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Abstract. We first present the results of a series of tracer ex-processes(larke 2005. Characteristics of the drainage
periments conducted on an alpine glacier (Gornergletschessystem have been deduced from point measurements such
Switzerland) over a diurnal discharge cycle. For these in-as borehole water levels, slug tests (ékgn et al, 1996,
jections, a moulin was used into which an ice marginal geophysical methods (e.Walter et al, 2008 or from bulk
lake was draining, providing a relatively constant discharge.information such as discharge recession analysis and hydro-
The measured tracer transit speeds show two diurnal maxgraph separation (e.gollins, 1979.
ima and minima. These findings are qualitatively different Dye tracer experiments have proven to comprise a pow-
to existing observations from two series of injections con- erful tool for studying the sub- and englacial drainage sys-
ducted at Unteraargletscher (Switzerland) using a moulin fedem and have been performed to characterise the firn aquifer
by supraglacial meltwater having a high diurnal variability, (e.g.Lang et al, 1979, to investigate the drainage system on
which displayed one diurnal maximum and minimum. seasonal (e.gNienow et al, 1999 and diurnal time scales
We then develop and use a simple two-component mode{e.g. Nienow et al, 1996a Schuler et a.2004. The mea-
of the glacier drainage system, comprising a moulin and asured tracer transit speed is the quantity most readily com-
channel element, to simulate the measured transit speeds fpared to models of glacier hydraulics (e<ghler, 1995, but
all three injection series. The model successfully reproducesther parameters (e.g. dispersion coefficient, returned tracer
all the observations and shows that the same underlying promass, double peaks) can also be used (gignow et al,
cesses can produce the qualitatively different behaviour de19968. The high frequency tracer experiments ignow
pending on the different moulin input discharge regimes. Us-et al.(19964 andSchuler et al(2004 revealed covariations
ing the model, we assess the relative importance of the difbetween tracer transit speed and supraglacial discharge in-
ferent measurement quantities, show that frequent measureut into the injection moulin. Modulation of the flow in the
ments of moulin input discharge are indispensable and protributary by the discharge conditions in the main channel has
pose an experiment design to monitor the development of thé&een suggested as a possible explanation for this. However,
drainage system over several weeks. the partitioning of the total residence time into contributions
from the tributary and main channel remained unresolved un-
til recently (Schuler and Fische2009).
This publication covers the following topics: the develop-
ment of a two component hydraulic model, the presentation

The glacier drainage system governs how meltwater is route@f results from a series of high frequency tracer injections on
through the glacier, which in turn influences ice flow dynam- Gornergletscher (Switzerland), the interpretation of this se-
ics by affecting basal sliding rates. Due to the virtual inacces-ies and two qualitatively different series (conducted on Un-
sibility of the glacier interior and glacier bed, the investiga- teraargletscher bgchuler et al.2004 with the model, and
tion of the subglacial drainage system relies on observation§lesign recommendations for future tracer experiments de-

of products and the subsequent inference of the underlyingluced from the model application. First we describe the field
sites (Gornergletscher and Unteraargletscher, Switzerland),

the field methods and the used terminology. We then intro-
Correspondence tavl. A. Werder duce the two component hydraulic model which simulates
BY (mawerder@sfu.ca) tracer transport through a moulin and a subglacial channel.
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Fig. 1. Map of the tongue of Gornergletschig) and Unteraargletschéb) with solid contours of surface elevation and dotted contours

of bed elevation $ugiyama et a].2009 Schuler et a].2004. Marked are the moulins used for tracer injections (M4, moulin), the tracer
transit distancé (dashed lines), the maximum extent of the lake — (a) grey shaded area, the borehole used for subglacial water pressure
measurements — (a) BH1, and the automatic weather station — (a) AWS. The inset shows the location of map (a) and (b) in Switzerland.

We present the results of the high frequency series performed@he greatest ice thickness of 450 m was measured 1km

on Gornergletscher, consisting of ten tracer injections con-downglacier of the lakeSugiyama et al.2009. During

ducted over 24 h at intervals of about 3 h followed by two 2004—2008, the yearlydkulhlaups (glacier lake outburst

further injections on the subsequent day. These experiment$oods) of Gornersee were studied using an integrated ap-

used a moulin into which an ice marginal lake slowly and proach that employed a range of different measurements

steadily drained. This situation provided a continuously high(e.g.Huss et al.2007 Sugiyama et al.2007 Walter et al,

discharge input into the moulin with a relatively small diur- 2008, including tracer experiment3Merder et al. 2009

nal amplitude and therefore prompted a comparison to simi\WWerder and Funk2009. The experimental data presented

lar experiments where the supraglacial discharge had a pradn this paper were collected during a field campaign in 2006

nounced diurnal cyclicitygchuler et al.2004). The observa- when the lake filled until its shore reached a small moulin

tions are interpreted by applying the two component model(marked M4 on map in Figla) into which the lake spilled

to investigate the hydraulic context leading to the observedover. The moulin adjusted its capacity over one and a half

variations of tracer transit speed, in both our observationglays after the onset of the outburéfdrder and Funk2009;

and those oSchuler et al(2004). Finally, the analysis of the afterward the lake discharge stabilised and was limited by

model behaviour allows us to suggest a new experimental dethe rate of spillway incision (cRaymond and Nolgr2000.

sign for future tracer experiments. The average daily rate of spillway incision and of lake level
lowering was slightly more than 1 m per day, translating into
a discharge between 1 and 8a1!. It took about three

2 Setting weeks for the lake to empty. At the end of this time, the
canyon was about 200 m long, 5 m wide and up to 50 m deep.
Gornergletscher is a-60 kn? valley glacier in the Valais Unteraargletscher in the Bernese Alps, Switzerland, was

Alps, Switzerland. It covers an altitude range from 2200 the site of two series of high frequency tracer injections con-
ma.s.l. to 4600ma.s.l. and has a length of 14kdugs ducted bySchuler etal(2004). Itis a~26 kn? valley glacier

et al, 2007). Gornersee is an ice marginal lake located fed by two tributaries (Figlb). From the confluence zone at
in the confluence area of the two main tributaries Gorner-~2400 ma.s.l., it extends about 6 km eastward terminating at
and Grenzgletscher (Figa). The lake has an elevation of ~1950ma.s.l. and its maximal ice thickness-4¢00 m.
2530ma.s.l. and lies 5.25km upglacier from the terminus.
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3 Methods transit distance due to the vertical distance covered, the ge-
ometry and the sinuosity of the flow path. The transit speed
3.1 Field methods is therefore a lower bound on the channel cross-section aver-

agedflow speedv =1/At).
On Gornergletscher, we manually injected Uranine dye at 3h Note that hydraulic models, including the one presented in
intervals between 11:00 on 18 July and 14:00 on 19 Julythis paper, use the flow path length and calculate flow speed,
and on 20 July at 14:00 and 17:00. The dye was injectechot transit distance and speed. For this reason, care must be
into the lake outlet streamy200 m from its entry into the  taken when comparing experimental and model results.
moulin M4. The flushing of the dye was always good as dis-
charge was high. The detection of the dye at the gauging sta3.3 Data processing
tion was fully automated using a BackScat submersible fluo- ) .
rometer. A borehole (BH1, Figla) was hotwater drilled in Processing of the experimental data follo@shuler et al.
2005 and equipped with a vibrating-wire pressure transducef2004 and Werder et al(2009. For Gornergletscher, we
(Geokon 4500). Air temperature and precipitation were COrrect the tr_anS|t speed, as defined above, fpr the time the
measured by an automatic weather station (AWS, Eij.  tracer spentin the proglacial stream (for dgtaﬂs‘ﬁmder
at the northern margin of the glacier. The lake level was@nd Funk 2009 Thus, the presented transit speeds are as
measured with a Keller pressure transducer (DCX-22) withif the fluorometer were posmoned_ right at the glacier snout.
10 min logging rate. The elevation of the lake surface was T his correction reduces the transit speed by about 0.05 and
determined daily by a differential GPS measurement to re0-1m s* at low and high proglacial discharge, respectively.
late lake level to elevation. Aerial pictures were taken onFurthermore, the tracer was not injected directly into the
20 September 2006 which were used for photogrammetrighoulin but~200m away, into the lake outlet stream. Flow
determination of the lake basin hypsometry. Proglacial dis-" the stream was rapid, we estlmM—Z.m§1, thus the
charge was measured by a hydro-power company at a gaudgeSidence time in the stream wad—3.5min, compared to
ing station 1.25 km downstream of the glacier terminus. All ~2—3 h englacial residence time. The error in transit speed,
times are given in Central European Summer Time (CEST,mcIudmg the correcyon and the effects of injecting into the
UTC +2). More details of the experimental design used onlake outlet stream, is about 6%Verder and Funk2009.

Gornergletscher can be found in two related papafsrfer  For data from Unteraargletscher, no corrections were applied
et al, 2009 Werder and Funk2009. since tracer was injected only a few meters away from the

_moulin and dye detection was close to the glacier snout.

On Unteraargletscher, sulforhodamine B was used for in g | '
The lake discharg&, into the moulin was calculated

jections into a moulin (marked in Fidb). The dye con-

centration was continuously monitored close to the termi-Tom
nus (marked in Figlb) using a Turner Model 10-AU field dhijake
fluorometer. All injections were accompanied by simultane- @m = Omett — — = Alake(/tiake) 1)

ous measurements of supraglacial discharge into the moulin _ _ _ _
and bulk runoff in the proglacial stream using a salt dilution Where Omeit is the meltwater input into the lakéjaie is the

method (e.gAastad and Sognet954. lake level andAjake(h) is the hypsometric function of the
lake. QOmelt is calculated from a distributed temperature in-
3.2 Terminology dex model Hock, 1999 coupled to a linear-reservoir model

as applied to Gornersee biuss et al(2007). This model is

In order to describe and discuss the tracer experiments andriven by the measured air temperature from the automatic
the accompanying model, a few concepts need to be eluciweather station and was calibrated during the filling period
dated and terms defined. The same definitions are used byf the lake by matching measured and calculated lake level.
Werder et al(2009. We assume that the tracer and the wa- The hypsometric functionake(h) expresses the relationship
ter travel at the same velocity, thus the following definitions between lake level and lake area. It was determined from
apply to both. the hypsometry of the empty lake basin (from photogram-

The time interval between the passage of the maximunimetry) together with the known lake level-elevation relation-
concentration of the tracer cloud at two locations iste  Ship. The error in the lake dischargsy can be estimated
idence time(Ar, sometimes called the dominant residence by comparing the measured and modelled filling rate of the
time). The shortest possible horizontal distance betweerake before the drainage initiated. The absolute error is up
those two locations is theansit distance(l), and accord- to 1mPs™! and varies diurnally due to shortcomings of the
ingly, thetransit speeds the ratio of the transit distance and linear-reservoir model.
residence timei(= i/A;)_ The actual distance travelled by The time series and additional data of the tracer experi-
the tracer is thélow path length(/). Of course, the time ments, air temperature, borehole water level and lake dis-
to traverse thdlow pathis also the residence time. Note charge are provided in the supplement.
that the flow path length will, in general, be longer than the
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Q m(t) Table 1. Physical constants.
Physical constant Variable Value
Constant 1 C1 2.2x105m™1
Q Constant 2 Cy 3.7x10Bms1
a Density of water ow 1000 kg nr3
R Density of ice Pice 900 kg 13
Gravitational acceleration g 9.8ms2
>—0 m Q D () Ice flow constant B 5.3x 102 Pa”s1
Q h h Ice flow exponent n 3
p Latent heat of fusion L 333.5kJkg?
Pressure melting coefficient ¢t 75x 108K Pal
: - . ifi i ) -1
Fig. 2. The lumped element model consisting of a moulin element _ SPecific heat capacity of water cp 4180Jkg K

(left) and a channel element (right). Itis driven by the measured dis-

charge into the moulim and the proglacial dischargep. Note

that the additional discharg@s, required for conservation of water

mass, is not of interest for our purposes and is not calculated. Equation @) assumes that the input discharge into the moulin
reaches the water level in the moulin without delay. Téble
summarises the model parameters and constants. The resis-

3.4 Model tanceR for a channel of circular cross-section is given by

Our aim is to simulate the passage of the tracer through
the glacier drainage system for a given moulin input andp _ 24/3,2/3,2 ; ¢-8/3 (5)
. . . . . . - man )

proglacial discharge which is achieved using a lumped ele-
ment model (c.fClarke 1996 combined with a water flow  \yhere nya, is the friction factor used in the Gauckler-
speed calculation. We envisage that the traced water enteianning-Strickler formulationGhow et al, 1998.
a moulin which connects to adlisberger-type of channel Using Eq. 8), the hydraulic head: can be calculated
(R channelR6thlisberger 1972, through which the bulk of - that is required to drive the given dischargg through the
proglacial discharge is routed (Fig). _ R channel element. This hydraulic head defines the water

The moulin element has a cone-like geometry and is fed byleve| in the moulin. Thus in this model, the R channel is
Qm. The water IeVeI in the moulin iS equal to the hydl’aUHC independent Of the mou"n but not Vice versa.
headh at the upper end of the R channel, which depends on  Exp|oiting our finding that model performance is not com-
the discharge conditions and resistance to flow in the R Cha”promised by assuming a static R channel (thus now referred
nel. A turbulent flow resistor of resistandeis used for the g a5 channel), Eqs244) can be simplified further. The
R channel element, carrying a given proglacial disch@lge  steady-state value of the channel cross sectiy i6 re-

This model is governed by the equations lated toR, I and the mean proglacial dischargg by set-

0 if h = hmax Om > O Fing dS/dtlzo in Eq. @). Fu_rthermore, the case.distinction
@ _ ) in Eq. () is removed and:p, is set to atmospheric pressure
dt % otherwise (~0m). The system thus simplifies to

dh  Om— 0
_ 2 =1 = 6

Ah =RQ} @ AR (6)
ds Ah .
D =22 ooy — i)', (4  h=RO @)

which are solved for the hydraulic hedd the discharge EQuation 6) can be solved foQ

exiting the moulinQ and the cross-sectional area of the dh

R channelS. C1=(1 — pweper) 24 andC2=2B (2£)" 0 = QOm — A=, (8)

are constants (cf. Tabl&), hmax iS the maximal possible

filling height of the moulin, A(h) is the cross-sectional wherefl—h is determined by differentiating EGr)

area of the moulin as a function of heigltt, is the hy- !

draulic head at the glacier terminugyh=h —hp is the 3.4.1 Transit speed calculation

head drop in the R channdl,is the R channel flow path

length, hob = picehtice/ pw iS the hydraulic head correspond- To compute the transit speed, for comparison with the ob-
ing to flotation pressure of the ice above the channel andservations, we first determine the residence time of a parcel
h= % (h+hp) is the mean hydraulic head in the R channel. of water. Tracer diffusion and storage-release processes are

The Cryosphere, 4, 38396, 2010 www.the-cryosphere.net/4/381/2010/
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Table 2. Model constants and fitting parameters.

Model parameter Variable  Units
Channel cross-sectional area S m?
Channel flow path length I m
Channel roughness nman m-1/3g
Channel sinuosity o

Coordinate height Z m
Coordinate time t S
Discharge into moulin Om m3s1
Discharge out of moulin 0 m3s-1
Discharge proglacial Op m3s-1
Discharge, mean proglacial Op m3s-1
Element; discharge Q; m3s~1
Element; cross-sectional area A m3s1
Element; volume 1% m3
Element; entry time t}” s
Element; exit time t;’“t s

Exit time channel p S

Exit time moulin 'm S
Injection time tinj S

Lake hypsometric function Alake m?
Lake level height hlake m
Meltwater input into lake Omelt m3s-1
Moulin cross-sectional area A m?
Pressure head in moulin h m
Pressure head difference in channelk m
Pressure head average in channel 7 m
Residence time moulin Atm S
Residence time channel Atc S
SyntheticQm mean gm m3s-1
Total residence time At S
Transit distance 7 m
Transit speed b ms1
Mean ice overburden pressure head g 270m
Mean ice thickness hice 300m
Moulin bottom Amin Om
Moulin top hmax 300m
Proglacial water pressure head  hp om
SyntheticQp amplitude ap 9.16ms 1
SyntheticQp, frequency w 27d1
SyntheticQp mean dp 25.3nPs71
SyntheticQp phase 1) 3.13
Model tuning parameters Variable  Units
Channel resistance R $m>
Moulin cross-sectional areatop At m?
Moulin cross-sectional area bottom Ay, m?

neglected. The exit time of the trac:él}Ut from a lumped
elementj obeys

t(_)LJt

Qi(t)ydt =V, (r}’”‘), (9)

www.the-cryosphere.net/4/381/2010/
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At Ay At

h 4 ' h Ab

2h apex h min
hapex }
0 0

p<0

0+ a b A
Ap A
Fig. 3. The geometry of the moulin element, with water filling
heighth, top (At) and bottom Ap) cross-sectional areéa) Ay > 0;
(b) Ap <0, in which case the apex of the cone has heigiex
and the volume below the apex is negati¢&); equivalent moulin
geometry to (b) provided does not fall below:min = 2hapex

where Q; is the discharge into the element; is the water
volume in the element and' is the tracer entry time. Thus,
the volume of water flowing into the element between entry
and exit of the tracer is equal to the volume of water in the
element at the exit time. The total tracer residence tixne
for an injection at time}" is then given by the sum of the
residence times of each elemexnt;

At = ZAZ‘]‘,
J

whereAr; =t —¢in,

In the moul]in, pressurised flow conditions prevail only be-
low its filling heightk, and the model (Eq2-5) assumes that
injected water reachdsinstantaneously. Thus, the volume
of water in the moulin at the exit time{) of the water par-
cel can be obtained by integrating the moulin cross-sectional
areaA from the bottom td:(¢,). We prescribed as a linear
function of height above the bedFig. 3)

(10)

Ar— A
Ax) = 2L~ 7b

hmax

Z + Ap, (11)
whereA; is the cross-sectional area at the glacier surface and
Ap is the cross-sectional area at the glacier bed. Integrating
Eqg. 11) from O toh(¢ty) and substituting it into Eq9] gives

Ay — A
DL D0 (tm)? + Aph(tm).

m
Qm t)dt =
() 2” ax

Tinj

(12)

whererip; is the injection time. This equation can be solved
for 1, once O, is specified and then gives the moulin resi-
dence timeAfm = tm — finj.

The channel cross-sectional atgand its flow path length
[ are constant, hence the water volume in the channel is equal
to SI, assuming fully pressurised flow. Equati®) becomes

fc
/ Qp(1) dt = SI (13)
Im

The Cryosphere, 4,383 2010
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and can be solved for the channel exit tigeonce Qy, is transit speed. For the experiments on Unteraargletscher we
specified. The (static) channel volur@fs obtained by solv-  found that using differeni; and Ap did not improve the fit

ing Eqg. @) with %t§ =0: and thus we set; = Ap. On Gornergletscher however, it was
C1R0O3 essential to have differemt; and Ap. For Unteraargletscher,
Sl = P e (14) model runs denoted Ul and U2 correspond to the experi-
Cy (hob — %RQ%) ment performed in August and September, respectively. For

_ Gornergletscher, we employed two fitting strategies. First,
Thus by specifyingk and Qp, the channel volume is fixed e fitted the model using all available tracer experiments
without prescribing eithes or/. It follows that the equations (mode| run Gl) and Second, we used On|y the tracer experi_
for channel cross-sectional arsachannel flow path length  ments during the first 24 h and also excluding the experiment
I'and channel roughnesgan comprise an under-determined hjich was conducted at 17:00 18 July, just before an iceberg
system given by Eqs5f and (14). With Arg=1c—1m, the  \as blocking the spillway (model run G2).
(total) residence timez is given by The errors in the measured transit speed are small (1% for
At = Atm + Afe, (15) Unteraargletscher and 4% for Gornergletscher experiments)
and were thus ignored in our estimation of the errors of the
fitting parameters. However, the errors in the discharge data
are larger. For the discharge measurements by salt dilution at
Unteraargletsche6chuler et al(2004 estimate an error of

which is a function ofi,;. The solutions of Eqs1@) for
andz; and (L3) will have to be determined numerically for
generalQm and Qp. Finally, the transit speed is given by

. 7 5%. The proglacial discharge on Gornergletscher was mea-

V=R (16) sured by the hydroelectric power company for which we es-
A e ) timate an error of 10%. The discharge into the moulin was

wherel is the transit distance (Fid). derived from lake level measurements and a modelled melt-

water inflow (Eq.1) and has estimated errors of up to 20%,
which are probably systematic. In addition, the interpolation

The lumped element model is driven by the discharge intod1Ves rise to further errors. . _
the moulin Oy and the proglacial dischargg,, and uses A simple sche;me was employgd to ?stlmate the'lnflluence
atmospheric pressure at the terminus as the lower bounda§f these errors in the model estimateiof The moulin in-
condition. Defined in this way, three free parameters remainfut and proglacial discharge data were modified by increas-
At and Ay, describing the geometry of the moulin and the N9 and decreasing their mean and amplitude by the errors
channel resistanc®. As the channel parametess / and given above. For the moulin discharge on Gornergletscher,
Niman @re non-unique, we will present the rangengfanand ~ We glso used & 2.5 h phase shift of the modglled Water in-
S corresponding to a range of sinuositiebetween 1 and 2. Put into the lakeOmer (EQ. 1) to account for inaccuracies

To compare the model results to the measurements fronn the linear-reservoir model. The model was then fitted to
Gornergletscher and Unteraargletsci8stuler et al.2004), the transit speed using the modified discharges. Thu_s, for
the model was run with the measured proglacial dischargeUnteraargletscher the model was fitted faififerent combi-
the derived (Eql) discharge into the moulin for Gorner- nations ofdlscharges and for Gornerglc?tsche.rE’tdlf{eren.t
gletscher and the measured discharge into the moulin for Unombinations of discharges. The range afbtained by this
teraargletscher. The measured data were interpolated usingP§ocedure we take as the error bounds and are presented as
piecewise cubic Hermite polynomial to obtain a continuousPands in the figures.
discharge function. These piecewise polynomial represen-
tations of the discharge were then integrated numerically for
use in Egs.12) and (13). On Gornergletscher, the transit dis- 4 Results
tance wag = 5250 m, the mean proglacial dischar@g was i )
25.3n? s~ and we ran the model from 10:00 on 18 July to We first present the tracer experiments and related measure-
23:59 on 20 July 2006. On Unteraargletsclflewas 4450 m ments conducted on Gornergletscher and we give a short
the two model run time intervals were 27 h long starting atSUmmary of the tracer experiments conductedSujuler
09:00 on 2 August 2000 and 8 September 2000 and the cofet &l- (2004, then the results of applying the model to the
respondingd, were equal to 10.9 and 14.Gsr?, respec- ~ €XPeriment series are given.
tively. In the Appendix A, further results are presented ex-
ploring the model behaviour with synthetic data.

3.4.2 Model configuration

4.1 Observations

3.4.3 Fitting procedure and error estimates The results of the tracer experiments conducted on Gorner-
gletscher and other related measurements are presented in

The tuning parameters\(, Ap, R) were fitted by minimising  Fig. 4. During the observation period (18 to 20 July 2006),

the least square differences between modelled and measurdite weather conditions were stable without precipitation

The Cryosphere, 4, 38396, 2010 www.the-cryosphere.net/4/381/2010/
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and air temperature in the range 6=T5(Fig. 4d) and the 08 12 16 20 00 04 0
drainage system was well established in its summer configu-  35F 7 7 T T
ration (Werder 2009. At this time, the lake had been drain- = I ' i
ing into the moulin for two weeks and hence the moulin had .
adjusted to the greatly enhanced input. Due to the stable £
weather, the hydraulic conditions in the glacier drainage sys- &
tem were also stable, as can be inferred from the regular diur-
nal variations of proglacial discharge (Figa) and englacial

water pressure (Figc). The water pressure head in the bore- :
hole fluctuated between310 m in the morning an¢350m . © L S '

in the late afternoon. Proglacial discharge varied between |, I 5 : (X
15 and 35mAs ! and was in phase with the water pressure £ os| ¢ 5 5 1
fluctuations in the borehole. The lake discharge varied be- < : :
tween 1.8 and 4As 1, except on 18 July in the afternoon, 05
when it suddenly dropped to 1381 followed by a subse- 350
quentrise to 5hs~1 . This erratic fluctuation was caused by I
an iceberg collapsing (17:00) at the lake outlet and blocking |
the spillway. The iceberg obstructed the discharge out of the E 330
lake for about four hours, and therefore was also responsible =
for the enhanced discharge once the lake outlet was clearec 320
Figure4b shows that the tracer transit speed varied between I
0.49 and 0.76 mst. The lowest tracer transit speed was 14|
measured in the 17:00 experiment on the first day when the I
tracer was injected two minutes before the blockage of the :‘5
lake spillway. This unanticipated blockage led us to conduct —
more experiments on the following days to fill the gap left by 8
this unrepresentative experiment. The replacement injection 6 : :

was performed on the third day at 17:00 and yielded a tran- 08 12 16 20 00 04 08 12 16 20 00 04 0
sit speed of 0.65 nTs compared to 0.49 nTs just after the 18-20 July 2006
blockage. Thus, the highest transit speed of 0.75hveas

attained at 11:00 when the subglacial water pressure startegly 4. Tracer and other hydraulic measureme(a$proglacial dis-

to rise; the speed then dropped to 0.65th# the after-  charge (solid line, left scale) and inferred discharge into the moulin
noon (neglecting the transit speed during the blockage), ros@ashed line, right scale, cf. Efj, (b) tracer transit spee(t) water
again to 0.75ms! during the night and lowered again to pressure head in boreholel) air temperature. The vertical dotted
0.68 mst in the morning. lines demarcate the days.

8 12 16 20 00 04 O
L B B B

8 12 16 20
I T T T AT

340

10

PR I
8 12 16 20

4.2 Summary of observations on Unteraargletscher

G1). The discharge@m and Qp, which were used as model
Schuler et al(20049 conducted two series of tracer injec- input, are shown in Figoa. Note the signature of the iceberg
tions (to which we will apply our model too), each over a blockage event on the first day at 17:00 and the higher day-to-
diurnal discharge cycle in August and September 2000 orday variability of Oy, compared to that of)p. The observed
Unteraargletscher, a temperate valley glacier in the Bernes&ansit speeds (Figb, diamonds) lie within the error bounds
Alps, Switzerland. Their main finding was that transit speedof the modelled values, except for those on the third day. The
covaried with supraglacial discharge input into the moulin model reproduces the observed twice-daily maxima and min-
but not with proglacial discharge. The measured transit speedna of transit speed on all three modelled days. However, the
varied between 0.75nT$ in the afternoon (12:00-16:00) error bounds are fairly large, on averagg®.1 ms* and in
and 0.15ms! in the early morning (00:00-04:00). The dis- places up ta:0.3msL. The large error bounds on the first
charge input into the moulin varied over an order of magni-day, during the iceberg blockage event, arise bec@lssy
tude between 0.3#s~ 1 in the afternoon and 0.01%s 1 in  (Eq. 1) was shifted by up tat 2.5 h for the error estimate,

the early morning. which is also the cause of the large error bounds on the last
day. The hydraulic variableg),, # andQ, Fig. 5c—e) do not
4.3 Model applied to Gornergletscher change considerably during the passage of the tracer, apart

from injections conducted during the blockage event wlen
Figure5 shows input data, measurements and the results ofirops to almost zeraQ, and thus: are almost periodic func-
fitting the model to all measured transit speeds (model rurtions during the three days considered. The moulin residence
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61 time Arfm varies between-5min and~105min, its mini-
mum is at 06:00 and its maximum at around 16:00 (Bifg.
solid and dashed line, respectively), except during the ice-
berg blockage event when it reaches 200 min. The channel
residence time\r. varies between-60 and~130 min and is

in antiphase withAry,. The total residence timar displays

two maxima, one at each maximum of its componekig

and Azc.. The range ofAr is between 115 and 160 min, and
is smaller than the ranges oft,, and Ate.

Table 3 summarises the fitting parameters and derived
quantities for both model runs G1 and G2. The confidence
intervals forR are smaller than 10% and the estimateof
from the two model runs lie within 2% of each other. The
moulin cross-sectional areas show a large confidence inter-
val for G1 and G2 oft 30 . A is between 35 and 1104m
andAp between-40 and 50 rA. Note that the negative value
of Ap does not cause unphysical effects because the total vol-
ume of water contained in the moulin is always larger than
zero (i.e.h > hpyip at all times, cf. Fig3).

The root mean squared error (RMSE) ofin G1 is
0.1ms! and 0.07ms! in G2. Values for channel cross-
sectional area are 22 S > 11 n¥ and those for roughness
0.24 > nman> 0.062n7Y/3s for a given channel sinuosity
1 <o < 2. Table4 summarises the ranges and means of the
fitting parameters when the uncertainties relate@#pand
Qp are taken into account. It shows that the parameters are
constrained better for G1 than for G2. However, even in G1,
the range of values of the moulin cross-sectional area is large.
R is similar for G1 and G2 and better constrained thaand
Ap.
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4.4 Model applied to Unteraargletscher

At At

Figure6 shows the input data, measurements and the results
of the model fitted to the data from tracer experiments per-
formed at Unteraargletscher in August 2000 (U1, Ba-g)
gzoo— ] and in September 2000 (U2, Figh—n). In U1, the model

b input Qp displays a maximum at 00:00 and a minimum at

08:00. Om has its maximum at 14:00 and minimum between

/1‘2\1‘6 P TR I SR TR Og 03:00 and 06:00. The measured variation of transit speed has
18-20 3uly 2006 - two maxima (0.75ms!) at 12:00 and 16:00 and its global

minimum at 03:00 (0.34 nTg, Fig. 6b). For U1, our model

Fig. 5. Model inputs, outputs and comparison with measurementsremoduces the measured transit speeds well using the fitting

from fitting the model to all the transit speed data from the Gorner-parameters_ pres_emed in Taldle The largest discrepancies
gletscher experiments (model run G(3) Proglacial discharg@p are for the injections conducted at 00:00 and at 10:00 on the

(left scale) and moulin inpuPnm (right scale)ib) measurements of ~ Second day, where the model underestimates the observed
transit speed are indicated by diamond symbols, the model output 9. The error bounds of are generally below: 0.025 m st
by the solid line and the error boundsioih grey;(c) proglacial dis-  except for the time of low moulin discharge when they reach
charge at injection timep; (solid), at moulin exit timem (dashed) ~ +0.05ms™. Apart from the outliers mentioned above, all
and channel exit time: (dashed-dotted)d) hydraulic head —line  measured transit speeds are within or very close to the error
Sr:y'z as "(; fc)(e)diskcharge;ron:]thggmoulilg ‘””Z styleasin(c),  pounds. The hydraulic conditions change considerably dur-
the dotted line marks zero dischargg:moulin residence timé\/m 4 the nassage of the tracer (Fég—e). At stays fairly con-
Eﬁ;’gogfrﬁhzh\?enrgigﬁzgigﬁg'gg‘ér(::fcg?g)t%’g tdoatlilsresudence stant between 70 and 100 min, wheréasg, varies between

' ' 20 and 100 min (Fig6f). Thus, most of the variation okt
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Fig. 6. Input, results and comparison to transit speed of the model fitted to the data from Unteraargletscher experiments in August (left, U1)

and September 2000 (right, U2). The layout is identical to Bigxcept in(a) where crosses mark the measuremeni@gand Om and the
line is the interpolation.

stems fromAry, (Fig. 6g), although the small maximum (and extrema in August but their amplitude is the same (Biy.

corresponding dip i) at 14:00 is caused by changesAr. U2 overestimates the transit speed of the first tracer experi-
In U2, the model inputQm has its maximum at 14:00 mentand underestimates the transit speed of those conducted

and minimum between 22:00 and 08:00, and its amplitudeduring the night as well as that of the last one. The error

is larger than in U1 (Figéh). Qp increases between 09:00 bounds oni are generally smaller that 0.025 ms? ex-

and 18:00, stays at an almost constant level overnight angept at 20:00 and 22:00. U2 fits the measured transit speed

continues to rise again after 10:00 on the next day which isslightly better than U1 (Tabl8). The difference in hydraulic

quite different toQ,, of U1. The measured transit speed has conditions atiyj andsm between U1 and U2 is most apparent

its maximum at 12:00 (0.55 nT$) and its minimum at 00:00 in Q (Fig. 6e,l). For U2, only tracer injected between 20:00

(0.15ms1), thus they are both lower than the respective and 23:00 actually exits the moulin during the time of low
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Table 3. Parameters from fitting the model to measurements from Gornergletscher (G1 and G2) and Unteraargletscher (U1 and U2). The
fitting parameters and their 95% confidence intervadlsand Ay, are moulin cross-sectional area at top and bottom, respectively asd

channel resistance. The root mean squared error (RMSE) of thedfitteérived parameters for a sinuosityof the channel between 1 and

2: manning roughnessnan and channel cross-sectional alta

Model Experiment At Ap R RMSE  nman S
run

(m?) (m?) ($m~®) (ms7) (m=3s) (P
Gl Gorner all 6530 5+43 0.38£0.03 0.100 0.22-0.062 22-11
G2 Gorner first day 8525 —134+31 0.39+0.03 0.072 0.24-0.067 23-11
Ul Unteraar August 1.1%50.24 — 21H0.05 0.036 0.27-0.077 13-6
u2 Unteraar September  1.530.45 — 1.4G6t0.04 0.039 0.48-0.135 22-11

Table 4. Parameters from the error estimate taking uncertaintie@gfand Qp into account: range ofi, meanA; with mean 95%
confidence interval, similarly foAp, Ab, R, R. Range of RMSE and me&MSE.

Model At At Ap Ap R R RMSE RMSE
run

m?)  (m? (m?) m?  (Emd  (mP)  msl)  (ms?

G1 18-125 6338 —-35-159 18:62 0.29-0.42 0.320.05 0.07-0.17 0.12
G2 —71-204 7670 —-38-207 13t79 0.26-0.42 0.3£0.06 0.07-0.18 0.12
Ul 0.9-1.7 1.30.3 - - 2.05-2.15 2.180.06 0.04-0.04 0.04
uz2 1.0-2.7 1&#0.6 - - 1.33-1.43 1.380.05 0.03-0.06 0.04

Om. Tracer injected later does not exit the moulin before 4.5 Implications for experiment design

08:00 afterQy has increased againAf. stays fairly con-

stant between 150 and 100 min, whereas, varies between  To infer the flow conditions and evolution of the channelised

20 and 500 min, thus the variatioks is dominated byAzm, component of the drainage system with tracer experiments,

(Fig. 6m,n). the effects of all the system’s constituents must be accounted

Table 3 lists the fitting parameters and their ranges for for. Here we investigate how many tracer experiments and

U1l and U2. The estimated moulin cross-sectional areaglischarge measurements are actually needed to estimate the

are 1.2 and 1.5 ffor U1 and U2 respectively, with an er- model parametersA¢, R) accurately. We fitted the model

ror of about+ 0.35n? for both. The values for resistance to all combinations of three or more tracer experiments cho-
are 2.1 and 1.44n~° for U1 and U2, respectively, both sen from one of the two injection series of Unteraargletscher
with an error of about:0.05€m>. Thus, even though (with 12 and 11injections, for a total of 6142 combinations),

the moulin size is similar for U1 and U2, the channel resis-(2) using discharge data collected only at the injection time
tance is quite different. The RMSE for both is smaller than Of the chosen experiments and (b) using all the available dis-
0.04ms. Assuming a channel sinuosity<do < 2, the  charge data. For (a) we find a wide range of RMSE for the

Manning roughness for U1 iS.®7 > nman> 0.076 nT1/3s predictedd when using less than ten experiments, accompa-

and the cross-sectional area of the channel is> 19> nied by a wide distribution of estimated model parameters.

6 m2. For U2, the Corresponding ranges aré8> nman> For (b), the range of RMSE fadris much reduced Compared

0.13m Y3s and 22> S > 11 n?. Thus the channel proper- 1o () and the distribution of estimated parameters is much

ties differ significantly between August and September. Ta-narrower. With eight tracer experiments in (b), the fit be-
ble 4 summarises the ranges and mean of the fitting paramecomes almost as good as with all 11 or 12 experiments: the
ters when uncertainties related @y and Q,, are taken into ~ Standard deviation of the distribution 4 is 0.1 n?, of R is
account. The fitting parameters and RMSE for both U1 and0.01$m~> and of the RMSE for is 0.002ms? (cf. Ta-

U2 are stable within the error estimate. ble 3). Furthermore, for three suitably chosen experiments
(e.g., at 10:00, 16:00 and 20:00) the model parameters are
well estimated, but only when using all discharge data avail-
able (b).
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5 Discussion The pronounced decrease in moulin discharge, caused by
the blockage event, led to lower transit speeds as the pas-
5.1 Model sage through the moulin was prolonged. The range of mea-

sured transit speeds on Unteraargletscher was 0.1-0.75m s

An observation we made during the model development iscompared to only 0.5-0.75m% on Gornergletscher. The
that for a given channel resistanée of an R channel in  smaller observed range of transit speeds on Gornergletscher
steady state, the sinuosity the channel cross sectishand is caused by the relatively smaller range of moulin dis-
the Manning roughnessnan are not independent. This fol- charge and is further aggravated by the opposing processes
lows from Eq. (4), which shows that for a giveR and O, described above.
the channel volume (needed to calculate the residence time,
Eq. 9) is fixed, irrespective ob, S andnman This arises 5.3 Model applied to Gornergletscher
because channel enlargement is proportiondtfo(Eq. 4,
first term on right hand side) and channel closure is propor-The two daily maxima and minima of the transit speed are
tional to S (second term on right hand side). All other vari- reproduced by the model applied to Gornergletscher. It dis-
ables only depend oR or Qp. Channel residence times thus plays the complex interplay between different parts of the
only depend orR and Qp, hence we fitteck and noto and  drainage system and their forcings as described in the last
nman BUt this also means that and nman cannot be un-  section (cf. Fig5). Further insights into these processes can
ambiguously inferred from tracer experiments. Even in timebe gained from the model run S1, presented in Appendix A,
dependent situations, this distinction is not clear as shown bysing artificial input data. S1 shows that two daily maxima
Werder and Funk2009 and bySchuler and Fischg2009. and minima in transit speed (Fig) are possible with above-
The latter found similar responses of modelled transit speedsxplained processes given a sufficiently constant moulin in-
to perturbations applied to roughness, sinuosity and parameput discharge combined with a matching moulin size.
ters controlling the channel geometry. The model reproduces the observed transit speeds within

The model presented here is similar to thatkafhler the error bounds (Fighb). The characteristic occurrence of
(1995 which was used to interpret tracer experiments con-two diurnal maxima and minima in transit speéds ro-
ducted on Storglaaren. Kohler (1995 also uses a static bust against the large errors @w. This is due to a com-
channel and a cylindrical moulin, but includes an open chan-bination of two factors. First, this type of behaviour is al-
nel flow section and assumes a constant discharge along tifeady possible with a constagty, as is seen in the model
tracer flow path. Kohler'si999 primary aim was to deter- S1 (cf. Appendix A, Fig.7a—g). Second, the conical shape

mine the extent of open channel flow within the glacier. of the moulin makes the maximum afty, narrower and the
minimum broader (Fig5f). Without this the two maxima
5.2 Observations and minima per day im\¢ would vanish due to negative in-

terference ofAry, and At.. A conical shaped moulin also
The transit speeds measured on Gornergletscher and Umnakes sense from a physical perspective as creep closure
teraargletscher show both quantitative and qualitative dif-effects should make the shaft narrower further down. The
ferences. For the Unteraargletscher experiments, the tranriation of subglacial water pressure head 200< 400 m
sit speed correlates well with supraglacial discharge into(Fig. 5d) is larger than that observed in BH1: 3&(: <
the moulin, exhibiting one maximum in the afternoon and 350 m (Fig.4c). However, subglacial water pressure mea-
one minimum in the early morning. Thus, we hypothe- surements from the same borehole in the previous year pro-
sise that the variation in transit speed are due to changduced a range of 2884 < 350 m (Verder and Funk2009,
ing residence times in the moulin and not in the channel.suggesting that BH1 was not well connected during the
In contrast, the Gornergletscher transit speeds display tw@ourse of the tracer experiments presented here. Neverthe-
maxima and two minima, the latter coinciding with both less, the calculated range bfis still too large, demonstrat-
maximal and minimal lake and proglacial discharge. Weing that the predicted channel resistaités too high. The
interpret these observations as follows. High discharge iniceberg blockage event produced a visible reduction in both
the main drainage system causes high englacial water presneasured and modelléd clearly demonstrating that the wa-
sures, and correspondingly, a high filling level of the moulin. ter flux into the moulin is a key determinant &f
Therefore, the injected tracer has a longer residence time The fitted moulin cross-sectional area,(Ap) are large
in the moulin, that more than compensates the faster flowbut A matches the observed cross-sectional area8ffn?
in the main drainage system. At low discharge the situa-at the glacier surface. The water draining into the moulin
tion is reversed: the passage through the moulin is fastefrom the lake had a temperature-ef °C (Werder and Funk
as its filling level is lower, however the flow speed in the 2009; thus a large moulin cross-sectional area at depth
main drainage system is low, which more than compen-seems plausible. For a sinuosity= 1, the Manning rough-
sates the fast flow in the moulin. Maxima in transit speednessnman= 0.24m /35 is improbably high and thus the
occur when flow is moderately fast in both components.channel is likely to be sinuous or to have a low and broad
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cross section. For a channel with a semi-circular cross sec- The fitted values ofd; are reasonable (Tab® and their
tion, nmanis reduced by a factor of 1.1 compared to a channel95% confidence intervals are small. In Septembgr,s
with a circular cross section, and more for a low and broadlarger which can be attributed to the seasonal evolution of
geometry Hooke et al. 1990 Werder and Funk2009. the moulin. HoweverR is quite different for U1 and U2
The error ranges and the confidence intervalsipind  which suggests that the channel system either had a differ-
Ap are large (Tabl@). This poorly constrained moulin ge- ent morphology or that different subglacial discharge condi-
ometry in turn affects the estimates &f Therefore, the tions prevailed. The weather before the September experi-
estimated range oR is much larger than for U1 and U2. ments was cold and discharge was I&elGuler et al.2004);
However, even though the errors in the input data are largethe temperature and associated meltwater production then in-
we submit that the model captures the major processes dereased just prior to the experiments and discharge steadily
termining the variation ob because it reproduces many of increased (Figéh). The channel was therefore not in steady
the observed features. Nevertheless, it is possible that thergtate but increasing in size as suggeste@blyuler and Fis-
are other important processes influencing the passage of theher(2009. This limits the applicability of our static chan-
tracer. Furthermore, this large error shows that the dischargeel element and leads to exceedingly high modelled water
into the moulin is an important parameter to measure accupressure head at the end of the period considered in U2

rately when performing tracer experiments. (Fig. 6k). A large i leads to increased retardation in the
moulin and therefore an underestimatiedor the two last
5.4 Model applied to Unteraargletscher experiments.

Schuler and Fischef2009 also modelled the transit

; ~ X X speeds of the measurements from Unteraargletscher with a
sit speedo obtained from tracer experiments at Unteraar- yqqe| consisting of a moulin element as used in our model

gletscher. It supports our earlier hypothesis (SB@ that 1, coupled to an R channel with time dependent cross sec-
the variations ofo are due to changing moulin residence ;o They found different values for the moulin cross-

times (Arm) and not due to changing channel residence timeSgtional area: 4 and Svor the August and September
(Atc), as can be seen in Figf,g. Thus, most of the change of - oy heriments, respectively, compared to 1.2 and 2 §ound

Aty is due to the changing input discharge and not due to thg\qre - On Unteraargletscher, the moulin diameter was never
changing moulin filling height. However, it is important {0 meagyred, its estimate has a range of 1-2.5m and thus can-
note that the mean alsc is comparable to the mean &fim 1ot he used to discriminate between the conflicting model re-
but that the variation of\c is not as large. Thus, the vari- g,1t5 This mismatch arises for two reasons: first, their mod-

ation in© arises during the passage through the moulin buteyieq subglacial water pressure is lower, leading to a lower
its mean value is determined during both the passage througfyjing jevel of the moulin and shorter moulin residence time;

the channel and the moulin. ) second, their channel residence time is shorter than ours.
The model produces reasonable values for the fitted parhege two effects are compensated, in order to fit the mea-
rameters and hydraulic variables, and even succeeds in 1y req total transit time, by a larger moulin cross-sectional
producing minor features in the transit speed variations. Fot, o
example, in U1 (Figéa-g), we modelled two maxima of The subglacial water pressure produced by our model is
in QUI.Ck succession, interrupted by a small local minimum o high especially for the September experiments where it
at 14:00, in agreement Wlth observations. Th'$ MINIMUM re5ches 1.5 times the overburden pressure. In this respect, the
is one of the few qualitative features caused during the pasy,,4el of Schuler and Fischg2009 is more accurate and
sage of the tracer through the channel: at the time the traceg, yhat reason, our model underestimates the moulin cross-
of the 14:00 injection passes through theéh?lnnel (609.  sectional area. Conversely, there is evidence that the channel
dash-dotted line)Qp drops from 11 to 10ms™" causing  rggjgence time in our model is more accurate: the double
channel residence time to increase. This shows that although, o xima of transit speed observed at 12:00 and 16:00 in the
the_var|at|on ofv is largely dominated by effects t_hat can be August experiments are produced during the flow through the
attributed to the tracer passage through the moulin, the mOd%hanneI (Fig6b). Our model run U1 reproduces this feature
also captures small feature_s cause(_j by_ the channel._ whereas Schuler and Fischer2009 model does not. One
The lower error bound ofiin U2 (Fig.6i) has alarge jump .5 s for the discrepancy between the model results could be
at 19:00 due to the same process that causes the discontinuifya: schuler and Fischg@009 tuned their model manually
in S2 model prese_nted in the Append'_X A (F@O—”)- The and, consequently, their results might not be close to the best
lower error bound is produced by lowerig, by 5%, which g - Another factor could be that our model does not capture
is low enough to allow upwelling of subglacial water into the | the relevant physical processes occurring in the drainage

moulin. The variation ofArm is much larger for U2 than Ul gy qtem Hence, these differences merit further investigation.
due to the larger variation i@, and, in particular, due to the

very low discharges during the night.

The model is successful in explaining the variation of tran-
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5.5 Implications for experiment design the moulin element, it changes with the filling level of the
moulin governed by the subglacial water pressure, which is,
The fitting of the model to all possible combinations of three in turn, proportional to the squared discharge of the channel
or more tracer injections chosen from one of the Unteraarelement Q). Thus, with increasing proglacial discharge,
gletscher datasets showed that near-continuous records €ibw speed increases in the channel element but decreases
both the moulin and proglacial stream discharge are a prein the moulin element. The interplay of these two opposing
requisite for running the model, whereas tracer experimentgprocesses leads to the complex variation of observed transit
do not need to be as frequent once it has been shown thafpeed in tracer experiments. The qualitative differences in
the presented model can be applied. These insights allow ththe Gornergletscher and Unteraargletscher experiments are
formulation of a measurement strategy tailored to probe thecaptured by our model, suggesting that the interaction be-
evolution of the drainage system over several days to weeksween inflow modulation and channel flow are indeed re-
first, determine if the model is applicable to a specific exper-sponsible for the observed behaviour.
imental situation with a series of at least eight injections over Our model simulates the dominant water flow process,
a diurnal discharge cycle to which the model is fitted; sec-which is captured by the presented tracer transit speed ob-
ond, once the applicability of the model is established, threeservations. However, tracer experiments yield additional in-
injections per day at rising, high and low discharge are thenformation encoded in the shape of the breakthrough curve,
sufficient to monitor the evolution of the drainage pathway. e.g., tracer dispersion, retention and alternate flow paths. In
The model should be validated again by conducting anothethe supplement we included the full tracer concentration time
high frequency series injections after a time span of days taseries as well as parameter describing dispersion, retention
weeks or after an event with a high impact on the drainageand recovered tracer mass (they are also presenWdrider
system. For longer study periods, it would be necessary ei2009. Such additional information could be used to infer
ther to use this model with an evolving R channel, and pos-{urther details the drainage system (é&genow et al, 19960
sibly also with a dynamic moulin cross section, or to fit the and could also be compared to simulations (&/grder et al.
model independently for each day. 2009 Schuler and Fischeg003.
The input discharge into the moulin is a key parameter
for modelling the tracer transit speed. This is demonstrated
6 Conclusions by two findings: (a) the uncertainty related to the input dis-
charge on Gornergletscher substantially reduces the perfor-
Tracer experiments were conducted to investigate the dimance of the model, and (b) fitting the model to only a se-
urnal variability of the glacier drainage system under dif- |ection of observations from Unteraargletscher showed that
ferent conditions at Gornergletscher and Unteraargletschefrequent discharge measurements are more important than
The supraglacial input to the injection moulin at Unteraar- frequent tracer injections. These findings emphasise the im-
gletscher displayed a pronounced diurnal cyclicity. In con-portance to record the moulin discharge at a high frequency
trast, the experiments at Gornergletscher were performed usturing the tracer experiments and we propose a measurement
ing a moulin into which an ice-dammed lake drained, provid- strategy that permits to infer the evolution of the drainage
ing input with a much smaller relative diurnal variability. The system over time scales of days to weeks. Furthermore, our
transit speed of water flow through a moulin-channel systenvesults demonstrate that the sinuosity and roughness of the
is affected by discharge variations in each of the subsystemshannel are not independently constrained by measurements
Hence, on Gornergletscher, having a reduced variability inof transit speed and thus other experiments are required to
input discharge, we expected that the experiments would prodiscriminate between them.
vide more direct information about the subglacial compo-
nent. Instead, the observed transit speeds vary in a complex
fashion, displaying two maxima and minima over one diur- Appendix A
nal discharge cycle. The influence of the moulin and channel
were found to be equally important with the flow speed varia-Model runs with synthetic data
tions in the two subsystems in antiphase, leading to the com- ] )
plex observed behaviour. Conversely, on Unteraargletscher! "€ behaviour of the model was also explored using syn-
the transit speed correlated with discharge into the moulinthe“C_ data. For the proglacial discharge the following
and displayed only one daily maximum and minimum. function was usedQp = gy sin(wt +¢) + gp, with ampli-
Our simple two-component model of the glacier drainagetude ¢;=9.16 n¥s™*, radial frequencyw = 27 d~*, mean
system simulates water flow through a moulin and a channeldischargeg, = 25.3nt s~ and phase shifp = 3.13. The
Both the moulin and the channel element share the characteparameters were chosen such that this function fits the
istic that water flow speed is proportional to the discharge andproglacial discharge of Gornergletscher during the presented
inversely proportional to the water volume they contain. Thetracer experiments. The discharge into the moulin was
water volume in the channel element is constant whereas, iset to be constan@n, = gm. The resistance was taken as
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Fig. 7. The model input and output variables against injection tiggdrom running the model with synthetic data: left pang@ls-(g), model
run S1 withQm = 0.2 n? s~1 and right panelgh)—(n) model run S2 withQm =0.008 n? s~1. The layout is identical to Fip.

R=0.25¢m~> which corresponds to, for examplé=
5000m, S = 6.9m? and nman=0.04m1/3s and for the
moulin, we setA; = Ap = 1 m?. To explore the model re-

almost identical (Fig7c—e), thus the passage of the tracer is
fast compared to the change of the hydraulic variables. Note
that even thoughQn, is constant, the discharge out of the

sponse, we performed model runs using different constantmoulin Q varies with time (Eg8, Fig. 7e). The moulin resi-

input discharges, in the range between 0.005 and 3sn?,
including two detailed model runs with input dischatge=
0.2m3s ! andgm = 0.008 n? s~ 1 to which we refer to as S1
and S2, respectively.

In S1, the variation of displays two minima of similar
size, coinciding with maximal and minimad, (Fig. 7b).
The hydraulic variable®p, & and Q at fnj, tm andz. are

The Cryosphere, 4, 38396, 2010

dence timeAry, varies between 5 and 25 min and is in phase
with Qp (Fig. 7f). The channel residence tinzer. varies be-
tween 17 and 35min but is in antiphase withy (Fig. 7f).
Since the amplitudes aksy, and Az are similar but vary in
antiphase, the resulting variation of their sufrf and, con-
sequentlyp display two maxima and minima each. It should
be noted that it is essential that,, and At are not quite
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Fig. AL. (@) tinj vs.d for Om={1, 0.5, 0.2, 0.08, 0.03, 0.0p8 s 1. (b) Phase portrait of the timing of extremadrin finj=Cm spacetT

inj
andti#j, denote the timing of maximum and minimuimrespectively. The dashed horizontal lines indicate the discharge which corresponds

to the model runs shown in (a).

sinusoidal, because otherwise their superposition would proa new pair of extrema arises at 04:00. @t =05m3s 1
duce a constant function. The results of model run S2 arghe originalti#- branch annihilates with the nex&j branch
displayed in Fig7 (right). The resulting variation of transit  (the graph is periodic inn;).

speedv shows only one maximum and one minimum, both  Even using simple and idealised input data, the model
occurring in the morning (Figzi). There is a discontinuity  exhibits complex behaviour, thereby providing insights into
in v at 06:30. The mea# is about one order of magnitude gseveral observed characteristics of the drainage system.
smaller in S2 than in S1; however the amplitudes in bothThe qualitative behaviour of the modelled transit speed
model runs are of similar absolute size. Since the total rés{Fig. A11) can be understood in terms of the moufinn,
idence timeAr is up to 10h long, the hydraulic variables anq channels, residence times whose superposition gives
QOp, h and Q differ substantially during the passage of the he total residence timas — Atm+ Ate. They both vary
tracer (Fig.7j-1). Qp atz; (dashed-dotted line in Fidj) is nearly sinusoidally, at least fapm > 0.01m?s~1, and are
similar to Qp atm (dashed line), as in S1, since the passagejn antiphase. At lowQm~0.03 ¥ s~1, the total residence
through the channel is not affected by the choice 3.  time At is dominated byAt, and the transit speetihas its
Conversely, the hydraulic variables change greatly betweemaximum in the morning whenn, is short. At intermedi-

tinj (solid line) andy, (dashed line) because the moulin resi- gie Om~0.2ms~! (Fig. 7a-g), Atm and Az are of similar
dence time f) is long. Q varies between-1x 103 and  magnitude and has two maxima and minima, the latter co-

17x103m®s™* (Fig. 7I) and Q atinj and ati differ qual-  inciding with the maxima ofArm and Aze. The resulting
itatively as the latter has a kink at 06:30. Both the mean and,5riation of# is comparable to the observations on Gorner-
amplitude of Ary in S2 are much larger than those 8fc,  gletscher with the timing of transit speed extrema reproduced
thus At is almost exclusively determined kvt (Fig. 7n). correctly. At even highe©Qm, Atm becomes negligible, as if

Varying the input discharg®, affects onlyAry, but not  tracer was injected directly into the main channel arnés a
At¢, and accordingly, the influence of the moulin on the total single maximum in the afternoon. The model behaves qual-
residence timeAr changes. Figurédlla showsin against itatively differently at very lowQm < 0.01 mfs~1 when a
v for different values ofQ,. The transit speed is fastest  discontinuity appears in most of the model variables (e.g. S2,
for the largestQm = 1mPs™1 and has its maximum and Fig. 7h-n). It can be seen in the results of S2 that this dis-
minimum at 18:00 and 06:00, respectively, coinciding with continuity is related to the negativ@ between 12:00 and
the maximum and minimum ofp. For Om=0.5 ms 1 15:00, i.e., water is flowing from the subglacial drainage sys-
a second minimum appears at 19:00. Both maxima andem into the moulin which is caused by the quickly increas-
minima become comparable in size f@y, =0.2m’s 1 ing subglacial water pressure hgadDuring such periods of
(cf. S1, Fig.7a—g). The minimum at 06:00 disappears for upwelling, the tracer cannot exit the moulin and a discontinu-
Om=0.08nPs 1 and? is in antiphase with respect Qp. ity is produced inAty (Fig. 7m) which is propagated to the
For even smalleQ,, = 0.008 n?s~1, a discontinuity ind other variables. If such a situation was encountered during a
(cf. S2, Fig.7h—n) appears. Figur&lb shows a phase por- tracer experiment, it would produce a double peaked return
trait of the timings of the extrema dfin thefinj-Om space.  curve; part of the tracer cloud exits the moulin but the rest
At low moulin dischargeQm, there is one maxima and min- is pushed back up and exits later. However, only one tracer
ima occurring in the morning. A@n, increases both extrema experiment, non-overlapping with others, could yield double
migrate towards later times in the day. 8%, =0.08 m?s~1 peaks by this mechanism.
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