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Abstract:

Glacial lake outburst floods (GLOF) often have a significant impact on downstream users. Including their effects in hydrological
models, identifying past occurrences and assessing their potential impacts are challenges for hydrologists working in
mountainous catchments. The regularly outbursting Merzbacher Lake is located in the headwaters of the Aksu River, the most
important source of water discharge to the Tarim River, northwest China. Modelling its water resources and the evaluation of
potential climate change impacts on river discharge are indispensable for projecting future water availability for the intensively
cultivated river oases downstream of the Merzbacher Lake and along the Tarim River. The semi-distributed hydrological model
SWIM was calibrated to the outlet station Xiehela on the Kumarik River, by discharge the largest tributary to the Aksu River.
The glacial lake outburst floods add to the difficulties of modelling this high-mountain, heavily glaciated catchment with poor
data coverage and quality. The aims of the study are to investigate the glacier lake outburst floods using a modelling tool. Results
include a two-step model calibration of the Kumarik catchment, an approach for the identification of the outburst floods using the
measured gauge data and the modelling results and estimations of the outburst flood volumes. Results show that a catchment
model can inform GLOF investigations by providing ‘normal’ (i.e. without the outburst floods) catchment discharge. The
comparison of the simulated and observed discharge proves the occurrence of GLOFs and highlights the influences of the GLOFs
on the downstream water balance. © 2013 The Authors. Hydrological Processes Published by John Wiley & Sons Ltd.
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INTRODUCTION

Hydrological modelling for climate change impact assess-
ment of mountainous catchments is challenged by complex
physical conditions and data availability that introduce large
uncertainty ranges (Gurtz et al., 2003; Moussa et al., 2007).
Most commonly, data have poor coverage and quality at
high altitudes requiring extrapolation over large topograph-
ically heterogeneous areas and elevation zones. Also,
complex hydrological processes such as snow and glacier
melt paired with data scarcity require catchment models to
compromise physical for more empirical representations
(Wagener et al., 2004)..
The Aksu River, originating in the Tian Shan

mountains in Kyrgyzstan, is the largest and principal
tributary to the endorheic Tarim River in northwest
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China, providing 70–80% of its total water flow (Wang
et al., 2008). The Tarim provides water to the arid to
hyperarid Xinjiang Uyghur Autonomous Region in China
(hereafter referred to as Xinjiang), including irrigated
oases along lowland river courses. Due to increased water
demand resulting from the extension of cultivated areas in
the region since the 1950s, the 320 km long lower reach
of the Tarim fell dry and two terminal lakes disappeared
(Thevs, 2011). This study focuses on the headwater part
of the Aksu delineated by the catchment of the gauging
station Xiehela, where the river is called Kumarik.
Approximately 45% of the total discharge of the Tarim

is generated in the Kumarik catchment, the Aksu River’s
largest headwater tributary in terms of water discharge.
Consequently, any changes in this catchment (e.g. due to
a warmer and wetter climate as has been suggested by Shi
et al., 2006) are likely to have significant influence on the
downstream Tarim River. Located in the Tian Shan
mountain range at altitudes above 1434m asl, the
catchment is dominated by snow and glacier melt paired
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6338 M. WORTMANN ET AL.
with orographic precipitation during spring and summer.
Existing studies (Pieczonka et al., 2013 Osmonov et al.,
2013 and review in Krysanova et al., 2013, submitted)
show that glaciers in the Aksu basin show on average an
area and mass loss during the last decade but the loss was
not spatially and temporally homogeneous.
Only few high-altitude climate stations exist in or close

to the Kumarik catchment, and river gauging stations are
sparse and biased by bank freezing. Climate change
impact assessments of the headwater parts of the Aksu
basin have become important for the intensively used arid
downstream regions of the Aksu and Tarim rivers.
However, the complex glacier processes and poor data
availability make this a difficult task.
The Aksu River experiences reoccurring glacier lake

outburst floods (GLOFs) produced by the Merzbacher
Lake located in the Inylchek valley in Kyrgyzstan at an
altitude of 3250m asl., ca. 200 km upstream of Xiehela
gauging station (see review in Glazirin, 2010). The
outbursts usually occur at the end of summer or beginning
of autumn, with peak floods at the Xiehela station (see
Figure 1) exceeding 1000 m3s�1, i.e. 6.5 the mean annual
discharge (151 m3s�1 based on data from 1964–1987) or
79°E

42°30’N

42°N

41°30’N

Kyrgyzstan   China

Ak-Shirak

Kolju S

S1: Xiehela
S2: Sary-Djaz

national border

stream

water bodies

Elevation ’000m asl

< 
1.

5
< 

2
< 

2.
5
< 

3.
5

< 
5

> 
5

glaciers

catchment boundar

subcatchments

gauge station

The upper Aksu (Kumarik/Sary-Djaz) River Basi

0 25km

Figure 1. The upper Aksu River Basin, the headwater reaches are called Sary
Xiehela records approx. Sixty-four percent of the Aksu Rive

© 2013 The Authors. Hydrological Processes Published by John Wiley & S
2.5 times the mean summer discharge (JJA, 406 m3s�1 in
the same period). These floods have proven destructive to
downstream communities, infrastructure as well as
agricultural and industrial land in the Aksu-Tarim region.
Research has become vital in providing information about
the floods and their future development under a warming
climate (Liu, 1992; Shen et al., 2009).
Glazirin (2010) lists recorded GLOF events during the

last 80 years compiled from various sources in his review
of the Merzbacher Lake. The list of reported events,
however, has many gaps in years where GLOFs were not
reported. The only long-term hydrological record of the
floods is provided by the Xiehela hydrological station.
Liu (1992) visually identified and characterized the

GLOFs from the Merzbacher Lake using the Xiehela
hydrological records. Flood volumes were estimated via
graphical hydrograph separation and an empirical
exponential equation was developed to simulate the rising
limbof the hydrograph. The analysis, however,was not based
on the discharge that would have occurred in the absence of
outburst floods from the Merzbacher Lake (hereafter referred
to as ‘normal discharge’) creating inaccuracies in the
graphical identification (see also Ng and Liu, 2009).
S1

80°E

China

Merzbacher Lake

Tarim River Basin

Xinjiang

Sary-Djaz

K
um

arik

Inylchek

Kyrgyzstan

Kazakhstan

2

Toshkan

Aksu City

Aksu

y

n

-Djaz River in Kyrgizstan and Kumarik River in China. The outlet station
r discharge and by that roughly 45% of the Tarim River

ons Ltd Hydrol. Process. 28, 6337–6350 (2014)



6339ASSESSING THE INFLUENCE OF THE MERZBACHER LAKE OUTBURST FLOODS
Most GLOFs occur during the receding limb of the
high summer discharge in late August or September.
Thus, the outbursting water adds to a dynamic catchment
discharge. The normal catchment discharge is needed to
act as baseflow for accurate hydrograph separation for
GLOF periods.
The hydrological and climatic controls of the

Merzbacher Lake outburst floods are still unclear. Ng
et al. (2007) inferred melt water supply during the flood
events to the lake via inversion of the Nye subglacial
drainage equations taking into account peak discharge
and graphically inferred flood volumes. Correlations of
the melt water supply with daily surface temperature
averaged over the first third of the flood period at lake
level (r2 = 0.77) and graphically separated baseflow at
Xiehela station (r2 = 0.86) were found, suggesting high
dependence of peak discharge on prevailing weather
conditions. This analysis, however, was only based on
half of the observed GLOFs, for which the constraint
parameters (peak discharge and volume) could be reliably
inferred. They also could not define conditions triggering
the outburst. Therefore, modelling the normal catchment
discharge at Xiehela would help to achieve a more
reliable baseflow separation as well as a better analysis of
interdependencies between climate and the hydrological
phenomena. Simulating discharge from the Merzbacher
Lake catchment can also reveal more about the
hydrological conditions leading to the GLOF events.
The aims of this study are (1) to provide a modelling-

based analysis on how the GLOFs from the Merzbacher
Lake influence river discharge at the Xiehela station in the
headwater part of the Aksu River, (2) to suggest an
approach for detection of the outburst floods based on the
measured gauge data and simulated discharge, and (3) to
provide an estimation of the outburst flood volumes. This
is achieved by calibrating and validating the process-
based, semi-distributed hydrological model SWIM (Soil
and Water Integrated Model) for the Kumarik catchment
at the Xiehela gauging station, first considering the total
observed discharge and second excluding GLOF periods
from the observations. Further, it is shown that GLOF
events can be detected by considering the simulation
residuals (i.e. differences between observed and simulated
discharge) and that the outburst flood volume can be
determined using the simulated normal flow.
Table I. Catchment details according to the four hydrological statio
annual mean and summer mean for the month June to August

Station River Area [km2] M

S1 Kumarik R. 12 991
S2 Sary-Djaz R. 1927
Merzbacher L. Enylchek R. 325

© 2013 The Authors. Hydrological Processes Published by John Wiley & S
STUDY SITE AND DATA

The Aksu is an important source of water to the Tarim
River in Xinjiang. The region has an arid climate
(Aizen et al., 1995), but glacier and snow melt in the
headwaters of the Aksu and its tributaries maintain river
flow and provide water resources for the extensive
oases of Xinjiang.
The catchment terminated by the Xiehela hydrological

station (S1 in Figure 1) defines the model domain with a
drainage area of 12991 km2. This station provides the only
long-term hydrological record of the GLOFs in this region.
Most of the catchment area is located in Kyrgyzstan, where
the river is called the Sary-Djaz. Downstream of its
confluence with the Inylchek and Ak-Shirak rivers, it flows
into China, where the river is known by the name
Kumarik, and after joining the Toshkan River, it is called
the Aksu River (see Figure 1).
The highly glaciated Kumarik catchment ranges from

1434m asl at its outlet to 7127m asl at its highest peak,
the Jengish Chokuso in Kyrgyz (or Pik Pobedy in Russian
or Tömür in Uyghur). One subcatchment (delineated by
the station S2, see Figure 1) is terminated by a gauging
station on the Sary-Djaz River for which discharge data
are available. Table I provides details of the entire
catchment, the internal subcatchment and the ungauged
Merzbacher Lake subcatchment. With mean winter and
summer discharge of 28 m3s�1 (DJF) and 406 m3s�1

(JJA) for the study period 1964–1987, the Kumarik
catchment has a pronounced nival regime. Warm and
moist frontal systems from the west trigger both snow
and glacier melt and orographic rain during summer
(Aizen et al., 1995). Daily mean (min., max.) temper-
atures averaged over the catchment range from �17 °C
(�23, �10) in winter to 7 °C (1, 15) in summer with a
mean monthly precipitation of 7mm and 50mm in
winter and summer, respectively.
In a rare physiographical setting, the Merzbacher Lake

is located between the Northern Inylchek and the much
larger Southern Inylchek glacier at an elevation of 3250m
(79∘52′E, 42∘13′N). The northern glacier provides most of
the discharge to the lake, while the southern glacier acts
as a perpendicular dam to the lake with a valley-blocking
tongue reaching into the lake. In the event of an outburst,
this tongue floats up triggering the subglacial channels to
ns and the Merzbacher Lake; drainage area, mean discharge Q as
(over 1964–1987) and glacier cover. See Table II for sources

ean Q [m3s�1] Mean JJA Q [m3s�1] Glacier [%]

151.8 406.6 22
37.4 91.3 18

55
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Table II. Input data used to drive SWIM and to calibrate/validate the
model. Topography and glaciers are shown in Figure 1. Climate
variables are: temperature T (mean, min., max.), precipitation P,

radiation and relative humidity

Data Source

Climate WATCH (Weedon et al., 2011), 0.5º grid
points for T and P were used for the Kyrgyz
part and radiation and relative humidity for the
entire model domain.
T and P for the Chinese part were supplied by
the Chinese Meteorological Administration as
interpolated 0.25º grid cells.

Topography SRTM hole-filled digital elevation model at
90m resolution (Jarvis et al., 2007)

Land cover Chinese Meteorological Administration for
Chinese part, MODIS 500m land cover (2001)
(Friedl et al., 2002) for Kirghiz part,
reclassified to SWIM land cover classes

Glaciers Improved GLIMS glacier distribution with
individual glacier delineation byBolch et al. (2012)

Soil Harmonised World Soil Database (FAO et al.,
2011), includes the 1:1 Mil. soil map for China

Discharge Daily river discharge at gauge Xiehela (S1) from
Chinese hydrological year books and Sary-Djaz
River (S2) from Kyrgyz hydrological yearbooks
(both for the period 1964–87)
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widen in turn emptying the lake. First discovered by
Gottfried Merzbacher in 1903 (Merzbacher, 1905),
Merzbacher Lake has since been known to outburst
almost every year and in some years even twice, mostly
in the period from July to October (Glazirin, 2010). The
lake has split into an upper and a lower part with a
difference in elevation of 100m divided by a 2–3 km
field of debris.
Investigating possible trigger mechanisms, predicting

peak discharges and flood volumes and, by that,
predicting the occurrence of the floods have become the
focus of discussion about the Merzbacher Lake GLOFs
(Glazirin, 2010). Ajrapetyants and Bakov (1971)
proposed the so far unverified hypothesis that the lake
empties once the water volume is able to float the
damming part of the Southern Inylchek glacier. Cracks
and crevasses then open up to form englacial channels
which are enlarged by the slightly warmer lake water, a
self-accelerating process fueled by the increasing
kinematic energy. Once the lake water is drained through
the Southern Inylchek glacier tongue, the dam and
channels close again and the lake refills. Validation of
this hypothesis has so far been limited by accessibility for
measurements. Detailed understanding of the interplay
between glacier dynamics and lake volumes is therefore
lacking.
Uncertainty over Merzbacher Lake GLOF occurrence,

peak discharge and volume increases in view of the
general increase in temperature and precipitation in the
Tian Shan. It is suggested that this trend may lead to more
frequent and higher magnitude GLOFs in the entire Tarim
catchment (Shen et al., 2009). Merzbacher Lake GLOFs
have been found to occur earlier in the year compared to
the 1930s. It has also been suggested that peak discharges
have increased (Liu and Fukushima, 1999; Ng et al.,
2007; Glazirin, 2010).
An overview of the data used for the model and their

sources is given in Table II. The model is driven by six
climate variables: mean, maximum and minimum
temperature, precipitation, relative humidity and solar
radiation. The climate data were assimilated from two
sources: (1) the Water and Global Change (WATCH)
project dataset, a reanalysis dataset created for
hydrological investigations, and (2) a gridded dataset
supplied by the Chinese Meteorological Administration
(CMA), created by interpolation with elevation correc-
tion of observed data from meteorological stations.
Temperature and precipitation for the Kyrgyz part of
the catchment as well as relative humidity and solar
radiation for the entire catchment were derived from
the WATCH dataset, while the CMA dataset provided
temperature and precipitation for the Chinese part.
Reliable climate data for Kyrgyzstan are sparse; the
Tian Shan meteorological station data as well as some
© 2013 The Authors. Hydrological Processes Published by John Wiley & S
precipitation records with many gaps were omitted in
favour of homogeneity between the gridded datasets.
Land cover information was derived from the global

MODIS Land Cover Type product for the Kyrgyz part of
the catchment and from a land cover map provided by the
CMA for the Chinese part. Their original classes were
reclassified to SWIM land cover classes including a
glacier class.
Soil types were provided by the Harmonised

World Soil Database (HWSD), which includes the
1 : 106 soil map of China. The properties (mainly
particle size distribution) of the dominant soil were
used to extend the information to porosity, field and
available water capacity as well as hydraulic
conductivity using common pedotransfer functions
(Woesten et al., 2001).
Individual glaciers outlines were provided by Bolch

et al. (2012), who improved the Global Land Ice
Measurements from Space (GLIMS) database for the
Aksu basin. The spatial distributions of glaciers including
their individual area are used to estimate their water
equivalent volumes (see next section).
Daily river discharge data for the Xiehela gauging

station were obtained from the hydrological yearbooks
published by the Chinese Ministry of Water Resources.
Discharge records from Kyrgyz hydrological yearbooks
were used for the Kyrgyz station.
ons Ltd Hydrol. Process. 28, 6337–6350 (2014)
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METHODS

The Soil and Water Integrated Model (SWIM)

The process-based ecohydrological model SWIM was
implemented for the Kumarik catchment at daily time
steps. SWIM is a semi-distributed model for meso-scale
to large catchments, simulating all important hydrological
processes, including snow and glacier melt. SWIM was
developed from the Soil and Water Assessment Tool
(SWAT) (Arnold et al., 1993) and MATSALU
(Krysanova et al., 1989) as a tool for climate and land
use change assessments. It was first applied for the Elbe
River in northern Germany (Krysanova et al., 1998;
Hattermann et al., 2005). The model has since proven
versatile and applicable to a range of situations, from
well-gauged areas (e.g. in Germany), to countries with
poor data coverage and quality. So far, the SWIM has
been applied for river basins in four continents: Europe
(Elbe, Rhine, Danube), Asia (Yellow, Jinghe, Tailan,
Aksu in China and Ganges in India and Bangladesh), large
international rivers in Africa (Blue Nile, Niger, Congo and
Limpopo) and South America (Sao Francisco in Brazil)
(Hattermann et al., 2011; Liersch et al., In press; Aich
et al., 2013; Vetter et al., 2013).
The basic spatial structure of the SWIM model has

three levels: the catchment, subcatchments and
hydrotopes inside the subcatchments (also known as
hydrological response units, HRU), which are defined by
unique combinations of land cover, soil type and elevation
bands within a subcatchment. Spatial input data includes a
digital elevation model (DEM) needed for subcatchment
delineation and parameterization, land cover and soil maps
with an associated soil database. Daily precipitation,
temperature (mean, maximum, minimum), relative humid-
ity and solar radiation are required to drive the model.
First, all water components are calculated for each

hydrotope and lateral flows are aggregated at
subcatchment level. The accumulated subbasin river flow
is routed along the river network to the catchment outlet
utilizing the Muskingum routing method (Maidment,
1993). The model considers four volumes for each
hydrotope: the soil surface, the root or unsaturated zone
(divided into 3–10 soil layers in accordance with the soil
database) and the shallow and deep aquifers.
At the soil surface, surface runoff is calculated by a

modified curve number method (Arnold et al., 1990). It is
described as a non-linear function of precipitation, snow
and glacier melt, depending on soil water content, soil
type and land cover type. Potential evapotranspiration is
calculated by the Priestley–Taylor method (Priestley and
Taylor, 1972) which is used to evaluate actual
evapotranspiration depending on the soil water, leaf area
index and root depth (Ritchie, 1998). The remaining
water infiltrates into the soil column.
© 2013 The Authors. Hydrological Processes Published by John Wiley & S
Lateral flow in the individual soil layers occurs when
field capacity is exceeded after percolation. Return flow to
the stream is calculated based on the method described in
Smedema et al. (2004). Percolation into the shallow
aquifer is subject to the delay time function proposed by
Sangrey et al. (1984).

Snow and glacier melt. As the study region is a high-
altitude catchment with 22% glacier coverage, snow and
glacier melt are the dominating hydrological processes.
As observation data on snow and glacier water resources
is generally scarce, the robust degree-day method has
been implemented in SWIM and recently extended to
include more processes (Huang et al., 2013a, b). It
includes a continuous description of ice and water content
in the snowpack as well as sublimation, refreezing and
metamorphism according to the approach of Gelfan et al.
(2004). Snow and glacier melt processes are very
important for the Kumarik catchment, and the usual
spatial disaggregation may be not sufficient for moun-
tainous areas. Therefore, 100m elevation contour bands
were used in addition to further split hydrotopes in
altitude to allow for a better spatially explicit represen-
tation of the snow and glacier melt.
Mean subbasin temperatures are lapse rate corrected to

mean hydrotope elevations at run time by:

Th ¼ Ts þ γ Zh � Zsð Þ (1)

where Th and Ts are hydrotope and subbasin temperature
in °C, Zh and Zs are hydrotope and subbasin elevation in
m, respectively, and γ is the lapse rate that is subject to
calibration. The value of γ may vary from �0.5 °C/100m
for humid to �0.98 °C/100m for dry conditions. Due to
the dominantly low humidity in the Tian Shan, it was
found to be closer to its drier limit.
Precipitation falls as snow if T<Ts. Snow melt Ms is

calculated by the degree-daymethod that has proven to be the
most reliablemethodwhere accurate information on radiation
fluxes is unavailable (Hock, 2005). The degree-day method
calculates snow melt by a melting factor δs in mm per °C per
day when a temperature threshold Tm is exceeded and snow
height Hs is greater than 0, as thus stated:

Ms
δs T � Tmð Þ; T > Tm and Hs > 0

0; Hs ¼ 0 or T ≤ Tm

�
(2)

The temperature thresholds Tm and Ts can be adjusted
around the freezing point of 0 °C for calibration purposes.
The glacier melt module of the SWIM model also

follows the degree-day method similarly to snow melt,
but only as a simple linear reservoir. First, initial glacier
water equivalents are inferred from individually delineat-
ons Ltd Hydrol. Process. 28, 6337–6350 (2014)



6342 M. WORTMANN ET AL.
ed glacier areas provided by Bolch et al. (2012). An
exponential area–volume relationship suggested by Klein
and Isacks (1998) is used to estimate the water stored as
ice in each hydrotope. The glacier water equivalent depth
Hg (mm) is evaluated by:

Hg ¼ 4840ρi � A0:36 (3)

where A is the glacier area and ρi the ice density of
0.917 g cm�3. The hydrotopes covered by glaciers are
assigned this initial Hg. Although this simple estimation
of absolute ice volume is associated with considerable
uncertainty (Bahr et al., 1997), it provides spatially
explicit water depths adequate for discharge simulations.
Glacier melt Mg is calculated by the degree-day

approach if the daily mean temperature is above 0 °C
and the hydrotope is not covered by snow, as denoted by:

Mg ¼
δgT ; T > 0 and Hg > 0 and Hs ¼ 0

0; otherwise

�
(4)

where δg is the melt factor in (mm d�1 °C�1). The melt
factor varies between region and glacier, but is generally
in the range of 3 – 8mm d�1 °C�1. It tends to increase
with higher solar radiation and elevation, but decrease
with higher sensible heat flux and albedo (Hock, 2005).
Glacier accumulation occurs from snow that has not
melted until September 30, which is defined as the end of
the melting period.

Input data processing

The hydrotopes were created from unique combina-
tions of subbasins, land cover and soils and subdivided by
100m elevation bands. The Kumarik catchment with the
final gauge at Xiehela was delineated into 346 subbasins,
using the 90m SRTM digital elevation model (DEM) as
shown in Figure 2, with an average area of 37 km2.
Figure 2. Delineation of the 346 subbasins used by the SWIM model
(with an average area of 37.5 km2)

© 2013 The Authors. Hydrological Processes Published by John Wiley & S
Merging the two climate data sources (see Table II),
the gridded daily data was interpolated to an average
subbasin climate using an inverse distance interpolation
method and temperature and precipitation lapse rates.
The lapse rates (i.e. the temperature and precipitation
gradient over elevation) are calculated from the input
data for each day. The subbasin precipitation and
temperature are again adjusted at run time using the
difference in mean subbasin and mean hydrotope
elevation and constant lapse rates that serve as
calibration parameters. This interpolation chain is
schematically shown in Figure 3.

Model calibration and validation

The model was calibrated and validated using observed
discharge at the Xiehela station and the internal Kyrgyz
station on the Sary-Djaz River using two 12-year periods:
January 1, 1964 – December 31, 1975 (calibration) and
January 1, 1976 – December 31, 1987 (validation). Two
widely used measures of model performance were
employed: Nash and Sutcliffe efficiency (NSE, Nash
and Sutcliffe, 1970) and relative deviation in water
balance (or percent bias). For the Xiehela station,
calibration was mainly done visually to avoid misleading
analytical performance indicators due to the GLOF
events. After an initial manual calibration, the PEST
autocalibration algorithm (Doherty, 2003) was used to
fine tune model performance. Model calibration and
Figure 3. Sources and interpolation steps for the climate data used in the
SWIM model for the Kumarik catchment. The ERA-40 data was

interpolated to the WATCH grid by Weedon et al. (2011)

ons Ltd Hydrol. Process. 28, 6337–6350 (2014)



6343ASSESSING THE INFLUENCE OF THE MERZBACHER LAKE OUTBURST FLOODS
validation results are given in the sections ‘Model
calibration and validation’ and ‘Calibration excluding
GLOFs in observations’.

Flood volume estimation using the simulated normal flow

Once GLOF events have been identified, it is possible
using the simulated normal discharge and observed
discharges to evaluate the flood volume, a proxy for the
volume discharged from the Merzbacher Lake.
The form of the GLOF peak hydrograph at the Xiehela

station is different from the one directly at the glacier
outlet due to river hydraulics. However, water conserva-
tion means that the hydrograph area approximately equals
the volume of the water exiting the lake during the
outburst. The flood hydrograph is separated using the
normal catchment discharge simulated by SWIM as
baseflow. Earlier studies used graphical hydrograph
separation instead (Liu, 1992; Ng et al., 2007).
The method of hydrograph separation using the

simulated normal discharge is presented in Figure 4.
The deviation of observed and simulated discharge at the
start and end of the flood period requires the simulated
discharge to be first locally corrected, to account for the
model uncertainties. The onset (d↗) and end (d↘) dates are
variable, but are typically 5 days before and 3 days after
the peak date, respectively (Liu, 1992). The simulated
discharge is corrected to these dates, as indicated in
Figure 4. The deviation in observed and simulated
discharge on those days determines the start and end
correction factor which is then linearly interpolated for
the days in between. This linearly varying correction
factor f shown in Figure 4 (bottom) is applied to each
day of the GLOF period. After the correction of the
D
is

ch
ar

ge
[m

3
s−

s
]

Qpeak

V

e

ob

sim

corrected

d
... -3 -2 -1 0 1 ...

d

Days from Qpeak

0.8
1.0
1.2

f

Figure 4. The GLOF hydrograph separation via the corrected simulated
discharge Qcorrected. A linearly varying correction factor f is used to locally
correct the simulated Qsim, the area between Qcorrected and Qsim is the error

e. See explanation in the text

© 2013 The Authors. Hydrological Processes Published by John Wiley & S
simulated discharge, the flood volume is estimated by
the difference between the integrated observed and
simulated discharge.
RESULTS

Model calibration and validation

Model performance for the two stations is summarized
in Table III. Figure 5 shows observed and simulated
discharge for both the calibration and validation periods
(only first half of periods shown for better visualization).
For the calibration and validation periods, NSE values

of 0.82 and 0.81, respectively, at the Xiehela station
indicate a good agreement between simulated and
observed discharge. A relatively high negative bias in
the water balance, however, shows an average underes-
timation of between 10% and 16%. The most sensitive
model parameters were the temperature lapse rate, the
saturated conductivity correction factor, two routing
coefficients and snow fall and melt threshold tempera-
tures. This indicates that model uncertainties are largest in
the snow and glacier melt periods, as evident in Figure 5.
Closer investigation of the daily discharge dynamics for

the Xiehela station shows that large late summer peaks are
underestimated in the simulation results while other peaks
are slightly overestimated. This simulation mismatch is also
reflected by the negative bias in the water balance,
suggesting an overall underestimation. An additional
analysis is needed to explain these unrepresented peaks. A
working hypothesis is that these peaks are caused by the
outbursts of the Merzbacher Lake.
In contrast, results for the internal station on the Sary-

Djaz River yielded an NSE of 0.82 and 0.8 for the
calibration and validation period, respectively, and an
acceptable negative bias in water balance of 4–5% was
achieved. Considering the much smaller drainage area of
this station, the results can be evaluated as satisfactory
indicating that the model performs better than at the
Xiehela station. As explained above, this station is not
located downstream of the Merzbacher Lake catchment,
so its discharge record does not contain the GLOF signal.
Table III. Performance statistics for the calibration and validation
periods. For station S1, performance is listed for the two cases:

with and without GLOFs included in the observations

Calibration Validation

Station River NSE
bias
[%] NSE

bias
[%]

S1 w GLOFs Kumarik R. 0.82 �10 0.81 �16
S1 w/o GLOFs 0.90 �2 0.92 �5
S2 Sary-Djaz R. 0.82 �4 0.8 �5

ons Ltd Hydrol. Process. 28, 6337–6350 (2014)
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Figure 5. Calibration and validation results with GLOF periods included in the observations: daily dynamics for the first half of the calibration and
validation period (left) and average monthly dynamics for the total periods (right)
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Unrepresented late summer high peaks

The underestimated peak flow periods at the Xiehela
station typically last for 5 to 10days. During these periods,
the model underestimated discharge by between 200 and
1000 m3s�1. These deviations stand out markedly from the
typical model errors and mostly occur in late summer or
early autumn.
The search for possible causes, i.e. processes that are not

represented in themodel, led to the review byGlazirin (2010)
of research on the glacier-dammed Merzbacher Lake, as
described in the section ‘Study site and data’. Glazirin (2010)
lists approximate dates and durations of some GLOF events
during the period 1931–2005. These are based on a range of
different sources including scientific publications and data
from glaciologists as well as reports from frontier guards who
witnessed these events first hand. It is acknowledged by
Glazirin (2010) that sometimes the various sources differ in
the reported dates for GLOF events. The GLOF dates given
were compared to the underestimated peaks at the Xiehela
station. In the period 1964–1987 (the simulation period with
available river discharge data), there are 14 years with
observed and recorded lake outbursts.
Figure 6 shows selected late summer or autumn peaks for

six years not simulated by SWIM, with dates reported by
Glazirin (2010) marked. Generally, a good agreement
between the reported outbursts and unrepresented peaks is
found with a time lag of 5–10days from the recorded date to
the observed peak date at the Xiehela station. Some dates,
however, are probably misreported such as in July 4, 1966.
As reported for the catchment earlier (Krysanova et al.,

2013, submitted), a high positive and statistically
significant correlation was found between the daily
© 2013 The Authors. Hydrological Processes Published by John Wiley & S
temperature (averaged over the catchment) and lagged (by
1–3 days) river discharge at the Xiehela station which
breaks over short periods in the end of summer and
beginning of autumn. This study concluded that the high
(over 95th percentile) flow peaks at the end of summer or
beginning of autumn at Xiehela are, to a large extent,
caused by the outburst floods from the Merzbacher Lake.
For the sub-periods with GLOFs, river flow is not
correlated with instantaneous temperature. These high
peaks coincide with the unrepresented peaks in the SWIM
simulation confirming that they are a result of the regular
outbursts from the Merzbacher Lake. As this unique
hydrological process is not represented within the SWIM
model, it is obvious that the GLOFs cannot be simulated.
An improvement of the model calibration and validation

for the Xiehela station requires either the GLOF processes
be incorporated into the model or that the GLOF periods are
excluded from the observation data. The former option is
not currently feasible since the processes leading to the
outbursts from the lake are not fully understood and it
would require more accurate data on the dynamics of the
damming glacier than are available at present. Therefore, the
second option was selected.

Calibration excluding GLOFs in observations

The high late summer peaks including their rising and
receding limbs which were attributed to GLOF events
were excluded from the observation data and the
calibration and validation were repeated. This was done
for two purposes. First, as the GLOFs have a strong
influence on the total river discharge, the hypothesis that
excluding GLOFs from the observation data will improve
ons Ltd Hydrol. Process. 28, 6337–6350 (2014)



30.08. 20.09. 11.10.
1964

0

200

400

600

05.07. 26.07. 16.08.
1966

100

500

900

29.04. 20.05. 10.06.
1980

0

400

800

1200

23.07. 13.08. 03.09.
1982

0

600

1200

17.07. 07.08. 28.08.
1985

0

400

800

1200

22.07. 12.08. 02.09.
1987

0

600

1200D
is

ch
ar

ge
 [

m
3 s−

1 ]

Figure 6. Selected periods with unrepresented peaks in the period 1964–1987: simulated (red) and observed (black) discharge. GLOF dates indicated by
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the model performance was tested. Second, the resulting
simulated discharge should represent the normal catch-
ment discharge.
A new manual calibration followed by an automatic

calibration using PEST rendered a modified parameter set
which improved the model performance considerably.
Figure 7 shows the calibration and validation results for
the Xiehela station after the exclusion of GLOF periods.
The model performance was improved: NSE increased to
between 0.90 and 0.92 whilst the bias in the water balance
declined to between �2% and �5%, in the calibration
and validation periods, respectively.
Some deficiencies in the discharge simulation are still

apparent in themelt periodwhere some peaks are still slightly
underestimated. The same is true for the months of October
and November, when discharge tends to be underestimated.
However, in general, the results are considered to be good,
especially taking into account the quality of the input data.
The simulated normal discharge can be used for the

following: (1) to provide a physical basis for the visual
interpretation of the GLOF peaks or even to detect GLOFs in
the observations for which no reported sightings are available
and (2) to act as a baseflow for the separation of the GLOF
peaks to estimate the flood volume, a proxy for the volume
discharged from the Merzbacher Lake during these events.
These two examples are presented in the next two sections.

GLOF identification in observation record

The occurrence of GLOFs, which are not included in
the model, can influence modelling performance (as
described in section ‘Model calibration and validation’ for
© 2013 The Authors. Hydrological Processes Published by John Wiley & S
the Kumarik catchment). In the following, an approach is
suggested to identify and filter them out. The identifica-
tion of GLOF events at the Xiehela station could employ
the simulated normal discharge and a criterion based on
the deviation of this simulated discharge from that in the
observational record. This could provide a method to
detect GLOFs in the observations that were not reported
and to provide a physically based proof for the visually
identified GLOFs.
The most basic criterion for the GLOF detection would

be to apply a threshold to the observation–simulation
residuals (hereafter referred to as residuals), using the non-
corrected observations and the normal simulated dis-
charge. That is, asking by what value does the simulation
have to deviate from the observed discharge to be
identified with a high probability as a GLOF event. As
can be seen from the comparison for the total simulation
period, most GLOF peak discharges deviate from the
simulated normal discharge by more than 500 m3s�1 and
up to 1100 m3s�1.
Simulation residuals are, however, dependent upon the

magnitude of observed discharge; this is true for both the
GLOF peak discharges and model errors. While typical
August GLOFs have peak discharges of above 1000
m3s�1 with typical normal flows of 500–600 m3s�1, the
December GLOF in 1966 peaked at 126 m3s�1 with a
residual of 25 m3s�1. Therefore, the threshold applied to
the residuals needs to vary according to the observed
discharge. That approach was therefore employed to find
this linearly varying threshold empirically using the
simulated normal discharge and confirmed GLOFs
reported by Glazirin (2010).
ons Ltd Hydrol. Process. 28, 6337–6350 (2014)



1964 1965 1966 1967 1968 1969
0

200

400

600

800

1000

1976 1977 1978 1979 1980 1981
0

200

400

600

800

1000

Calibration

Validation

observed simulated

D
is

ch
ar

ge
 [

m
3 s−

1 ]

J F M A M J J A S O N D

J F M A M J J A S O N D

Figure 7. Calibration and validation results without GLOF periods included in the observations: daily dynamics for the first half of the calibration and
validation period (left) and average monthly dynamics for the total periods (right)
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First, all local (GLOF and non-GLOF) peaks were
extracted from the observation data to only consider the
maximum discharge without their rising and receding
limb. A 10-day moving average filter was used to
calculate the discharge anomalies. The maximum dis-
charge of periods during which the anomaly was above
the 75th percentile yielded the largest 5–10 peaks in every
year, most of them occurring in summer.
The witnessed GLOFs described by Glazirin (2010)

were used to find a suitable threshold to discriminate
between GLOFs and model uncertainties. A constant
threshold of 400 m3s�1 is able to capture most of the
reported GLOFs. However, in order to capture the
above mentioned non-summer GLOFs, a linear
threshold depending on the observed discharge is
required.
This was found empirically. The average plus one

standard deviation of the ratio between residuals and
observations was found as the slope of the linearly
varying threshold. To exclude most non-GLOF peaks, a
constant component equal to the 75th percentile of the
residuals (23 m3s�1) was used. The following equation
describes the varying threshold tq:

tq ¼ rqþ σrq

� �� Qobs þ rp75 (5)

or

tq ¼ 0:434� Qobs þ 23 (6)

where rq is the ratio of residual and observation, rq its
mean and σrq its standard deviation and rp75 is the 75th

percentile of the residuals.
© 2013 The Authors. Hydrological Processes Published by John Wiley & S
Figure 8 (top) shows the simulation residuals r (Qobs �
Qsim) against the extracted peak discharges for the
modelled period 1964–1987. All GLOFs except one
reported by Glazirin (2010) are delineated by this varying
threshold. This one peak below the threshold line
corresponds to a GLOF on September 1, 1970 with a
peak discharge of 721 m3s�1. This is, however, preceded
by a GLOF on July 31, 1970 peaking at 984 m3s�1 (both
listed by Glazirin and by Liu). Considering the short time
since the last event and the low simulation residual, it is
plausible to conclude that this event was misreported.
The GLOF peaks visually identified by Liu (1992) for

the same period were included in Figure 8 (bottom). It
provides verification that the linearly varying threshold
correctly delineates all 25 GLOFs in the observational
record and suggests that the threshold line can be used for
the identification of GLOFs in other periods.
The method could also be employed for other

catchments with glacial lakes in which the same processes
lead to intermittent peak discharges associated with
GLOFs.
Merzbacher Lake flood volume estimations

GLOF flood volume estimations for the whole
simulation period using the method described in the
section ‘Flood volume estimation using the simulated
normal flow’ are shown in Figure 9 (black columns).
Volumes range from 56 to 291 million m3 with an
average of 167 million m3. High variability between the
volumes is evident, supported by a standard deviation of
ons Ltd Hydrol. Process. 28, 6337–6350 (2014)
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55 million m3. The highest volumes are estimated for the
two GLOFs which occurred in May 1978 and 1980 both
after years without a GLOF. The lowest volumes are
found outside the melting season, e.g. in December, 1966.
Volume estimations without the local correction of

simulated discharge are also shown in Figure 9. The large
volume differences arise from the model uncertainties
before and after the GLOF periods. Relatively small
discrepancies between observed and simulated discharge
can still lead to large volume changes. For example, a
mean underestimation of 70 m3s�1 over a typical 8-day
GLOF period would lead to an additional 50 million m3

in volume. These errors are, however, removed through
the linear correction while retaining the daily discharge
dynamics.
Volumes reported by Liu (1992), also shown in

Figure 9 (crosses), vary on average by ±25% from our
estimated volumes. Large differences (more than 50%) in
estimated volumes exist for three GLOFs: the August,
1985 GLOF volume is 69% higher, while the August,
© 2013 The Authors. Hydrological Processes Published by John Wiley & S
1978 and July, 1981 events have volumes that are 55%
and 72%, respectively, lower than our estimates.
To test the previously reported hypothesis that a

correlation exists between the flood volume and baseflow
at the Xiehela station (Ng et al., 2007), we conducted the
same analysis with the derived flood volumes. Results
prove this relationship to be existent, but weak with
Pearson and Mann–Kendall correlation coefficients both
equalling 0.43.
DISCUSSION

There are many glacial lakes in mountainous catchments
around the world and their number is increasing, under a
general trend of glacier retreat induced by a warming
climate (ICIMOD and UNEP, 2001; Huggel et al., 2003;
Dussaillant et al., 2010). Research has been dedicated to
identifying those lakes (Bolch et al., 2008; Jain et al., 2012)
and understanding the impacts their potential outbursts
might have for riparian communities, infrastructure and
ecosystems downstream (Osti and Egashira, 2009;
Dussaillant et al., 2010; Osti et al., 2013). Results presented
here address these impacts at catchment scale and provide
an approach to both understanding the GLOF impacts as
well as analysing them using the simulated catchment
discharge with a semi-distributed ecohydrological model,
but excluding the GLOFs.
Identifying the Merzbacher Lake GLOFs in the

Kumarik catchment using the simulated discharge proved
to be useful for several reasons. Although many flood
events markedly stand out in the discharge records and
could be visually identified, many others occur during the
melting season and could well be spring surge events, i.e.
temperature induced peaks in glacier melt discharge. This
problem was already highlighted in a previous study
(Krysanova et al., 2013), where discharge correlations
with temperature were found to be interrupted. Consid-
ering the remoteness and erratic outburst of most glacial
lakes, this problem is likely to be common to other
discharge records of glaciated catchments.
For example, Osti et al. (2013) describe the highly

GLOF-prone catchment of the Pho Chu, Bhutan with a
total of 549 lakes, eight of which are deemed vulnerable
glacial lakes. Finding other flood occurrences by the
proposed method would reveal frequencies and magni-
tudes of smaller outburst floods, though it would not
locate their origin. This would also provide proof for large
but less documented GLOFs, especially those from ice-
dammed lakes that outburst with a degree of regularity
but with different magnitudes (e.g. Anderson et al., 2003;
Dussaillant et al., 2010).
Although estimating outburst flood volumes is a

routine procedure in most GLOF analyses, it is subject
ons Ltd Hydrol. Process. 28, 6337–6350 (2014)
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to several sources of uncertainty, especiallywhereGLOFs are
recorded some distance downstream of the lake. Using a
hydrological model to simulate the catchment discharge as
baseflow during the flood event adds a physical basis to the
hydrograph separation. Yet the model uncertainties are
propagated, an effect reduced by the correction of the
simulated to the observed discharge at the onset and end of
the GLOF. Resulting volumes for the Kumarik catchment are
comparable to volumes found by Liu (1992) but are generally
higher. Huss et al. (2007) performed a similar hydrograph
separation at hourly time steps using a coupled glacier melt
and linear reservoir model at the Gornersee, Switzerland.
They benefited from lake volume measurements and were
able to quantify the error to ±5–30%. Weighing up between
the higher resolved observations in their study and the greater
complexity of a process-based model, these error values may
apply in the case presented here.
The presented modelling results bring to light how

GLOFs are superimposed on normal catchment discharge,
which may be relatively low during the event as in 1964
or high during the melting season as in 1987. Hydrolog-
ical models might therefore be useful in attempts to
reconstruct and predict GLOF hydrographs as has been
common in GLOF research (Björnsson, 2011). The
hydrological model can then serve as a framework for
integrated investigations of GLOFs and its impacts
downstream under various discharge scenarios, i.e. a first
step to modelling GLOF. It also allows simulating the
melt water supply to the lake, which has been shown
to play an important role in the triggering of a GLOF
(Ng et al., 2007).
Regarding the modelling of the Aksu catchment in

particular, the presented improved model calibration after
© 2013 The Authors. Hydrological Processes Published by John Wiley & S
excluding the GLOFs from the observations is an
important step towards a general catchment model of
this data scarce environment. Data scarcity, however, still
remains a major obstacle to model validation. The
availability of observation records in the study region is
not satisfactory for a variety of reasons. The Aksu and its
tributary catchments are shared by Kyrgyzstan and China
(Xinjiang). Due to the international nature of the basin,
data are not easily available and shared. Systemic
transformations in the region, from centrally planned
economies to market economies, have resulted in the
shrinkage of environmental monitoring programmes with
long time series of records interrupted. Furthermore, the
headwater area in high, uninhabited, mountains is difficult
to access and poorly gauged. Since there are still only a
few gauges in more accessible sites, the representative-
ness of the available data is questionable and deriving
spatial aggregates is uncertain. As there is only patchy
information on the glacier mass balance and volume
change, uncertainty remains high (see also Krysanova
et al., 2013, submitted).
CONCLUSIONS

It was demonstrated that GLOFs from the Merzbacher
Lake are the plausible explanation of systematic under-
estimation of simulated river flow during some episodes
in late summer and beginning of autumn in the Aksu
River. Despite the data scarcity, the implemented SWIM
model is able to adequately simulate the complex
hydrological processes of the mountainous catchment of
the River Kumarik. The GLOFs have a significant impact
ons Ltd Hydrol. Process. 28, 6337–6350 (2014)



6349ASSESSING THE INFLUENCE OF THE MERZBACHER LAKE OUTBURST FLOODS
on the Kumarik river flow and the overall performance of
the model, as was demonstrated by improved model
performance after GLOF periods were excluded from the
observation data. The NSE was considerably improved
and the deviation in water balance was reduced to an
acceptable level. It was shown that a catchment model can
thereby identify outburst events in hydrological time
series, which were not directly observed and are
indistinguishable from melt events.
The model-based method to separate the GLOF

hydrograph yielded satisfactory results with flood
volumes derived ranging from 56 to 291 million m3.
These results are comparable to previous estimates by
other authors, but fail to show a stronger correlation with
baseflow as was found before by Ng et al. (2007). The
method developed to estimate the volume of GLOFs can
be useful for future research on the hydrology of this and
other similar catchments.
GLOFs present a considerable challenge for model-

based climate change impact assessments for affected
downstream areas. The occurrence and peak discharges of
GLOFs cannot be simulated using existing hydrological
models fed by the data collected routinely by hydrome-
teorological monitoring programmes. In these circum-
stances, the potential to reliably evaluate the impacts of
climate change on Merzbacher Lake GLOFs and the
whole Aksu catchment is seriously restricted. In order to
improve understanding of the processes associated with
such events, a dedicated international monitoring and
modelling effort would be needed, in both Kyrgyz and
Chinese parts of the basin. Such an effort would be
required to define the processes leading up to the GLOF
events and determine cause–effect relationships. This
would in turn enable the explicit incorporation of these
hydrologically significant events within hydrological
models such as SWIM so that their modified frequency
and magnitude under alternative future climates could be
investigated.
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