily snow cover is calcu-
lated using the minimum difference between simulated and
observed fSC at each MODIS grid cell, comparing simulated fSC at

9 am and at 17 pm. Landsat fSC is also calculated for the MODIS
500 x 500 m areas, so that TOPKAPI-ETH fSC can be validated also
against Landsat (although only available for a few dates), and Land-
sat can be compared against MODIS. The advantage of using the
MODIS fSC product rather than the binary product is that small
scale variation in SC (typical for high-elevation areas, e.g. [74])
modeled by TOPKAPI-ETH and observed by Landsat do not have
to be averaged out for comparison against MODIS.

3.10. Sensitivity analysis

In order to test the effect of parametric uncertainty on simulat-
ed streamflow volumes, we perform a regional sensitivity analysis
[35,85]. TOPKAPI-ETH is run in a Monte-Carlo way with 1000 para-
meter sets where the parameters of the model are varied randomly
within +10% of their calibrated value (or +0.1 °C for parameters
with temperature units). The Monte-Carlo simulations are used
to evaluate the effect of relative changes in single parameters on
the model outputs. Following the approach of Ragettli et al. [75],
the 1000 parameter sets are partitioned in two groups: parameter
sets that lead to more than average and to less than average
simulated streamflow volumes, over a certain time period. The
maximum vertical distance between cumulative distribution
functions (CDFs) of single model parameters within the two groups
is used to assess if a parameter significantly contributes to the
resulting uncertainty in simulated streamflow, a property which
hereafter is called ‘information content’ (IC). Soil-, routing- and
evapotranspiration parameters are excluded from the information
content analysis since the focus of this study is on the cryospheric
processes that affect the annual water balance. Precipitation gradi-
ents and temperature lapse rates are also excluded since it has
already been shown previously that the model is very sensitive
to those parameters in the upper Langtang catchment [43].

To identify the characteristics of the catchment (such as eleva-
tion, slope or debris cover) that increase the model sensitivity, we
calculate the information content distribution in space [75]. Areas
of high information content indicate the locations where informa-
tion about the hydrological system can most efficiently constrain
runoff uncertainty. For this spatial IC analysis we look at the differ-
ence between cumulative distribution functions (associated with
the two groups of parameter sets) of the simulated mass balance
in each glacier grid cell (hereafter called ‘cell information content’).
We calculate also the mean cell information content for each gla-
cier and put the result in relation to glacier characteristics (such
as mean elevation, slope or debris cover; Table 1).

4. Results
4.1. Parameter calibration

The results of the parameter calibration are shown in Table 3.
For constant parameters that are estimated directly on the basis
of measured data, standard deviation in measured parameter val-
ues are prOVided (Tmodv Tmoddebri& o1, (xglacier-, Oldebris )

Over the monitored period, the dETI model reproduces energy-
balance modeled melt with a mean difference of 0.019 mm
w.e. h~! (Fig. 3a). The largest differences occur for debris thickness-
es of 0.1 m, where the dETI model overestimates total melt by
550 mm w.e. over the ablation period (0.15 mm w.e. h™!). How-
ever, this error is negligible considering that reconstructed mean
debris thicknesses over the Lirung tongue are never less than
0.2 m (see Section 4.2). Diurnal melt rate variability and amplitude
estimated from the EB model overall are well-simulated by the
dETI model (Fig. 3b). Diurnal melt rate variability in debris thicker
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Fig. 4. (a) Optimal parameter combinations of the parameters SRF and TF for various places on Earth [14], reflecting the dependence of the parameters on local climatic
conditions. The colored lines indicate the highest achieved model efficiency (Nash-Sutcliffe, N&S, of simulated Lirung runoff, and root mean square error, RMSE, with respect
to Yala mass balance observations) and parameter TF that corresponds to each tested value of SRF. The parameter combination where the two lines cross is assumed to
represent the optimal solution for the Upper Langtang Basin. (b) Simulated (sim) and observed (obs) summer (8 May 2013-18 Nov 2013), winter (3 Nov 2012-8 May 2013)
and annual Yala mass balance (MB). The blue dotted line connects the simulated annual MB that was calculated assuming 100% refreezing of meltwater above 5500 m asl. (c)
Measured and simulated runoff at Lirung streamgauge. Model results shown in (b) and (c) are simulated using a parameter combination SRF = 0.00625 and TF = 0.18.

than 1 m is overestimated by the dETI model, but the magnitude of
daily melt is similar.

The melt factors SRF and TF are calibrated simultaneously
against Yala summer mass balance (MB) stake observations and
Lirung runoff (Fig. 4). The calibration against Lirung runoff results
in an optimal SRF which is higher, and an optimal TF which is lower
than the corresponding parameters calibrated against Yala MB.
Several parameter combinations result in an acceptable model per-
formance (N&S higher than 0.7, RMSE Yala MB lower than 0.35 m
w.e.). To identify the best combination with respect to both data-
sets, we look at the highest model efficiency and values of TF that
correspond to each tested value of SRF (Fig. 4a). For an SRF value of
0.00625 calibration against both datasets yields an optimal value
of TF of 0.18. It is therefore assumed that this parameter combina-
tion represents the optimum of all possible parameter combina-
tions, given the differences in meteorological conditions, possible
modeling and measurement errors that may have led to the differ-
ences in model results.

The modeled Yala Glacier MB and Lirung discharge for SRF equal
to 0.00625 and TF equal to 0.18 are presented in Fig. 4b and c. Note
that the observed Yala winter MB was not used for calibration
(Fig. 4b). As only annual MB is observed at 5501 m asl we do not
use this point for calibration. The modeled annual MB at this loca-
tion exhibits the largest departure from observations (underesti-
mation by 0.6 m w.e.). It is possible that at this elevation, which
was above the equilibrium line altitude (ELA), meltwater refreezes
in the snow layer [56]. Model results are therefore also shown for
the assumption that 100% of melted snow refreezes at 5501 m asl,
which yields a better result comparing to the MB observations. The
largest error in simulated summer MB appears at the elevation of
the lowest ablation stake, at 5194 masl (simulated MB more
negative by 0.7 m w.e.). However, the MB measurements are
affected also by small scale topography and wind-effects that
cannot be reproduced by the model, as well as by measurement
errors.

The comparison of measured with simulated runoff at the outlet
of the Lirung subcatchment (Fig. 4c) reveals that the model overes-
timates the inter-seasonal variability of runoff, especially for the
period after 1 July 2013. Increasing the storage coefficients (opti-
mal values presented in Table 3) can smooth out the inter-seasonal
variability but would lead to further underestimation of the daily
runoff amplitude.

4.2. Reconstructed debris thickness and melt below debris

Mean reconstructed debris thicknesses for the Lirung tongue
are shown in Fig. 5 together with modeled and observed surface
height change as a function of elevation. Only one 50 m elevation
band contains a supraglacial pond (‘Lake 1') that can be identified
from Landsat ETM+ data. Debris thickness of debris covered glacier
area including lakes but not mapped by the UAV flights is thus
sampled from there (Section 3.6.1). This Section (4070-4120 m asl)
is characterized by variable but relatively low debris thickness
(mostly less than 1 m). Another large supraglacial pond (‘Lake 2’)
is just above the UAV mapped area, but smaller ponds and many
cliffs follow in glacier flow direction (4170-4220 m asl). This sec-
tion of the glacier is characterized by reconstructed debris thick-
nesses between 1 and 2 m. The lowest debris thickness values
(0.2-0.9 m) are calculated for the area near the glacier snout. The
reconstructed debris thickness has to be understood as a proxy
for all surface features of debris covered glacier area that con-
tribute to melt (Section 3.6.1). Our observations show that debris
covered glacier area with a more rugged surface — and therefore
more supraglacial ponds - experiences more pronounced glacier
surface changes over the ablation season (Fig. 5). This is respected
by the model even though no information about supraglacial cliffs
and their contribution to glacier melt is available.

Fig. 5 also shows comparison of modeled surface change to
observed surface changes. Overall the agreement is very high, with
amean error in simulated surface change of 0.16 m (equivalent to a
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Fig. 5. Surface height changes documented by an Unmanned Aerial Survey System (UAV) between 19 May and 21 October 2013, simulated surface changes corresponding to

the same period assuming an ice density of 900 kg m—3

, and reconstructed debris thickness. The figure shows mean values for each 10 m elevation band of Lirung Glacier.

50 m elevation bands are used to assign different categories of debris covered area (frontal ablation, supraglacial lake area or not supraglacial lake area) to debris outside the

UAV range (Fig. 1b) for the random sampling of reconstructed debris thickness values.
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outputs.

difference of less than 1 mm w.e. ice melt per day). More sig-
nificant differences to observed surface change appear for very
shallow debris thickness (4040 m asl in Fig. 5, 0.5 m difference)
and for very thick debris (4120-4140 m asl in Fig. 5, 0.4-0.6 m dif-
ference). Note however that the overestimation of surface change
at 4120-4140 m asl is partly due to vertical emergence of the gla-
cier at this location [43], so the comparison should be treated with
care here. The good results confirm the applicability of the dETI
melt model on the distributed scale and suggest a realistic repro-
duction of air temperature and incoming shortwave radiation
during the ablation period in 2013.

4.3. Model validation against remotely sensed snow cover and
catchment runoff

The previous two sections showed that the available in situ data
could be successfully used to constrain model parameters. Howev-
er, uncertainty prevails about hydro-meteorological processes in
parts of the catchment where no data are available. Model valida-
tion against catchment runoff and catchment snow cover thus
reveals if the locally collected in situ data is representative also
of the rest of the catchment. Moreover, validation against both
catchment runoff and snow cover allows testing a range of
assumptions about two processes about which no in situ data are
available yet: precipitation in the east of the catchment (east of
Numthang, see Section 3.3) and melting conditions above
5500 m asl (see Section 4.1). Figs. 6a and 7 present ranges of catch-
ment runoff and snow cover simulated by multiple model runs

using the fixed parameters discussed above, but with a horizontal
precipitation gradient east of Numthang (PGh2yiner and PGhgymmer)

varying between 0 and —10% km ' and a coefficient of refreezing
(CFR, % of total melt above 5500 m asl) varying between 0 and
100% (Table 4). The uncertainty in simulated runoff due to the test-
ed assumptions is very large during the monsoon period (around
10 m® s~! uncertainty from mid-June to end of July, equivalent to
33% of total runoff, Fig. 6a). The uncertainty in simulated snow cov-
er is mostly around 20% of the catchment area, but more constant
in time (Fig. 7).

Goodness-of-fit measures are provided in Table 4. The N&S val-
ue of the tested assumption varies between —0.5 (case 1: PGh2
zero, CFR 0%) and 0.89 (case 10: PGh2 —10% km ' in summer
and winter, CFR 100%). The mean root mean square error (RMSE)
in simulated fractional snow cover in comparison to MODIS varies
between 41.1% (case 9: PGh2yiner and PGhgymmer —10% km ™', CFR
0%) and 23.6% (case 8: PGh2yneer zero and PGhgmmer —10% km™",
CFR 100%). Note that during the monsoon period, MODIS fSC
images are very much affected by clouds and are therefore not
used for comparison. Comparison against Landsat SC is also possi-
ble, although only few images are available over the year. Here, the
tested cases 1-8 perform about equally well (Table 4). Regarding
the N&S values, cases 6, 8 and 10 perform very well (N&S >0.87,
Table 4). Considering all criteria together, case 8 can be considered
as best performing. Simulated catchment runoff and snow cover
using the assumptions associated to case 8 are therefore presented
in Figs. 6 and 7 as the best run. Parameter values shown in Table 3
and assumptions about precipitation distribution and melt above
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Fig. 7. Remotely sensed MODIS and Landsat snow cover (SC) and snow cover simulated by the model (TOPKAPI-ETH). The tested case range corresponds to the model outputs
simulated with the tested model setups indicated in Table 4. The ‘best case’ corresponds to case 8 in Table 4. The error bars that are shown for MODIS SC correspond to the
differences in SC observed by Terra and Aqua satellites. The error bars in ‘best case’ TOPKAPI-ETH SC correspond to simulated daily fluctuations between 9 am and 17 pm. The
TOPKAPI-ETH root mean square error (RMSE) is calculated using always the minimum difference between simulated and observed fractional snow cover at each MODIS grid
cell. Landsat RMSE values are calculated in the same way and should be regarded as a benchmark for model comparison against MODIS.

Table 4

Configuration of model setups that are tested against catchment runoff, MODIS snow cover (SC) and Landsat SC.
Case PGh2 PGh2 CFR Runoff MODIS SC mean RMSE Landsat SC mean RMSE Precipitation Snowmelt Ice melt GMB

summer winter N&S (%) (%) mm/a mm/a mm/a mm/a

1 0 0 0 -0.50 239 16.8 1388 581 166 0.23
2 0 0 100 0.14 24.0 16.8 1388 511 164 0.40
3 -3 -3 0 0.07 23.9 17.6 1121 514 192 -0.16
4 -3 -3 100 0.55 24.0 17.6 1121 444 188 0.00
5 -10 -3 0 0.51 241 19.7 792 406 272 -0.67
6 -10 -3 100 0.89 24.0 19.6 792 337 244 -0.45
7 -10 0 0 0.47 23.7 17.5 943 441 263 —0.46
8 -10 0 100 0.87 23.6 17.6 943 366 238 -0.23
9 -10 -10 0 0.52 41.1 42.5 658 353 291 -0.86
10 -10 -10 100 0.89 35.7 36.3 658 288 255 -0.62

PGh2 is the horizontal precipitation gradient (% km™') applied east of Numthang (Fig. 1a), CFR is the coeffient of refreezing (%) applied to elevations higher than 5500 m asl.
Other parameters are identical to the values indicated in Table 3. N&S is the Nash-Sutcliffe efficiency coefficient and RMSE is the root mean square error.
Precipitation, Snowmelt, Icemelt and mean glacier mass balance (GMB) represent model outputs.

5500 m asl tested in case 8 are used to model the water balances in
the following Section 4.4 and for the sensitivity analysis in
Section 4.5.

4.4. Simulated water balance

The simulated magnitudes of all components of the water bal-
ance are shown in Fig. 8a and Table 5 for the upper Langtang basin
and for the Lirung subcatchment. Total ice melt amounts to 26% of
all positive water balance components (providing water input to
the hydrological system) for the entire basin (43% for Lirung sub-
catchment). Snowmelt amounts to 40% (38% for Lirung) and rain-
fall contributes by 33% (19% for Lirung). The steep topography of
the Lirung subcatchment results in a high importance of gravita-
tional snow transport for the annual water balance: 16% of the
annual water input originates from melt of snow that has been
avalanched (43% of total snowmelt; Fig. 8a). On the larger scale it
is only 4.5% of total water input or 11% of total snowmelt. Only
8% of total Lirung ice melt originates from sub-debris ablation
(Fig. 8a). This value is substantially higher for other debris covered

glaciers (Langtang: 49%, Langshisha: 30%, Shalbachum: 69%). Over-
all, 33% of total ice melt in Langtang originates from sub-debris
ablation, which is equivalent to 8.6% of total water input.

Overall, the water input at Lirung subcatchment is much higher
than for the entire basin (1923 mm w.e. in Lirung and 906 mm w.e.
in Langtang, Fig. 8a). Measured monsoonal streamflow volumes at
Lirung hydrological station amount to 15.8% of measured stream-
flow at Langtang Khola station, although Lirung subcatchment rep-
resents only 4.4% of the total catchment area. This is likely due to
decreasing precipitation from west to the east, high elevations and
strong vertical precipitation gradients and an important fraction of
Lirung Glacier area that has a south aspect and is not mantled in
debris.

The magnitude of runoff production decreases from west to east
(Fig. 8b). Areas in the east of the study catchment receive very little
precipitation in form of rain due to lower temperatures at higher
elevations and a strong horizontal precipitation gradient during
the warm period. The relative importance of ice melt as a water
input increases up-valley. In the northeastern section of the upper
Langtang basin (that includes Langtang Glacier) ice melt represents
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Fig. 8. Simulated water balance for the year 18 Nov 2012-17 Nov 2013: (a) upper Langtang basin and Lirung subcatchment, (b) five sub-sections of the watershed. The
components of the water balance are storage changes (soil-, channel-, surface- and englacial reservoir water), snow- and icemelt, evapotranspiration (ETA), rain and runoff
(always shown in the same order). Hatched patterns show snow- and icemelt from avalanched snow and from debris covered areas, respectively. The sum of positive and
negative components of the water balance is always zero.

Table 5
Mean values of the water balance components calculated for (1) the upper Langtang catchment and (2) the Lirung subcatchment.
Annual Post-monsoon Winter Pre-monsoon Monsoon
(1) (2) (1) (2) (1) (2) (1) (2) (1) (2)

Total inputs
Rain 305.7 370.7 42.0 37.9 0.0 0.0 303 35.1 2334 297.7
Snow melt
Regular 324.5 4149 64.7 48.8 12.5 135 181.4 190.4 65.8 162.2
Avalanched 41.2 3174 0.4 15.9 0.1 29 8.4 60.5 324 238.1
Ice melt
Bare-ice 158.6 767.6 3.1 34.8 0.6 7.9 18.7 136.1 136.3 588.8
Sub-debris 79.3 63.5 2.6 6.0 0.2 1.3 125 149 63.9 41.2
Residuals
Storage change -28.6 -21.0 -13.0 32.6 19.2 171 -54.2 -74.0 19.6 33
Losses
Evapotranspiration —228.4 -101.9 -17.1 -6.6 -3.0 2.4 -61.9 -31.5 —146.3 —-61.4
Outflow -652.4 -1811.0 -82.8 -169.4 -29.6 —40.4 -135.2 -3314 —405.0 -1270.0

Seasonal values are shown for post-monsoon (1 October-31 November), winter (1 December-28 February), pre-monsoon (1 March-15 June) and monsoon (16 June-30
September) periods of the hydrological year 2012/2013. Avalanched snow melt is here defined as snow that would not have melted if it was not transported to lower
elevations. Storage change represents changes in soil-, channel-, surface- and englacial water reservoirs. Values are expressed in milimeter water equivalents.

Table 6

Results of the regional sensitivity analysis: ranking of parameters regarding their information content for simulated annual and seasonal streamflow volumes.
Rank Annual Winter Pre-monsoon Monsoon Post-monsoon Behavioral
1 SRF SGRq olq SRF ol SRF
2 ol ol SRF o SRF o
3 Thod SRF SGR, Thnod Tr SGRqg
4 SGRq Tiod Tmod SGRq 2 Tinod
5 Tr o Tr Tr Tinod
6 TFy o TFy Pr TF
7 d d SGR, T4
8 TF TF TFy
9 TFg

For the category Behavioral, parameters are ranked according to their information content regarding the Nash-Sutcliffe efficiency criteria. Only parameters exceeding the o
threshold of the Kolmogorov-Smirnov test are shown. Parameters are described in Table 3.
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Fig. 9. Spatial distribution of information content (IC) and elevation corrected IC (where the median value for each 100 m elevation band is subtracted from the cell IC values),

calculated for the monsoon period 2013 (16 June-31 September).

50% of all water sources, whereas half of the total ice melt origi-
nates from debris covered areas. Snowmelt represents 37%-47%
of annual water inputs in all five subareas defined in Fig. 8b. Table 5
shows that meltwater inputs from regular snow are highest during
the pre-monsoon period (March-mid-June), whereas meltwater
inputs from avalanched snow peak during the monsoon period.
This applies to both the whole basin and to the Lirung subcatch-
ment, and can be explained by heavy snowfalls during the mon-
soon period in steep areas located at <shigh elevations.

4.5. Information content

The ranking of parameters with highest information content
(IC) for annual and seasonal streamflow simulations is provided
in Table 6. Parameters that do not exceed the significance level
(o) are not shown. Parameter significances are calculated with
the Kolmogorov-Smirnov test [85], with « equal to 5%/n, where n
is the number of parameters that are included in the analysis
(20). The IC-ranks in Table 6 are shown separately for the annual
variation in total runoff, the seasonal variations and for the varia-
tion in model efficiency (Langtang Khola N&S). For the latter, the
1000 parameter sets are divided into two groups separating
parameter sets that lead to higher and lower than median N&S.
This is called ‘behavioral’ partitioning (e.g. [89]). Uncertainty in
parameters with a high rank in this category significantly affects
the calculated N&S values.

Four parameters (SRF, o, Tmod, SGRy) have a high IC in all cate-
gories. While SRF, o and T,,,¢ have a direct effect on simulated
melt (Eq. (2)), SGR, affects simulated gravitational snow move-
ment. The ranks of the four parameters vary, but SRF has the high-
est IC for annual and monsoonal streamflow as well as with respect
to the behavioral classification. Sub-debris melt parameters that
have a significant IC for both annual streamflow volumes and
behavioral classification are TFy; (Eq. (4)) and debris thickness (d).

IC-ranks with respect to monsoonal streamflow are almost
identical as annual streamflow IC-ranks (Table 6), which means
that uncertainty in annual streamflow volumes is mostly deter-
mined by the processes that are relevant during the monsoon peri-
od. Monsoonal cell-IC is shown in Fig. 9a. Debris covered areas
generally have a lower IC than non-debris covered area, whereas
IC decreases with debris thickness. Generally, cell IC strongly
depends on elevation. The cell IC is highest for non-debris covered
glacier area at about 5200 m asl (just below the ELA) such as at
Yala Glacier (Fig. 9a). In order to determine which characteristics

other than elevation affect cell IC, the basin-wide median cell IC
of each 100 m elevation band is subtracted from the cell IC values
(‘elevation corrected cell IC’, Fig. 9b). Elevation corrected cell IC is
especially high at the tongues of glaciers in the southwest of the
catchment (such as Urkin Kangari or Kanja La), or at Lirung Glacier
just above the debris covered area.

Table 1 provides the ranks of glaciers according to the glacier-
wide mean cell IC and elevation corrected cell IC. Yala Glacier
has the third highest mean cell IC and Lirung Glacier the third high-
est mean elevation corrected cell IC (Table 1). The highest mean
values are calculated in both categories for Urkin Kangari and
Kanja La glaciers. We observe that glaciers with a high elevation
corrected IC ranks often have a north aspect. An exception is Lirung
Glacier which has a south-east aspect. Lirung is by far the steepest
glacier in the Langtang catchment (Table 1), which seems to have
an effect on model sensitivity and therefore cell-IC. We also calcu-
lated the ranks of glaciers with respect to elevation corrected IC for
different seasons. The ranks for the monsoon season are nearly
identical to those indicated in Table 1. Lirung Glacier has the high-
est pre-monsoon rank. The highest rank regarding the post-mon-
soon season is obtained for Kimoshung Glacier. This glacier has a
large accumulation area and a low reaching, southward oriented
non-debris covered tongue. Temperatures during the post-mon-
soon period are just high enough that the last 600 m of the tongue
(<4700 m asl) are exposed to temperatures above the melting
threshold, while for the tongues of other non-debris covered gla-
ciers this is not the case.

5. Discussions
5.1. Model calibration

The calibration approach designed for this study resulted in
parameter values that would have been different if no local data
had been available for their estimation. This is exemplified by
SRF and TF: with only runoff data available for calibration, SRF
would be higher and TF lower (Fig. 4a). If SRF and TF had not been
calibrated but taken from literature, the chosen parameters would
again be different, as the optimal parameter combinations for
other high-elevation regions shown in Fig. 4a suggest. Literature
values and the calibrated values of TF and SRF indicate that the
temperature dependent energy balance components become more
important and the shortwave radiation component less important
as cloudiness increases (Fig. 4a). The monsoon dominated climate
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of the Langtang valley, where the ablation period coincides with
the main accumulation period, is different from the climate of
other sites where the ETI model has been applied. This study
demonstrates thus not only that it is of high importance to use
local data for parameter calibration, but also that parameter uncer-
tainty cannot be sufficiently constrained if only one response vari-
able is available for calibration.

The calibration of the snow albedo parameter ¢, also resulted in
a high value (0.34, Table 3) previously not reported in literature
[75]. a5 is calibrated against snow albedo measured at AWS Y
and a second time against Yala mass balance (MB) observations.
There is thus evidence that snow albedo in the Central Himalaya
might decrease more rapidly than in other regions. Saturation of
snow due to monsoonal rain and dust deposition due to rain-on-
snow events may be possible reasons.

While the vast majority of model applications in remote high-
elevation catchments use daily time steps, this is to our knowledge
the first application of a distributed glacio-hydrological model at
an hourly resolution. An advantage of simulating processes with
hourly time steps is that the comparison with measured hourly
data (e.g. runoff) allows for a more thorough model evaluation.
Another advantage is that temperature thresholds have a better
physical basis at the hourly resolution. Snow depths measured by
a sonic ranging sensor next to the pluviometer at 4831 m asl
(Table 2) and air temperature measured at the same location
[43] reveals that the mean daily air temperature of days with
snowmelt are often well below 0°C. During hours with above
threshold air temperature melt occurs which can be modeled by
simulations at hourly resolution but not daily. Other parameters
that are affected by the temporal resolution of the simulations
are the storage coefficients. Due to the hourly time step, the stor-
age coefficients are conditioned to account for diurnal fluctuations
(Fig. 4c). At a coarser time step, these coefficients would be higher
to match better the inter-seasonal variability.

Regarding the use of remotely sensed snow cover for model
evaluation, Fig. 7 shows the RMSE values of Landsat compared
against MODIS snow cover. While Landsat provides high resolu-
tion, high quality images of snow cover, the MODIS product is
unvalidated in the HKH region and of relatively low spatial resolu-
tion. The RMSE calculated between Landsat and MODIS SC can thus
be considered as a benchmark for model comparison, since it can
be assumed that the error of any model with respect to MODIS can-
not be lower than the difference in snow cover between Landsat
and MODIS. Landsat vs. MODIS RMSE values are lower by only a
few percent than model vs. MODIS RMSE values (Fig. 7), which
attests a good performance of the model. However, this questions
the utility of MODIS SC for model calibration (such as conducted
for the upper Langtang catchment by Konz et al. [49], as in that
case the model may be tuned to erroneous observations.

The stepwise scheme for model calibration allowed the identi-
fication of knowledge gaps that did not emerge from previous gla-
cio-hydrological model applications in the upper Langtang
catchment [11,27,41,42,48,49,72], possibly due to error compensa-
tion. The parameters listed in Table 3 were not found to be suffi-
cient to describe the processes at very high elevations (above
5500 m asl) and the precipitation distribution in the east of the
catchment. Two additional parameters thus had to be introduced
(CFR and PGh2, Table 4). More precipitation data from the east of
the catchment and information about melting conditions above
5500 m asl are required to validate the model setup identified as
optimal (Table 4). Measured catchment runoff (Fig. 6a, Table 4)
and the annual point mass balance at 5501 m asl (Fig. 4b) suggests
that snowmelt from perennial snow refreezes within the snowpack
and does thus not contribute to runoff. Snow conditions above
5500 m asl are additionally affected by uncertainty about blowing

wind sublimation, a process that can be important at high eleva-
tion in the Central Himalaya [90] and that is not considered by
the model. Observed Lirung Glacier runoff suggests that the model
does not overestimate melt without a parameter CFR (and CFR was
thus only applied to areas outside the Lirung subcatchment). How-
ever, an underestimation of precipitation at the flanks of Langtang
Lirung peak (7227 m asl), an important orographic barrier, may
compensate for an overestimation of meltwater contribution to
runoff from above 5500 m asl.

5.2. Simulated water balance and runoff

Snowmelt, rain and ice melt all contribute by at least 26% to the
simulated annual water balance (Fig. 8, Table 5). There is a strong
seasonal variability in the relative importance of the water balance
components: during the hydrological year 2012/2013, snowmelt
represented the most important water input to the hydrological
system from March to May (84% of all sources) and again in Octo-
ber (57%). In June and in July the hydrology of the catchment was
dominated by rainfall (45%) and in August/September by meltwa-
ter inputs from ice ablation (47%). Storage changes (derived from
changes in soil-, channel-, surface- and englacial reservoir vol-
umes) are the most important contributors to runoff during winter
(Table 5). Changes in annual storage between the beginning and
the end of the hydrological year are negligible (Fig. 8, Table 5).
Racoviteanu et al. [72] have shown that in November 2008 and
2009, an important fraction of channel runoff (30%) had the isotope
signature of groundwater. This means that an important fraction of
meltwater or rain is routed through the ground. Base flow in win-
ter is reproduced well by the model (Fig. 6a), which suggests that
inter-seasonal storage changes are not over- or underestimated or
that the soil configuration (Section 3.8) does not need to be
revisited. However, the model overestimates catchment runoff
during the main monsoon period (Fig. 6a). If the streamflow
measurements can be trusted, this overestimation might be due
to underestimation of groundwater storage or an underestimation
of runoff that is leaving the catchment through the groundwater
and not through the channel. Rainfall is an important but also very
variable water balance component during this period (Fig. 6b), but
the variability in rainfall input to the hydrological system is almost
not visible in measured Langtang runoff (Fig. 6a), while some of the
variability appears in simulated runoff. It is rather unlikely that the
model overestimates rainfall, since precipitation and temperatures
are measured at various locations in the valley, and used by the
model directly as input data or to estimate meteorological gradi-
ents. The effect on streamflow of variable rainfall input to the
hydrological system must therefore be buffered by the soil if
streamflow data are correct. However, measured monsoon runoff
in Himalayan high-elevation catchments must be treated with care.
Tracer experiments for the calculation of the rating curve are rarely
conducted during the peak monsoon period in July/August, due to
difficult road conditions, and the rating curve might therefore
not be representative of peak flows. Recorded stage heights may
also underestimate peak flows since the radar sensor cannot
measure water levels within a very short distance. Peak runoff
according to the stage height measurements in 2013 was
17 m?s~!. The maximum discharge measured by tracer experi-
ments at Langtang Khola on 1 July 2012 was not much below that
value (14.95 m>s~!). However, the tracer experiments were car-
ried out just before intensive monsoon rainfall set in (in total
36.1 mm precipitation measured in Kyangjing on 3 and 4 July
2012). We cannot therefore be sure that the rating curves repre-
sent well discharge after intensive monsoon precipitation. Obser-
vations by Fukushima et al. [27] show that for the very wet year
1985/1986 (1224.5 mm w.e. precipitation) monsoon mean daily
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runoff (measured at a location about 1.3 km upstream of the cur-
rent gauge) exceeded 30 m>s~! every day during July/August.
The simulated peak value of 23.8 m®>s~! of the present study is
therefore within the range of observed values. Since the results
of all previous glacio-hydrological model applications in the basin
[11,27,41,42,48,49,72] are highly sensitive to measured discharge,
this highlights the importance of using other in situ data instead of
the lumped catchment response for the calibration of model
parameters.

5.3. Simulated glacier mass balances

The model simulations of accumulation and ablation resulted in
a negative glacier mass balance (—0.24 m w.e. a~!) for the hydro-
logical year 2012/2013, using the model setup that performs best
with respect to all available observed data (case 8 in Table 4).
Annual mass balances calculated for single glaciers (reported in
Table 1) vary between —0.92m w.e. a~! (Urkin Kangari) and
0.69 m w.e. a~! (Kimoshung). This range of values probably overes-
timates the actual differences between glaciers. Kimoshung glacier
has a large accumulation area that is shielded towards the south by
a ridge higher than 6000 m asl. Monsoon clouds moving up-valley
may be blocked by that ridge and extrapolated precipitation and
therefore mass balance overestimated as a result. Glacier area of
Urkin Kangari or of other small, non-debris covered glaciers in
the south may be overestimated due to a not up to date glacier
mask. The model probably provides more accurate simulations
for Yala Glacier, where the monitoring network is dense (Fig. 1).
Here, an annual mass balance of —0.17 m w.e. a~! is simulated
(Table 1), while the ELA is located at 5400 m asl (Fig. 4b). [22]
locate the ELA at Yala Glacier for the periods 1982-96 and 1996-
2009 at the same elevation, using GPS and ground-penetrating
radar measurements. The ELA in 2011/2012 was slightly higher
(5450 m asl, [4], but the year 2013 was characterized by much
more post-monsoon precipitation than in 2012. Only 1.3 mm w.e.
of precipitation was measured at AWS K in October/November
2012, but 150 mm we.e. during the same period in 2013 due to
the cyclone Phailin. Overall, 924.5 mm w.e. precipitation were
measured in Kyangjing during the period 18 Nov 2012-17 Nov
2013 which is 284 mm w.e. more than the annual average of the
years 1990-2010. This can explain why [88] calculate a mean thin-
ning rate of Yala Glacier for the years 1982-1996 (—-0.69 m w.e.
a—!) and 1996-2009 (—0.75 m w.e. a~!) that is substantially lower
than the modeled mass balance in this study.

The annual mass balances of debris covered glaciers are all
negative (Table 1). Melt rates of debris covered areas differ funda-
mentally from melt rates of bare ice at similar elevations, even
when taking into account that supraglacial lakes and cliffs con-
tribute to melt. At 4800 m asl, the annual mean melt rate of
bare-ice glacier area is 0.55 m w.e. d~!, whereas the mean melt
rate of debris covered area at the same elevation is only 0.07 m
w.e. d”1. In comparison to a model run where the presence of
supraglacial debris is ignored, melt rates from debris covered gla-
cier area are reduced on average by 84%. Previous studies assumed
a reduction of 50% [11] to 70% [42,48] obtained with a constant in
time and uniform in space reduction factor.

5.4. Collection of local data

Data collection in 2012 and 2013 at locations on- or near gla-
ciers was concentrated mainly at Lirung and Yala (Fig. 1). Yala
was chosen because it is considered as a ‘benchmark glacier’ for
the Himalayan region [22], which has been well investigated in
the last 20 years. Lirung Glacier was chosen because of its relative-
ly easy access, previous studies [57,78-80] and because it offered
an ideal case to study cliffs and supra-glacial ponds [87]. The

information content analysis (Tables 1 and 6 and Fig. 9) allows
assessing the effectiveness of ongoing monitoring programs to (i)
reduce the uncertainty in model parameters that lead to uncertain-
ty in modeled streamflow, and to (ii) verify that the locations are
well chosen in the sense that defining parameter at specific sites
effectively leads to less uncertainty in modeled streamflow.

The parameter with the highest information content, SRF, was
determined by calibration against two different datasets (Lirung
streamflow and Yala mass balance). However, the simulations of
streamflow and glacier melt are affected by a number of other pro-
cesses (e.g. temperature distribution, snowfall amounts, albedo,
etc.). The model certainly does not represent all these processes
perfectly, a fact that may affect the calibrated value of SRF. For
the design of future field campaigns it would therefore be advis-
able to install an AWS on bare-ice during the ablation season.
Calibration of SRF (and TF) against the outputs of an energy balance
model at the point scale could provide robust parameter estimates
(e.g. [73]) that are not affected by potential errors in other model
components. AWS Y-G could be used for that purpose, but during
the previous field campaign did not measure all the input data nec-
essary to an EB model (e.g. wind speed) due to technical problems.
Fresh snow albedo («;) is the parameter with the second highest
ranks in Table 6 and was determined using the observed snow
albedo of 12 snowfall events at AWS Y (Table 3). Since AWS Y is
a permanent weather station, future data can be used for a more
complete statistical analysis. SGR, seems to be an important para-
meter (Table 6). For safety reasons it is not advisable to measure
snow depths in avalanche areas; the function that relates snow
holding depth to slope will therefore always have to be determined
by indirect methods such as by calibration against remotely sensed
avalanche patterns, as in this study. Finally, to limit the discussion
to the parameters that are among the top five in annual IC in
Table 6, Tpog and Ty are temperature related parameters which in
theory can be directly determined with the current monitoring set-
up. However, those are parameters whose uncertainty is naturally
high. T,,,q is associated with the variability of air temperature over
glacierized surfaces, which is high especially during the day, poorly
understood and controlled by katabatic flows and energy fluxes in
the glacier boundary layer. Tr is an empirical parameters that is
normally assumed or calibrated, but depends also on meteoro-
logical conditions, the energy balance at the glacier surface and
on the cold content of the snow pack. Given this, it is unrealistic
to determine a single optimal value for Ty, and Ty. It is therefore
recommended to vary these parameters following a Monte Carlo
procedure to provide robust projections of simulated streamflow.

Regarding the choice of the locations for fieldwork, the results
of the information content analysis are encouraging. Yala Glacier
has the third highest mean IC and Lirung Glacier the third highest
IC if elevation effects are omitted (Table 1). In the case of Yala Gla-
cier the model is sensitive to the transition from a snow covered to
an ice exposed surface, which due to changes in albedo leads to
strong variations in simulated melt. Field campaigns in the region
should therefore always focus on elevations above and below the
potential location of the ELA. If the approximate elevation of the
ELA is known, this value should be used as a response variable
for model calibration. For the present study, the ablation stakes
confirmed that the model reproduces the ELA correctly at Yala Gla-
cier. Regarding Lirung Glacier, the fieldwork was concentrated on
the tongue, while it is the steep area above the glacier cirque that
has a high information content. Fieldwork on the tongue is neces-
sary to fill the data gap which exists about processes on debris
covered glaciers. However, measured glacier runoff allowed the
uncertainty in modeled meltwater contribution from higher eleva-
tions to also be constrained. Avalanching is an important process
on Lirung (Fig. 8), and remotely sensed avalanche patterns were
therefore evaluated at a very relevant location.
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The high IC of Urkin Kangari and Kanja La glaciers does not
mean that the monitoring program needs to be entirely transferred
to the southern side of the basin, since glaciers there are relatively
small. The sum of all cell IC of all glacier area in the south-west of
the catchment is still less than the sum of all cell IC calculated for
Langtang Glacier only. However, temperature and precipitation
data and an updated glacier map would be beneficial in order to
assess if the model represents the glacio-meteorological conditions
correctly in the south-west.

6. Conclusions

New detailed in situ data from the upper Langtang catchment,
the core study catchment of various institutions doing research
in the Central Himalaya, are used to set up a state-of-the-art gla-
cio-hydrological model and provide a fundamental understanding
of the complex hydrology of this Himalayan catchment. The model
is used to quantify processes that have been previously suggested
to be important in Himalayan catchments but never quantified
before. We use it to provide estimates of the contribution of gla-
ciers and snow to catchment runoff and their spatial and temporal
variability.

14 parameters are directly calculated on the basis of local data,
and 13 parameters are calibrated against 5 different datasets
(Table 3, Fig. 2). Measured catchment runoff and remotely sensed
snow cover — datasets that are used in previous modeling studies
in the region to tune model parameters but in high-elevation
regions are often affected by significant uncertainties - are not
used for model calibration but only for validation. All parameter
values derived in this study can be directly linked to physical pro-
cesses that can be observed. The methodology to derive various
parameter values can be regarded as a benchmark for future efforts
to calibrate glacio-hydrological models. However, the systematic
approach to estimate model parameters based on local data also
revealed further data gaps, not often discussed in literature, that
are significantly affecting the performance of glacio-hydrological
models. As such, there remains uncertainty about snowmelt con-
tribution to runoff from perennial snow (>5500 m asl) and about
the spatial variability of precipitation. However, by employing all
27 model parameters that are included in the calibration scheme,
and by making realistic assumptions about the spatial variability
of precipitation and melt at high elevations, the model is capable
of reproducing observed catchment runoff and snow cover
accurately.

The systematic integration of detailed local information on phy-
sical processes enhances the capacity of the model to unravel the
full water balance of the study catchment. Snowmelt is the most
important contributor to total runoff during the hydrological year
2012/2013 (representing 40% of all sources), followed by rainfall
(34%) and ice melt (26%). From March to May and again in October
snowmelt represented the most important streamflow source. In
June and in July the hydrology of the catchment was dominated
by rainfall and in August/September by meltwater inputs from
ice ablation. Note that these results might differ slightly for years
with considerably different meteorological conditions than during
the hydrological year 2012/2013.

A novel approach is used to generate maps of spatially varying
debris thickness. The role of supraglacial lakes and cliffs on the
total melt of a debris covered glacier is indirectly taken into
account by attributing more shallow debris to model grid cells that
contain lakes and cliffs. In combination with a new sub-debris melt
model, we provide the first estimation of the melt reducing effect
of supraglacial debris in the upper Langtang catchment that is
based on in situ data. We find that melt rates on average are
reduced by 84%, which is more than assumed by previous

modeling studies [11,42,48]. In spite of the lower melt rates below
debris, simulated annual glacier mass balances of debris covered
glaciers are of similar magnitude than those of non debris covered
glaciers. Overall, the mass balance of glacierized area of the upper
Langtang catchment for the hydrological year 2012/2013 was
—0.24 m w.e. One third of total ice melt originated from the debris
covered glacier parts.

The analysis of the spatial distribution of information content
confirms the effectiveness of the current monitoring setup, since
the installed network is concentrated at locations where the uncer-
tainty in glacier mass balance due to uncertainty in model
parameters significantly affects uncertainty in simulated catch-
ment runoff. The analysis underlines that it is fundamental for
the performance of a glacio-hydrological model to represent well
the ELA, as previous studies have concluded (e.g. [72]). The infor-
mation content analysis also reveals that a significant portion of
runoff uncertainty can be attributed to uncertainty in modeling
gravitational snow redistribution, although only about 5% of total
water inputs to the hydrological system originate from melted
snow that had been moved by avalanches. Since avalanching can
have locally and temporarily an important effect on the water bal-
ance, this processes need to be considered by glacio-hydrological
models in the Central Himalaya. With respect to potential applica-
tions of the model for future projections, an effort should be made
to collect the relevant data to integrate melt from supraglacial cliffs
and lakes explicitly into the model, in order to further improve its
predictive skills.
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