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Abstract. The surface of Unterer Grindelwaldgletscher glacier lakes have caused extensive damage in the Swiss Alps
glacier tongue has subsided by more than 200 m over théRaymond et aJ.2003 Haeberlj 1983 Rothlisberger1981).
last 150 years. The surface lowering is not uniform over theThe existence and development of these lakes is closely
glacier tongue but depends on the thickness of the unevetinked to the evolution of their damming glacier. Thus, in
debris cover, which led to the formation of a depression ontimes of rapid glacier change, it must be expected that some
the tongue. A lake can form in this basin, which occurred for of these lakes will cease to exist, others will change their be-
the first time in 2005. Such a glacier lake can drain rapidly haviour and new ones will emerge.
leading to a so-called outburst flood. The lake basin has been The tongue of Unterer Grindelwaldgletscher (Fig.is
increasing in size at an alarming rate and in 2008, it reached aovered with an uneven layer of debris. The layer is thicker
volume which poses a significant flooding threat to the com-towards the terminus due to the ongoing collapse of an un-
munities downstream, as was exemplified by an outburst oftable rock face located there, with the result that the surface
the lake in May 2008. The future evolution of the lake basin lowering rates are higher upglacier than right at the terminus.
was extrapolated based on surface lowering rates betweerhis led to the development of a topographical depression
2004-2008. An outburst flood model was tuned with thewhere a lake started to form in 2005. This basin has been
measured hydrograph from 2008 and then was run with thegrowing in size ever since and poses an increasing threat to
extrapolated lake bathymetries to simulate future lake outthe communities downstream as the lake, which it can con-
bursts and estimate their flood hydrographs. We discuss th&in, potentially drains rapidly and causes floods. To make
rapidly increasing risk for Grindelwald and other communi- a hazard assessment of the situation, we looked at the fu-
ties, as well as the installation of an early warning systemture development of the glacier tongue and estimated future
and possible prevention measures. lake volumes. With these estimates, we calculated the ex-
pected peak discharges and advance warning times of such
floods. These calculations were done with an existing model
1 Introduction of glacier outburst floodsGQlarke 2003. The validity and
limitations of our model results are discussed, as well as

Glacier lake outburst floods, also known gikulhlaups the implications of our findings for the damage potential to
commonly occur in glaciated regions around the globe andGrindelwald and communities further downstream, and pos-
present one of the greatest and most far-reaching glaciesible preventative measures.

related hazards. Lakes dammed by ice have a tendency to

drain rapidly once an initial drainage pathway has been es2 Methods

tablished Roberts 2005 Tweed and Russell999, leading i i

to floods in the valleys downstream. The outburst of such!n€ surface topography of the glacier tongue was established
with photogrammetric methods from aerial photos taken in
autumn of 2006, 2007 and 2008, with an error~ad.1 m.

Correspondence tavl. A. Werder From the resulting digital elevation models, the bathymetry
BY (werder@vaw.baug.ethz.ch) of the lake basin was calculated and, thus, the potential lake
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Fig. 1. Map of Unterer Grindelwaldgletscher with its two tributaries: Fieschergletscher (left) and Unders Ischmeer/Obers Ischmeer (right).
The lake is located just south of “Schlossplatte” on the tongue of the glacier.

volume. The bed topography was determined with ground3 Field site
penetrating radarMAW, 2007); six profiles were acquired

between the lower reaches of the lake~t& km upglacier The two glacier branches of Obers/Unders Ischmeer (be-

(Fig. 6a betwegn 2150 and 30(.)0 m). As rad-ar measurementRNeen Schreckhorn and Fiescherhorn) and Fieschergletscher
were not possible on the glacier tongue lying in the gorge, between Fiescherhorn and Eiger) come together at the

we interpolated the bed between the ice free part of the gorg asenberg to form Unterer Grindelwaldgletscher (Fily.

and bed further upglacier, as determined by radar. We EEStiWith a surface area of 19.6 Kt is the sixth largest glacier
mate that the presented bed topography has an erfat@m in Switzerland (status year 2004)

where it was determined by radar and larger elsewhere. ) i
The stage of the proglacial river was measured at Marmor- The evolution of Unterer Grindelwaldgletscher (Fighas

bruch (Fig.1), ca. 1.4 km below the glacier terminus with a been documented in a great number of historical illustrations
radar. A stage-discharge relation was established with dy@nd paintings dating back as far as the 17th century. The old-

dilution methods, however, as the cross-section of the rive€St illustration is a copperplate engraving (etching), done by
bed is constantly changing, the error in the calculated dis- Plepp before 164Zumkiihl, 1980. Since 1880, the posi-

charge is around 20%. The lake level was measured witfion Of the tongue has been determined every year until 1983,
a pressure transducer installed in the lake. The main errop/hen it became impossible to take measurements as the ter-
source is the vague known location of the sensor. Togethefinus had retreated into the Gletscherschiucht, a deep and

with the bathymetry a lake discharge can be calculated fo"@Tow gorge Glaciological reports Volume changes have
which we estimate an error of 20%. been determined from 1861 onward based on the Siegfried

and Dufour maps, and other maps and aerial photographs
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from the years that followedSteiner et al. 2008. Ac- E
cording to these findings, Unterer Grindelwaldgletscher lost = 0k — E
~1km in length and~1.56 kn¥ in volume, equivalent to 5 -400 =
60 m ice thickness loss on average over the entire glacier sur-ﬁ 600 E
face (Fig.2). 3 _;323: E
% ~1200f_ @ E
3.1 The unstable rock face at the Schlossplatte of 6
o~ 200F E
. . € E 8o
The surface lowering of the glacier tongue by more than g ™% a
200 m since the little ice age exposed its flanking valley sides ' -eoof- 10 &
leading to their destabilisation due to the cessation of ice g g0 §
pressure. Consequently, at the Schlossplat 10° m? of S ook e
rock on the left side near the glacier terminus have become £ E
unstable (Figsl and3). 3 T -4 S
From July 2006 to August 2008, the rock face moved for- ~ %°F N %

ward a distance of 51 m. During this two-year period, most of
the moving rock mass disaggregated and repeatedly triggered
rockfalls (Fig.4). The debris remained on the glacier surface, _.

. T . . Fig. 2. Changes in length since 1888), volume p, solid line)
with some of it spilling into the gorge in the proglacial area. and rate of volume changé,(dashed line) since 1860 of Unterer

By this process, the debris layer in the terminus zone of thes indelwaldgletscher. The terminus retreated into an inaccessible

glacier has been increa_sing in thickness. The slip plane ofieep gorge and it has not been possible to determine its position
the unstable rock face lies at an unknown depth underneathbince 1983Bauder et al.2007 Steiner et a].2008.

the current glacier surface level, with a downward slope an-
gle of ~ 38 (source: GEOTEST,Oppikofer et al. 2008.

In future, the remaining rock mass will probably continue to
move towards the east side of the valley, but at a decreasing
rate because of its further disaggregation (Blg.

year

3.2 Surface changes in the terminus zone since 2000 3.3 Gorge geometry and terminus location

The tongue of Unterer Grindelwaldgletscher is located below! h€ terminus of Unterer Grindelwaldgletscher is situated in a

1500 ma.s.l. The inflow of glacier ice from the upper region [0"g and narrow gorge, the Gletscherschlucht (E)g.This

has diminished drastically in the past decades due to highe9©r9e was explored on foot in March 2007. It was found
summer temperatures and negative mass balances. The st Up to~1km (as measured from the gorge entrance) it
face elevation of the glacier tongue has been dropping at affas a width of 10_3(_) m then narrows to a_W'dth of only 2—
average rate of 5nTa since 2000, translating into a vol- 5™ at the 1.4km point (Fig). It was possible to proceed
ume loss of3 million m3 a1 of ice between 2000 and 2008 for another~15m beyond a local snow-ice formation, where
(Fig. 5). It can be seen that the surface lowering is not uni-the gorge narrowed t6-0.5m in width, prohibiting further
form, which we attribute to the uneven debris layer on theProgress. Here, at Point PA (km 1.435, Fg, there was
glacier tongue. Direct point measurements and visual obsef2© ic€ and no sign of the glacier terminus. The stream flow
vations show that the debris layer is several meters thick neaf’! the gorge could be c_:learly 'dem'f'ed up to Pl_ (km 1'2_71)
the Schlossplatte and 0-30 cm further upglacier. For debrid OUr photogrammetric evaluations. The glacier terminus
layers thicker than a few centimetres, it was obseried- visible on the aerial photographs from e_lutumn 2906 is dg3|g—
strom et al, 1993 that the thicker the debris layer, the lower Nat€d as P2 (at km 1.510). The most likely glacier terminus
the rate of ablation of the underlying ice: with a 40 cm thick (debris-covered or unrecognisable in the gorge) lies between
layer, ice ablation is reduced by 95%. It is evident (Fip. P1 and P2. The floor of the_gorge was ice-free up to the point
that the glacier surface elevation remained largely unchangeffached at PA (between points P1 and P2). The length and the
in the area below the unstable rock face (northern part of thede0metry of the remaining ice-free gorge floor is not known,

tongue), whereas upglacier it lowered very rapidly. This led as it could not be explored .fu_rther. The same is true regard-
to the formation of a depression on the glacier tongue. Thed the topography of the still ice-covered part of the gorge at

ice flow in the lower region of the tongue appears to havethe front section of the glacier tongue. It is only beyond the
been minimal (only a few m) in recent years, also favour- Schlossplatte that data on the glacier bed is available, based

ing the formation of depressions on the glacier surface. ~ ONn our radar measuremenig\V, 2007.
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Fig. 3. The unstable rock face (Schlossplatte, marked) on the orographic left side of Unterer Grindelwaldgletscher at the foot of the eastern
ridge of the Eiger mountain, the debris-covered tongue and the supraglacial lake in May 2008.
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Fig. 4. Evolution of the unstable rock mass since July 2006. The lowest point of the glacier bed geometry was interpolated between the ice-
free surface topography immediately downstream and results from radio-echo soundings performed upstream. However, the cross-section o
the glacier and location of the sliding plane are not known.

4 Lake development etal, 2001). The lake formed for the first time in 2005 and its
basin has grown in size ever since (Tablend Fig.7). The

The thinning of the tongue of Unterer Grindelwaldgletscher area and volume of this basin was determined based on mea-

has been non-uniform due to the uneven thickness of the desurements of surface topography. Its content corresponds to

bris cover leading to the formation of a topographical depresthe maximal potential lake volume if the basin is filled com-

sion on the tongue of the glacier where water can accumulatgletely. The photogrammetric analysis of aerial photographs
and form a lake (Fig3) (cf. Gulley and Benn2007 Benn
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Fig. 6. Longitudinal profile of the glacier, the lake and the gorge
(a), map plane viewb), and four cross-sections of the gor@g,
all share the same horizontal axis with distances measured from the
lower terminus of the gorge. (a) The arrows indicate the en- and
subglacial flow path of the water. Point P1: up to here it was possi-
ble to identify the stream bed clearly on the aerial photographs, but
not further upstream. Point P2: glacier ice is visible on aerial pho-
tographs, but not further downstream. PA: it was possible to conduct
reconnaissance of the gorge this far. The bed is marked with a thick
line where it is known from radar measurements. (b) Schematic
map view of the gorge: up to point PA mapped and thereafter an ed-
ucated guess. (c) Diagram of the water flow at the glacier bed and
in the gorge in four cross-sectional views. The dark-grey coloured
water indicates subglacial pressurized flow conditions. Free surface
runoff takes place beyond the glacier terminus, indicated by light-
0 500m grey coloured water. The geometry of the two right cross-sections
() is an educated guess.

Z>

Fig. 5. Thickness changes on the tongue of Unterer Grindelwald-
gletscher in the years 2000-2004/ = -5.41ma?, a), 2004-
2008 Ah=-5.25m al, b). The deepest point of the newly formed

lake is marked by a circle. due to two effects, water can conduct heat efficiently by con-

vection through a debris layer due to its density anomaly,

furthermore, the debris on steeper slopes is washed away by

the water, exposing bare ice. Conversely, the ice ablation
taken at the end of summer in the years 2006, 2007 and 200 the vicinity of the unstable rock face at the terminus is
allowed the determination of the potential lake size in springnegligible due to the thick debris cover which has led to the
of the following years (Fig7 and Tablel). The subsidence of gradual formation of an ice dam in the years 2005-2009. In
the ice surface in the lake basin is faster than on the rest of théact, the dam elevation has even increased between 2007 and
tongue (Fig.5), thus, further accelerating the growth of the 2009 due to the thickening debris cover caused by the ongo-
lake basin. This faster ablation of submerged ice is probablhjing collapse of the Schlossplatte (Talie

www.nat-hazards-earth-syst-sci.net/10/227/2010/ Nat. Hazards Earth Syst. Sci., BB220D10
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Fig. 7. The gray-shaded area gives maximal lake extent for the years 2007034 kn?), 2008 p, 0.092 kn?) and 2009 ¢, 0.136 kn?).
The lake depth is given by the contour lines inside the lake area (interval 10 m). The centre of the lake is marked by a circle (identical to
Fig.5), the lake dam by a solid line and the glacier outline by a dashed line.

Table 1. Dam crest elevatiohy,m, lake basin surface area and Table 2. Predicted lower bound on the future lake basin surface
volume for the years 2007, 2008 and 2009 based on the surfacarea and volume for the years 2010-2014 for a dam crest elevation
topography determined from aerial photographs taken in fall of theof hyan=1407 ma.s.l.

previous year. “Year”: summer season for which the indicated lake
size was determined, “Survey”: date when the aerial pictures were

Year Surface area  Volume
taken. (km?) (108 md3)

Year Survey hgam Surfacearea  Volume 2010 0.17 35

(date) (mas.l.) k) (108 md) 2011 0.21 4.5

2012 0.24 5.7

2007 5Sep2006  1396.6 0.034 0.24 2013 0.28 73

2008 12Sep2007  1402.3 0.092 1.30 2014 030 90
2009 18 Aug 2008 1407.3 0.136 2.61

5 Glacier dammed lake outburst floods

Due to ongoing climatic warming, Unterer Grindelwald- .
gletscher will continue to lose mass and become thinner, pargla.m:’\r dammed !ak_es tengl to empty suddenly and the re-
ticularly in the region of the glacier tongue. Ablation will Isultmﬁ fll(oog car} |_r|1fI|ct terrible da”f'a%\‘fv on the valleys _t)he-
continue to occur at a non-uniform rate due to variations int? V\:"Iot;ti:n O?'S};ng;ﬁ?gfgcirn\l’; err?ezrtocffez:z(ra‘r?éllﬁljar?]r
the debris-layer thickness. There will be barely any meItingby h K int h y R 9 152009, The first
of the ice dam near the terminus of the glacier tongue due tg reach (e.g. a crack) into a chan err S 9. The Irs
the thick layer of debris. In contrast, the rest of the tongueproceSS can occur because the density of ice (900y "
will become thinner at the rate of 5-10 mla as observed _smallerthan that of water (1000 kg‘rﬁ_. Thus, once the fill-
between 2004 and 2008. By extrapolating the local surfacé"9 Ievel-reaches around 9/10 of the ice dam height, the dam
lowering rates, shown in Figb, we predict the geometry of can be lifted and the water can escape. The second process
the future glacier tongue and, thus, an estimate of the Th ca_tused by the Progressive _enla_lrgement of an en- or sub-
ture lake basin volume and bathymetry can be calculatedglacIal qhannel due to the dissipation of potential energy and
It shows that the volume will increase from 26Pm3in  L'© Positive temperature of the conducted water. The model
2009 to an expected 8:.8x10° m? in 2014, Table@ sum- W& Used to predict flood magnitudes simulates the second
marises the expected basin volumes for the years 2010-201R70C€SS and will be discussed in the following section.
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5.1 Modelling hydrographs temperaturel’. We fitted the model to the hydrograph by
varyingnman Hydrographs for the potential outburst in the
Nye (197§ offered the first theory explaining the drainage years 2009-2014 were calculated by assuming the predicted
mechanism of glacier dammed lakes. This work was ex-jake bathymetry and using the samganand7 as for 2008.
tended mainly bySpring and Hutte(1982, Clarke (2003 ~ The parametersman and T are poorly constrained and we
and Flowers et al.(2004. Even though the model we use analysed the sensitivity of the model for a range of those pa-
is based on the Spring-Hutter equations, for illustration, werameters for the expected 2014 flood. Furthermore, in the
give a brief introduction to the simpleédye (197§ model  case of large outburst floods, the narrow gorge (Bjchas
for which Ng and Bprnsson(2003 derived an approximate g damming effect and causes the water-level in the gorge to
solution. The rate of change in discharge with tifffeis de-  rise. The resulting back pressure lowers the lake discharge.
scribed in this theory using the following differential equa- e did not model the flood routing in the gorge, which would

tion: be needed to calculate the water-level at the glacier termi-
dgQ 5 3 nus. Instead, a simple sensitivity analysis for the 2014 flood
ar ¢10° - C20(pi—pw)”, (1) was performed by prescribing several fixed water-levels in
channel enlargement channel closure the gorge as lower boundary condition, ranging from O m to

200 m.

pi and py, are the ice and water pressu€g,andC» are con-
stants depending on the geometry of the glacier and physi-
cal properties of ice and water. This equation states that th&-1 Outburst 2008
time evolution of discharge is governed by two opposing pro-
cesses, one of which causes en|argement of the ChanneL tﬂ-é]e first serious outburst flood occurred in 2008. The lake
other of which causes closure. The channel enlarges becauéed during spring and on 30 May it drained within a few
the ice of the channel wall melts due to dissipation of po-hours, attaining a peak discharge of 8Bsn’. At the onset
tential energy, whereas closure occurs because the ice creepbthe outburst, the lake was barely half full, having a volume
inward to fill the void. The steady state of this equation is un-0f 0.75x10° m?. Afterwards, during the summer 2008, the
stable, thus, either a channel will enlarge progressively andake basin remained empty most of the time but in August it
lead to an outburst flood or it is sealed. This same behavioupuddenly refilled within a few hours. This suggests that water
is shared by the full theoryNye, 1976 and by its extension ~Was entering the lake from the subglacial drainage system as
(Spring and Hutterl982 also including the water tempera- Supraglacial streams entering the lake could not have filled it
ture of the lake which can greatly affect peak discharge. ~ as rapidly. However, in August the lake did not empty fast
enough to cause another flood.

We fitted the outburst flood model to the discharge hydro-
6 Modelled lake outbursts graphs of both of the lake and of the proglacial stream of
, . . the May 2008 outburst (Fig). It is clear that the model is
We employed Clarke’s003 model, which uses a modi- far from perfect, with the measured hydrograph rising more

fied version of the Spring-Hutter equations, to simulate the uickly than the modelled one. Nevertheless, it correctly re-
outburst floods of the lake on Unterer Grindelwaldgletscher.q y o ' y
produces the peak proglacial discharge.

The modifications of the Spring-Hutter equations are minor,
such that they become numerically stable. This model, unlike
the simpler one presented in the last section, includes watep-2 Future outbursts
temperature as a variable which is important for our setting,
as the lake water can be quite warm. As input, the modeWith the parameters obtained from fitting the model to the
needs the geometry of the bed, ice and channel @ighe 2008 outburst, we ran the model for the known bathymetries
hypsometry of the lake basin (derived from photogrammetryof 2008 and 2009 and for the ones predicted for the years
and future estimates, Fi§), the lake temperaturg and the =~ 2010-2014, assuming a completely filled lake and, of course,
roughness of the chann@han. The model uses the Manning an identical outburst mechanism. Fig@&shows the calcu-
roughness description which relates water flow speed to théated hydrographs; they are similar to each other but have an
pressure differenc&how et al, 1998. Initial conditions are  increasing peak discharge.
the water-level of the lake and the channel size. The bound- We calculated an advance warning time by assum-
ary condition is the water pressure at the glacier terminusng that an alarm can be raised once the lake level has
(cf. Fig. 6), i.e. the height of the water-level inside the gorge. dropped by 0.5 m, and then calculated the time until lake dis-
The model then calculates the time evolution of the channetharge reached 80%s~! when damage would start to occur
diameter, discharge and lake level. (cf. Sect.7.3). In Fig. 10, the maximal discharg®max and

We first ran the model for the 2008 outburst. For that out- Az is plotted against the year of the floo@max increases
burst, we have measurements of the lake level, bathymetrjrom 130 to 590 s~ andAr decreases from 5.5 h down to
(therefore, also lake discharge), proglacial discharge and lak8.3 h.

www.nat-hazards-earth-syst-sci.net/10/227/2010/ Nat. Hazards Earth Syst. Sci., BB 22010
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Fig. 9. Predicted outburst hydrographs at the glacier terminus for
the years 2008-2014 assuming a completely filled lake basin and

using model parameters as in F8y.The timing is only relative and

the hydrographs are offset for ease of viewing. The legend gives the The two model parameters, channel roughness, and

year and the lake volumi (10° m3).
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Fig. 10. Predicted maximal discharg@max) and advance warning

lake temperatur@, are likely to vary from year to year. We
took the model run for 2014 as base case Wit##2.0° C and
nman= 0.025nm /3 s and varied eithel’ or nman to study
the sensitivity of the model to these parameters. Figuee
shows plots ofQmax and At againstiman. Omax decreased
considerably from 1200 to 220%s~! with nman increasing
from 0.01 to 0.08 m%/3s and, thusAr increased from 0.6
to 17 h. Figurellb shows thatD)max increased from 380 to
960 P s~ 1 with 1 < T < 4°C, and, thusAr decreased from
75t01.1h.

The gorge is very narrown~0.5m) near the terminus of
the glacier which causes the water-level to rise considerably
at high discharge, thus, exerting a back pressure on the wa-
ter flowing inside the glacier. Taking the same base case
as above, we increased the water-level in the gorge from
0 to 200m. This decrease@max (Fig. 12) from 600 to

time (Ar) for the years 2008—2014 assuming a completely filled 1 !
320 s~1 and consequentlys increased from 3.2 to 7.3 h.

lake basin and model parameters as used for&-ig.
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7 Discussion 600r

The lake basin, which formed on the tongue of Unterer 550y
Grindelwaldgletscher, will increase in volume in the future

and, thus, presents an ever-growing threat to the commu- -~ 500
nity of Grindelwald and others further downstream. The mg 450
proglacial stream, Weissditschine, flows through Grindel- e

£

wald Grund, where the terminal station of the Jungfraubah- o~ 400!
nen is located in addition to other infrastructure. Firstly,

we discuss the model performance, then we assess the haz- 3501

ard potential of the lake for floods in Grindelwald based on 3

model results, and recommend strategies for averting damage 300t ‘ ‘ ‘ 13

to people and infrastructure. 0 50 zleO(Om) 150 20

7.1 Choice of outburst flood model Fig. 12. The model sensitivity to changes in water-level in the gorge

ZsL. Change in maximal discharge (left axis), change in advance

There are two reasons we chose to use ClarkeG03 warning time (right axis).
model: firstly, this model and its predecessors are established
models of glacier lake outburst floods and have been applied
to several different outbursthlye, 1976 Clarke 1982 2003
which showed that they can perform adequately. Secondly, a
more physically complex model would have been difficult to tion channel would have to open up, which it could do much
construct and run because of the following factors. The exfaster due to its shorter length. Once the lake discharge sur-
act physical details responsible for the outbursts are poorlypasses the capacity of the main drainage system, the channel
known and they would be difficult to experimentally investi- Of the main drainage system will have to enlarge too. Thus,
gate. Furthermore, the responsible mechanisms can vary bédis mechanism would lead to a faster-rising hydrograph at
tween drainage events as is illustrated by the lake drainagei$le onset of the flood and to a slightly higher peak discharge.
in 2008: once it drained rapidly and once slowly, without (b) The onset of the lake outflow could be due to a crevasse
producing a flood. Also, a more complex model would likely ©Pening and connecting to the subglacial drainage system,
require more input data like, e.g., the geometry of the g|acierwhich would lead to an even faster increase in initial dis-
bed or the sediment layer thickness at the bed. Howevercharge than the triggering mechanism (a).
measurements of these quantities are not feasible. Especially at higher discharges, as can be expected in the

Thus, the results of this study are only valid for one of the years after 2010, the narrow geometry of the gorge below
many possible drainage mechanism and its resulting hazarthe terminus of the lake will influence the lake discharge hy-
potential. We think that the modelled mechanism, or slightdrograph. Results show that the channel can attain a max-
variations thereof as discussed below, can produce the pdmum diameter of~12m for the highest discharge values.
tentially largest outburst floods in the time frame consideredIf the width of the gorge segment, which is still underneath
in this study. Therefore, it is the relevant mechanism to bethe glacier, is less than this maximal channel diameter (at

considered for the presented hazard evaluation. least in places), then the emptying of the lake will take place
more slowly and the peak discharge will be reduced com-
7.2 Model performance pared to normal conditions. It is not feasible to quantify this

effect but it is likely to be minor compared to the other in-
The outburst in 2008 gave us a chance to calibrate the unfluences (e.g. lake water temperature, discussed below). In
known channel roughness parameiggn by fitting the mod-  the ice-free part near the glacier terminus, the gorge nar-
elled to the measured hydrograph. Fig8hows that the fit  rows to~0.5m. As a result, with increasing discharge, the
is not so accurate, in particular the lake outflow hydrographwater-level in the gorge at the glacier terminus will rise above
rises much faster than the modelled one. This could be du¢he level of the subglacial channel. In this case, the water
to a number of factors and their combination: (a) we know pressure head at the end of the subglacial channel does not,
that there is an already existing subglacial drainage systemas previously assumed, correspond to atmospheric pressure
in place conducting the surface meltwater to the glacier terbut to the water-level in the gorge. We estimate the max-
minus (sed-ountain and Walderl998 for a review of the  imal water-level in the gorge for the 2014 outburst using
glacial drainage system). FiguBeshows the main drainage the following argument: the calculated cross-section of the
system channel (annotated by subglacial channel) and thsubglacial channel at the glacier terminus has a maximum
channel connecting the lake to it (annotated by englacialarea of 50rA. If the flow velocity of water in the adjoin-
channel). At the beginning of the outburst only the connec-ing 0.5 m wide gorge remains the same as in the subglacial

www.nat-hazards-earth-syst-sci.net/10/227/2010/ Nat. Hazards Earth Syst. Sci., BB 22010



236 M. A. Werder et al.: Glacier lake outburst floods of Unterer Grindelwaldgletscher

channel, then the height of the free water-level has to bewill need to be evacuated. Thus, peak dischagex pre-
~100 m above the level of the channel at the terminus. Theliction and also, for evacuation purposes, the advance warn-
exerted back pressure diminishes calculated peak dischargeg time Ar estimates are necessary. For the flood in 2008,
(Fig. 12) from 600 to 450 Ms~! for a water-level of 100m  the measured: is 02:05 h and the calculated one is 7 h. This
in the gorge. shows, as discussed in the previous section (processes (a) and
The two important model parameters of channel rough-(b)), that the flood rises faster in the initial stages than pre-
nessnman and lake temperaturg are not well constrained. dicted by the model. Thus, all the advance warning times
For the first, we cannot estimate its band of variation as weshould be divided by a safety factor of three. A complemen-
have only withessed one outburst flood so far. The latter igary early warning system could be based on measurements
dependent on the weather conditions prior to the flood andf the subglacial water pressure, which increases rapidly as
on how much ice is exposed inside the lake basin. Thusan outburst commences. It could support the primary system
we conducted a sensitivity analysis of the model based owhich relies on data from lake level measurements.
the model run of 2014 for quite a wide range of these pa- As of spring 2009, Grindelwald will have to anticipate ma-
rameter (Fig.11), which shows that both parameters have jor damage to its infrastructure from floods due to the lake.
a major effect on both the modelled peak discha@fax The exact peak discharge cannot be determined as we cannot
and advance warning tim&z. Based on our current knowl-  predict the filling level at which an outburst will occur (it is
edge, it seems prudent to assume a valuegf, in the most likely somewhat random). Furthermore, we cannot pre-
range 0015< nman< 0.045nm /35 (0.025m1/3sin 2008)  dict how many outburst floods will occur per year as the lake
which leads to a considerably uncertainty of the calculatedcan refill after emptying, as illustrated by the episode in Au-
Omax between 800 and 350%s1. The lake temperature gust 2008. All in all, we estimate the likelihood of a major
can and should be measured and high values will indicate th#ood as being very high. Furthermore, in the years beyond
danger of a more intense outburst. The temperature rang2010, the potential discharges are large enough to inflict very
1< T < 4°C is realistic for the lake (2C in 2008) which  serious damage in all downstream communities.
leads to a range of calculated 3800 max < 960 M? st in
2014. Note that a high@?max automatically means a shorter 7-4 Preventive measures

At due to the shorter duration of the whole flood and, thus,

outbursts with a greater damage potential also have shorté?ro_m spring 2008 opwards, the expepted floods due to the
advance warning times. drainage of the glacier lake were estimated to cause dam-

The uncertainties in the model predictions are consider29¢S N ”‘? Ltschental as well as further_downstrea_m. An
able. However, at the moment, with only one observed Out_early warning system has been installed in the glacier lake,
burst flood, nothing would be,gained by applying a morewhich continuously records the lake water-level with a water
complicate;j model, e.g. taking the above-mentioned pro.PTéSSUre sensor. As soon as a critical lake level decrease is

cesses (a) and (b) into account. The ongaing lowering 01recorded, a warning message is automatically sent to the per-

the lake basin will make the connection channel to the mair>°" in charge of the regiona_l natural hazard prevention.‘ This
drainage system shorter and, thus, item (a) is likely to be_system worked perfectly during the flood of the lake drainage

come more important in the future. onTSO MaythOE)S. destructive floods. the lake level should
The time of the outburst and the lake level at that point 0 avert lulure gestructive Tloogds, the lake fevel shou

be kept as low as possible such that the potential lake wa-

cannot be predicted based on any current theories and it IPer volume remains smalk(0.5 million ). To achieve this

likely that this will remain so \(Verder 2009. Thus, it is i . .
possible that the basin on Unterer Grindelwaldgletscher Wi”goa_l, the Berese authonpes d(_amded to build a 2.1-km long
drainage tunnel on the right side of the gorge from Mar-

never fill completely before drainage initiates and, thus, peak . . .
discharges will remain below what we have predicted. morpruch to the Iake (Fidh). Th_e tunnel W!” exit onto the
glacier surface behind the debris-covered ice dam at the low-

est possible level, so that the water of the lake can drain
through the tunnel. The anticipated completion date is Oc-
tober 2009. It is planned to regularly adjust the tunnel exit

structed to safely conduct discharges of up to 13@&m of to the lowering glacier surface in the following years. The
which typically 40 ¥ s~2 are due to background discharge. tunnel is designed to allow large construction machines to
Thus, excluding times of already heightened discharge of thdeach the glacie_r to artificially level the surface in order to a!-
Weisse litschine due to strong precipitation, a peak lake 10W water to drain through the tunnel or to make a breach in
discharge of 80 hs~1 can be conducted without leading to the debris-covered ice dam, in the event that such measures

damage. This is the peak discharge of the 2008 outburst andTOVe necessary in the future. The early warning system and

thus, it is evident that a larger lake basin, already one of thdhe tunnel construction work are described on the website

size expected in 2009, poses a considerable threat to GrindeflttP//www.gletschersee.ch

wald, as damage will occur at higher discharge and people

7.3 Hazard assessment for Grindelwald

The flood defences of the Weissétkchine have been con-
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8 Conclusions Glaciological reports: The Swiss Glaciers, 1880-2004/05, Tech.
Rep. 1-124, Yearbooks of the Cryospheric Commission of

New natural hazards can emerge due to the retreat of glaciers, the Swiss Academy of Sciences (SCNAT), published since
as in the case of Unterer Grindelwaldgletscher where a new 1964 by Laboratory of Hydraulics, Hydrology and Glaciology
supraglacial lake has recently formed. This ice-dammed lake (VAW) of ETH Zirich, available at:http://glaciology.ethz.ch/
is unstable and can drain rapidly, leading to dangerous floods, SWiss-glaciers/1881-2009.
We conducted a hazard assessment of the lake on Unter&ulley. J. and Benn, D.. Structural control of englacial drainage
Grindelwaldgletscher and predicted ranges of future maxi- ;gzteﬂs‘z'go"g?alayan debris-covered glaciers, J. Glaciol., 53,
mal lake volume, flood discharge and advance warning timesr_| e : - . :

. aeberli, W.: Frequency and characteristics of glacier floods in the
The latter were shown tp be long enqugh so that, with a} Swiss Alps, Ann. Glaciol., 4, 85-90, 1983.
suitable alarm system, a timely evacuation should be feasit ngstrom, s., McCafferty, A., and Coe, J.: Photogrammetric
ble. However, from 2009 onward, floods with a high poten-  analysis of 1984-89 surface altitude change of the partially
tial for destruction are to be anticipated and, thus, the con- debris-covered Eliot Glacier, Mount Hood, Oregon, USA, Ann.
struction of a 2.1-km long drainage tunnel was initiated in  Glaciol., 17, 167-170, 1993.
order to limit the lake volume below a critical level. Ng, F. S. L. and Bjrnsson, H.: On the Clague-Mathews relation for

jokulhlaups, J. Glaciol., 49, 161-172, 2003.
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