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ABSTRACT

Hydrological, hydrochemical and sedimentological observations were
undertaken in the catchments of Feevispa (Feegletscher), Findelenbach
(Findelengletscher) and Gornera (Gornmergletscher), Swiss Alps, in an
attempt to use meltwater characteristics as indicators of the nature and

functioning of glacial hydrological systems.

Annual and seasonal hydrographs of the Feevispa allowed calculation
of catchment water balance. Considerable annual variation resulted from
excess icemelt over snow accumulation giving greater outputs than inputs.
Diurnal hydrograph analysis showed that large quantities of water are

stored in Feegletscher and Gormergletscher.

Rapid erratic fluctuations of subglacial sediment supply caused in-
volutions in daily clockwise suspended sediment concentration-discharge
hysteresis loops in the Gornera. During draining of the Gornera, excep-
tionally high discharges evacuated large quantities of sediment from
beneath Gornergletscher, but bequeathed no lasting impact on conduit
capacity. Close interval sampling and continuous monitoring of sediment
concentration permit interpretation of the nature of ice-meltwater-

sediment interactions on Alpine glacier beds.

Chemical composition of meltwaters emerging from the glacier portals
was monitored during several ablation seasons. Electrical conductivity,
a surrogate measure of ionic content, was continuously recorded and Na+,
K+, Ca2+ and Mg2+ determined by atomic absorption spectrophotometry.
Meltwaters from glacier surfaces have low solute contents, of atmospheric
origins, whereas after passage through internal conduitsj meltwaters
become chemically enriched from lithospheric contact, Marked diurnal
variations (clockwise hysteresis) of solute concentration in portal melt-
streams reflect the mixing in varying proportions through time of waters

of different compositions, delimiting trapezoidal solute concentration-

discharge relationships.

Two components of discharge through Findelengletscher and Gorner-
gletscher were separated on the basis of chemical composition using a
simple mass-balance mixing model. A large proportion of total flow passes
rapidly through major moulin-arterial canal networks. For basal flow,
two contrasting regimes were discriminated, both independent of (Findelen-

gletscher) and interlinked with (Gornergletscher) cavity storage at the

Tre=pedrockimresface,
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1. INTRODUCTTION

1.1 Aims

Englacial and subglacial water is of considerable interest from
both scientific and practical viewpoints. In addition to intrinsic
interest in the structure and functioning of internal drainage systems,
the circulation of water within glaciers is of importance in the dyna-
mics of Alpine glaciers. Problems in which water plays a significant
part include ice movement by plastic deformation and basal sliding, con-
ditions at the ice-bedrock interface, basal erosional processes, internal
distribution of heat and the formation of runoff draining to the glacier
portal. The collection of meltwaters from Alpine glaciers for hydro-
electric and water resources purposes at both subglacial and proglacial
sites requires a good knowledge of hydro-glaciological processes and has

stimulated investigation of the hydrology of glaciers.

On the glacier surface, water from melting snow percolates down-
wards in the accumulation area, but in the ablation area during the summer
melt season, many streams of various sizes flow over the ice, to enter
the internal hydrological system through moulins, cracks and crevasses.
Mgltwaters reappear at the glacier snout when they emerge from the portal,
quZH”in the form of a single large stream. Supraglacial meltwaters are
clear and are almost free of sedimentary material, yet portal meltstreams
transport large quantities of sediment. Also, in a reconnaissance
survey at Chamberlin Glacier, Alaska, Rainwater and Guy (1961) determined
that surface meltwaters contained very little dissolved material, but
after passage through the glacier, they'had become chemically enriched.

As there have been few direct observations at depth, studies of the inter-
nal drainage of glaciers have relied on indirect observations and theor-

etical considerations, in attempts to determine the structure, location

and behaviour of the hydrological system.

The purpose of this study is to evaluate the use of water quality
characteristics of meltwaters as an indirect method of attempting to
answer the question 'What happens to meltwater between where it dis-

appears into surface moulins and where it emerges from the portal of an

Alpine glacier?' Observations of the quantity and quality of meltwaters



draining from glacier portals are used as a means of determining the
nature, location and functioning of the internal drainage network. In
particular, the observations are intended to permit separation of com-
ponents of total discharge taking different routes with varying transit
times through the glacier. The study also provides basic data concern-
ing hydrochemistry of Alpine meltwaters during the ablation season, and
presents observations of sediment concentration in meltwaters draining
from a large valley glacier. There have been few previous measurements
of water quality in the European Alps (Eidg. Amt fiir Wasserwirtschaft,
1976).

The investigation was designed as an intensive series of observa-
tions of the total environment of meltstreams to allow analysis of the
relationships between discharge, sediment concentration and chemical
characteristics. It was intended to identify environmental variables
affecting glacier discharge, and runoff hydrochemistry and sedimentation.
Information concerning characteristics of the Alpine meltwater runoff
system is required both for an understanding of physical processes and as
an aid to the development of distributed catchment models for forecasting

in water resources planning.

Since meltwaters carry a fair amount of sediment, it can be inferred
that subglacial streams are located at the glacier bed. Meltwaters
effectively sample conditions at the glacier bed, integrated over a con-
siderable area, acquiring their quality characteristics as they pass
through the internal hydrological network. This study aims to utilise
water quality data to provide detailed information concerning the inter-
action of meltwaters at basal sites with sources of solutes and sedimen-
tary material, as a contribution to knowledge of conditions at the ice-
bedrock interface. In this respect, measurements of sediment transport
in meltwater streams have been used to permit calculation of annual rates

of glacial erosion (Pstrem, 1975).
The following specific questions were posed during the investigation:

1. Does the flow within glaciers occur in channels, as a sheet or

in interlocking cavities?

2. Do major arterial conduits in the glacier discharge most of

the meltwater?



3. Are the waters discharged along the glacier bed?

4. Are the drainage lines stable through time in capacity and

location?
5. What are the sources of sediments and solutes?

6. Is water stored within glaciers in englacial pockets or sub-

glacial cavities?

7. What are the hydrological and chemical conditions at the ice-

bedrock interface?

These specific questions remain among the significant outstanding
problems in hydro-glaciology. Since flow and quality characteristics
of waters in meltstreams can only be explained in terms of glacier
internal hydrological systems, this investigation is based on the premise
that some knowledge of input and a thorough knowledge of output charac-
teristics should permit a better understanding of the intermediate modi-

fying processes,

1.2 Study areas

Observations were made in three glacierised catchments in the massif
of Monte~Rosa and the Mischabel chain of the Pennine Alps, canton Wallis,
Switzerland. The catchments were selected on the criteria of (1)
extensive glacier cover, (2) meltstreams gauged throughout the year
close to the glacier portal, (3) only one meltstream draining from the
portal, (4) the meltstream could be easily accessed, (5) size and velo-
city of the stream would not prohibit representative sampling of the
cross-section for solute and sediment content of meltwaters. Criteria
were initially rated in order of decreésing importance: 5, 4, 2, but
with further field experience, 5 and 4 became less important, 3 more
important, and 2 relaxed to summer months only. In 1971 and 1972, the
investigation was based at the two meltstreams draining the Nordzunge
of Feegletscher, in 1974 and 1975 on the Gornera, the only stream emerg-
ing from the portal of Gornergletscher, and in 1977 at Findelenbach,
draining Findelengletscher. The locations of the glaciers are shown

in Figure 1.1, and characteristics of their catchment areas in Table 1.1.
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TABLE 1.1 CHARACTERISTICS OF THE CATCHMENTS OF THE GLACIERS SELECTED FOR STUDY

Characteristic

Catchment area

Glacierised area

Percentage glacierisation

Maximum length of glacier

Glacier altitude range
Snout

Highest elevation
Mean

Catchment elevation
Gauging station
Highest elevation

km2
km2

km

=

[

Glacier
Feegletscher Findelengletscher Gornergletscher
35.3 24.9 82.0
16.7 19.1 68.9
53.7 76.7 83.7
5.1 9.3 14.1
2040 2520 2120
4360 4190 4600
3260 3300 3220
1761 2500 2005
4535 4190 4634



1.2.1 Feegletscher

A catchment area of 35.3 km2 drains to a gauging station on the
Feevispa in the village of Saas-Fee at 176lm a.s.l. (Fig. 1.2). The

limnigraph, operated by Forces Matrices de Mattmark, S.A., is located

s
immediately upstream of a hydro-electric adduction gallery. Continuous
measurements of discharge have been recorded since 1965 all the year
round, permitting calculations of total annual runoff. Because the
weir is about 1.8 km from the nearest part of the glacier, a large non-
glacierised area (currently 46.3 per cent of the catchment) is tributary
to the gauge. Feegletscher is fed from high snowfields to the east of
Alphubel (4206m a.s.l.) and north of Allalinhorn (4027m). About 50 per
cent of the glacier surface lies in the ablation zone at the end of the
summer (Muller and others, 1976). A long rocky ridge, Langfllh,
separates the lower part of the glacier into two parts. The Nordzunge
descends to the lower elevation, where the snout terminates in debris
from a large recent rockslide. Two meltstreams emerge from beneath the
rock debris to flow to a meltwater lake at about 1905m a.s.l., dammed by
small moraines inside the large left lateral moraine of a former, thicker
and longer Nordzunge. The southern terminus of Feegletscher is irreg-
ular and extends across 2.5 km of steep rocks. It is drained by several
meltstreams which coalesce to form two torrents which descend to meet
the outflow stream of the lake. In addition to the Feegletscher (16.66
kmz), the catchment contains Hohbalngletscher (1.96 kmz) and Fallgletscher
(0.32 kn®). |

The catchment area has a vertical extent of 2784m, rising to the
peaks of the Mischabel chain, many of which have summits above 4000m
a.s.l., the highest being Dom, 4545m. The basin is underlain by meta-
morphic rocks, the Nordzunge subcatchment being predominantly muscovite-
gneiss and -schist, and micaschist, with an outcrop of calcarious schist
and amphibolite on the ridge of Langfllh. The remaining area is based
on amphibolite and greenschists, both low grade metamorphic rocks
(LUtschg and others, 1950).

Annual runoff for the hydrological year 1 October - 30 September
averaged 1385mm, with a range from 1055-1528mm for the years 1966-7 tg 5

1975-6, being the equivalent of a mean annual discharge of 48.87 x 10 m

(range 37.25 - 53.97 x 106m3).

1.2.2 Findelengletscher

The catchment of the Findelenbach, the only proglacial meltwater
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stream emerging from Findelengletscher, extends over 24.9 kmz, 76.7 per

cent of which is currently glacierised. The stream discharge at a
point 0.4 km from the glacier snout can be determined from measurements
of flows in hydro-electric adduction galleries and restitution to the
Findelenbach made by Grande Dixence, S.A. between May and September.,
Findelengletscher is of relatively simple structure (Fig. 1.3) with a
wide accumulation basin bounded by Adlerhorn (3988m a.s.l.), Strahlhorn
(4190m), and Cima di Jazzi (3803m). From Rimpfischhorn (4199m) a small
tributary glacier, Adlergletscher, joins the main Findelen icemass. To
the south-east the catchment has a common boundary with that of Gorner-
gletscher. Again, approximately 50 per cent of the glacier surface lies
in the ablation zone in summer (Miller and others, 1976).

Bedrock underlying the catchment is of igneous and metamorphic
origins, gneiss, schists, ;erpentine and granite (LUtschg and others,
1950). Bedrock configuration beneath the ice has been determined by
seismic sounding for an area of about 1 km2 (2650-2950m a.s.l.)
(StUsstrunk, 1960). The glacier descends a series of rounded steps (Fig.
1.4). It is thicker to the north side, reaching a maximum of about
180m in the area studied, A basal morainic layer, 15-20m thick in
general but increasing to over 50m towards the right margin of the

glacier (Fig. 1.5), was indicated by seismic reflections.

1.2.3 Gornergletscher

Gornergletscher also drains to one proglacial meltwater stream,
the Gornera, which is gauged between May and September by Grande Dixence,
S.A., at a well-developed limnigraph station, prise d'eau (2005m a.s.l.)
about 1 km from the glacier snout. At present, 83.7 per cent of the
82 km2 catchment area is covered by permanent ice and snow. The basin
extends through 2629m from the prise d'eau to the highest point,
Dufourspitz(4634m a.s.l.). The trunk Gornergletscher receives several
tributaries from the southern watershed (for example, Unterer Theodul,
Zwillings, Schwlrze and Grenzgletscher: see Fig. 1.6). The glacier
descends to 2120m, and about 50 per cent of the glacier surface area
lies in the ablation zone in summer (MUller and others, 1976). The
catchment is surrounded by peaks rising over 4000m a.s.l. on the southern
divide, but the northern boundary is delimited by the low ridge of
Gornergrat (3135m a.s.l.).

The bedrock underlying the catchment is composed of similar igneous

and metamorphic facies as at Findelen, granite, gneiss and schists, all



4199 a Rimpfischhorn

/,,
f' Nl s / S

a Stroahlhorn
N\ 4190

Gouging \/ TS
station

Stockhorn | Neeees I g |
3532, — o
"\‘ 3803, Cima de Jozzi
——  Catchment boundary <
Rock
ﬂ...,-._::._:,‘:-::-.:.._‘ Moraine
---- Centours at 250m intervals : ‘ ? - o

Figure 1,3 Map of the catchment of Findelengletscher, Mischabel chain, Pennine
Alps, Lines AB and CD show the positions of seismic traverses,




m a.s.|

A /
profile C,D
2800 —
2700 = A
lce
2600 -
moraine -
bedrock
2500 —
7T T T T I 1
0 \ 2 km
A B
Figure 1.4  Long profile AB of Findelengletscher, as
" determined by seismic survey (SUsstrunk, 1960).
Vertical exaggeration x3.3 .
m a.s.l.
\
2800 —
2700 —
moraine
2600 ~ bedrock
0 100 1000 m
D C

Figure 1,5 Cross profile CD of Findelengletscher, as
determined by seismic survey (SUsstrunk, 1960),
Vertical exaggeration x2 .




11

of which are impermeable, with a very small outcrop of calcareous rocks
around Gornergrat (Bearth, 1953). Bedrock topography in the ablation
area is known in great detail from seismic soundings (S#sstrunk, 1951)
and from drilling to prove bedrock (Bezinge and others, 1973). Two
closed depressions exist in the long profile beneath the trunk Gorner-
gletscher in the central valley area (Fig. 1.7). The greatest thick-
ness of ice, about 400m, is attained downstream of the junction of Grenz
and Gornergletschers. Towards the glacier portal, a steepsided gorge
presumably concentrates runoff from the central valley area into the
Gornera meltstream, A basal morainic layer exists between the ice and
bedrock, over the width of the glacier in the ablation area. Near the
ice margin, it has been shown to be several metres thick by drilling.

A discrepancy between the depth of the bedrock determined from seismic
sounding, and that proved by drilling upwards from a rock tunnel under
the glacier, suggests that the morainic layer may extend to be 50m thick
at the centre of the icestream (Bezinge and others, 1973).

Certain aspects of the hydrology of Gornergletscher have also been
investigated as a result of the possibilities presented by the development
and construction of the Mattertal section of the Dix hydro-electric scheme
by Grande Dixence, S.A, Subglacial water pressures have been measured
(Bezinge and others, 1973), and discharge limnigraphs at a temporary
station close to the glacier smout examined (Elliston, 1973). Measure-
ments of rates of surface ablation and surface ice velocities have been
undertaken by Renaud (1952) and Elliston (1963). Previous hydrological
interest was centred on 'entonnoirs', surface lakes present on Gorner-
gletscher, yet absent from other Alpine glaciers (Renaud, 1936), which
occasionally empty into the ice through moulins in their beds.

An ice-dammed marginal lake, the Gornersee, builds up annually at
the apex of the junction of the Gornergletscher and Grenzgletscher,

Each summer, it drains through or beneath the glacier to produce flooding
in the Gdrnera, which persists for 2-3 days (Bezinge and others, 1973).
RBthlisberger (1972) has referred to the emptying of the Gornersee in

a theoretical approach to the internal plumbing of glaciers,

Whilst it is often assumed that Alpine glaciers are temperate, 1i.e.
at pressure melting temperature throughout, observations in tunnels dug
in ice on Monte Rosa and on the Breithorn suggest that, in the accumulation
area, ice is at a temperature well below 0° Celsius (Fisher, 1953; 1955,

1963). Strongly negative firn temperatures (-lOOC) at altitudes higher
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than about 4000m can explain ice temperatures of -2 to -3°C measured in
a borehole 180m deep at 2600m a.s.’. on the Grenzgletscher icestream
(Haeberli, 1976).

1.3 Measurement programme

1.3.1 Hydrochemical observations

Samples of meltwaters were collected for field and subsequent labor-
atory determinations in July and August 1972 from the two meltwater
streams draining the Nordzunge subcatchment of Feegletscher. Analysis
of the waters and subsequent interpretation of the data suggested inade-
quacies in terms of anmalytical procedures, and the temporal sampling
design, Measurement techniques were evaluated experimentally in the
summer of 1974, at Gornergletscher. Continuous monitoring of hydro-
chemical characteristics was introduced for the ablation season of 1975
and installed on the Gornera, and-on a supraglacial meltstream on
Gornergletscher, Continuous recording was undertaken for a short period
in August 1977 on the Findelenbach. Other hydrochemical observations

were made in the respective catchment areas during each field season,

1.3.2 Suspended sediment concentration

Samples of meltwaters and sediment were collected from the Gornera
and subjected to preliminary field processing during the ablation seasons
of 1974 and 1975. The samples in 1974 were collected manually as fre~
quently as possible, whereas in 1975 an automatic sampling device pro-
duced a more useful short-interval data record. Several experiments with
recording photo-electric turbidity meters were unsuccessful, but a short

record was obtained for the Gornera in July-August 1977.

1.3.3 Laboratory analysis

Samples of meltwaters and suspended sediment were stored in the field
and subsequently returned to the laboratory for analysis. Inevitably,
for the waters, non-standard storage times were involved, and experiments
were undertaken to investigate the extent of any temporal change in
quality. For both water and sediment, laboratory facilities unsuited
to field imitation were required. This lack of immediate determinations
prevented detailed evaluation of field techniques and sampling designs

until after the end of a field season.
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1.3.4 Evaluation of measurement programme

The measurement programme undertaken was constrained by financial,
logistic and technological limitations, both in field and laboratory.
Until 1975, continuous recording and automatic sampling equipment was
unavailable to the investigation, although considered to be essential.
Periods of fieldwork were short, being restricted to several weeks of
actual operation during the months of June-September, Ideally, all the
year round continuous or closely-spaced observations would have been
desirable. Only two aspects of water quality could be considered on
account of limited equipment resources, However, given the concept of
a research project of one individual with limited funds and in the
Alpine glacial enviromment, this measurement programme was all that

could be domne.



2. RUNOTFTF I N ALPINE GLACIERTISED
CATCHMENTS

2.1 Introduction

The total discharge of a meltstream draining from an Alpine glacier
to a gauge close to the portal is composed of waters arising from differ-
ent sources or origins, in various source areas and following differing
routes across the catchment. Conceptually it is simple to separate
waters into components according to their hydrological behaviour within
the catchment, but in reality the components must be defined by charac-
teristics which permit their discrimination. Both total discharge and
actual quantities and relative proportions of its component flows
exhibit diurnal and seasonal temporal variations. Direct measurement
of individual component contributions is often difficult because of
spatial and altitudinal differences in process operation. Within the
glacier itself; knowledge of sources of runoff, routing and behaviour

of meltwaters has had to be inferred from indirect observationms.

2.2 Sources of runoff in glacier catchments

2.2.,1 Source types

The total discharge of a stream draining from an extensively

glacierised catchment is made up of waters derived from two source areas:

= 2.1
Q = Q * Q (2.1)

where Q represents runoff proportions and the subscripts refer to the
glacierised area (g), the area not covered by perennial snow or ice (1)
and total discharge from the catchment (t). On ice-free slopes

surrounding the glacier, water is derived from two sources:

Q. = Q * Q (2.2)

r

where subscript (k) is snowmelt and (1) rainfall. Within the glacier

itself, meltwater arises from a variety of origins:

Qg=Qs+Qi+Qq+Qp+Qn+Qm (2.3)

where (s) refers to snowmelt on the glacier surface, (i) surface ice

ablation meltwater, (q) subglacial melting, (p) precipitation on the
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surface of the glacier, (n) subglacial springwater or groundwater, and
(m) internally produced meltwater resulting from ice deformation, fric-
tional melting by flowing water, pressure melting and heat conducted
down the pressure-melting temperature gradient.

Production of meltwater by snow and icemelt at the glacier surface
(QS + Qi) is by far the most important source overall, being orders of
magnitude greater than the others. Subglacial melting (Qq) results
from geothermal heating and basal sliding. A layer of about 6mm of
ice at the pressure melting temperature will be melted per year by a
normal geothermal heat flux, and a similar amount may be melted by the
heat generated by sliding (Paterson, 1969). Subglacial and englacial
melting (Qq + Qm) together produce about 10mm of water per unit area of
bed per year (Shreve, 1972), although in thicker glaciers, deformation
alone has been calculated to melt a layer of ice 20mm thick per year
(Nye and Frank, 1973). .

Subglacial springwater (Qn) is ultimately derived from supraglacial
snow and icemelt, snowmelt from the ice-free areas or from rainfall.
Such groqndwatérs are probably so delayed in runoff to deserve treatment
as a source, Winter observations of the small discharges from several
glaciers in northern Sweden suggested the importance of fractions derived
from groundwater (Stenborg, 1965). In the Swiss Alps, groundwater was
also the primary contributor in winter to total discharge with
some basal and delayed supraglacial meltwaters (Litschg and others,
1950). However, the question of the existence of groundwater systems
beneath Alpine glaciers, especially on impermeable igneous and metamor-

phic bedrocks, remains unsettled.

2.2.2 Variable source-area contributions

In spring, snowmelt predominates and runoff is derived from the non-
glacierised pértion of the catchment (Qk)° As summer procedes, the
contributing area of snow decreases as the transient snowline ascends,
although the rate of melting will increase. As the area of ice exposed
to melting increases, supraglacial melting (QS + Qi) becomes more impor-
tant. The effective contribution of precipitation (Q1 + Qp) to runoff
will increase as the snow-free areas of both glacier and surrounding
slopes enlarge, although depending on the type of terrain on which rain
falls. In summer, the snow~free non-glacierised area contributes to Qt
only following rainfall. Kasser (1954) recognised three zones on an

Alpine glacier surface according to the contribution of surface melt to
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runoff (Fig. 2.1). In the upper part of the accumulation area, surface
snowmelt water percolates vertically into firn, refreezing at depth with
no lateral runoff component. In the lower part of the accumulation
area, lateral movement of meltwater results from the melting of snow

and firn. Icemelt in the ablation area, decreasing with increasing
altitude, varies according to diurnal and seasonal meteorological changes.
The investigation of runoff is complex because of spatial and temporal
variations in melting and variable contributing altitude-area distribu-

tions of snow and icemelt sources.

2.2.3 Separation of runoff components by source type

Hydrograph components of Qt may be separated according to origins
as snowmelt, icemelt or springwater, using the natural isotope content
of meltwaters forming total discharge (Behrens and others, 1971).

'Snow' is assumed to date from post-1952, since when tritium content in
precipitation rose steeply following thermo-nuclear testing and subsequen-
tly declined, whereas 'ice' is tritium-free., Mixing of snowmelt, ice-
melt, springwater and contemporary rainfall produced diurnal and seasonal
variations of tritium (and deuterium and 18O) in portal meltstreams,

Up to 40 per cent of runoff from melting at Hintereisferner (Otztal Alps,
Austria) appears from measurements of tritium and deuteriumcontents to
originate as 'snow' (Qk + Qs). Further, 40 per cent of the summer run-
off of Hintereisferner was calculated from isotope determinations to be
contributed from subglacial springs (Ambach and others, 1976).  This
contribution appears to be exceptionally large, since it might be expected
that groundwater flow remains constant throughout the year.

Groundwater was defined by tritium content of winter run-
off, which when compared with tritium content of precipitation in
previous years, suggestedthat the mean residence time of base~flow in
the catchment was of the order of a few years.

Both Liitschg and others (1950) and Stenborg (1965), in non-
quantitative separations of springwater flow, identified the flow of
springwater during winter by the high concentration of dissolved load in
meltstreams draining from glaciers.

The proportion Qi/Qt can be obtained from frequent measurements of
surface ablation over a dense stake net, and limnigraph records, on a
2 to 4-daily basis. For Peyto Glacier, Rocky Mountains, Alberta,

Canada, the ice component of total flow increased from a mean (1967-74)
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3 per cent in June to 32 per cent in August (Young, 1977). Detailed
separation of hydrograph components by source for diurnal variations
has not been undertaken, despite the importance of understanding the
nature and behaviour of physical processes in the development of short-
and-long-term predictive models of Alpine runoff systems,

Diagrammatical temporal variations of inputs to runoff
from an Alpine glacier catchment are shown in Figure 2.2, While obser-
vations suggest the shapes of the hydrographs of QS + Qi’ Qk’ and Qn,
the summer performance of Qq + Qm is inferred since basal sliding and

internal deformation increase in summer.

2.3 Routing of flow components

The total discharge hydrograph Qt results from varying quantities
of flow following different paths at different velocities across a catch-
ment, The nature of flow, volume of discharge and transit times asso-
ciated with different routes depend on the size, structure and capacity
of the network in which flow occurs., Since inputs vary diurnally and
seasonally, the network capacity may not always be well adjusted to flow
potential. In particular, the internal drainage system of the glacier
provides routes for the discharge of most of the meltwater, and is of

critical importance in the formation of Alpine runoff.

2.4 Structure of the internal drainage network of an Alpine glacier

The drainage system of an Alpine glacier consists of three distinct
but connected networks: supraglacial, englacial and subglacial. The
function of the system is to allow removal of meltwaters from all parts
of the surface and body of the glacier‘and to transport increasingly
large quantities of meltwater downglacier, Since there are few direct
observations at depth, the structure of the network has been inferred

from theoretical considerations, or indirect observations,

2.4.1 Supraglacial network

Surface channels readily transmit water across the ablation area
beneath the transient snowline, to moulins, cracks and crevasses which
lead water into the englacial system. As the englacial system adjusts
to take increasing quantities of meltﬁater, total supraglacial channel

length decreases during the ablation season.
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2.4.2 Englacial vein network

Microscopic investigation of polycrystalline ice has proved the
existence of a network of water-filled veins along the three-grain inter-
sections (Nye and Frank, 1973). Meltwater from internal deformation
(Qm) must contribute to vein flow, which also distributes and flushes
impurities in the ice. Water descends the vein network under an effec-
tive pressure gradient given by (ﬁﬂw - o i)g where',c?i is density of
ice (including water content)?.c"w density of water and g gravitational
acceleration. From geometric and flow dynamics considerations, the

volume of flow, q, passing through unit area in unit time, is given by

(/ww - ) f2 a2

q = i’g
X (2.4)

where f 1is the fractional volume occupied by water, a,grain diameter,
}1,Viscosity of water, and x a constant (associated with geometry).
Veins may become blocked by gas bubbles (Raymond and Harrison, 1975), or
be deformed out of existence (Lliboutry, 1971), and the theoretical treat-
ment has excluded consideration of the influence of impurities. It is
probable that a maximum of about lm of meltwater per unit area of bed

per year can pass slowly through the vein network, taking several months
to pass through up to 200m of ice thickness, if the veins consist of
capillaries of maximum radius O.6mm, with favourable capillary end con-

ditions (Nye, 1976).

2.4.3 Englacial and subglacial conduits

Most of the surface input of meltwaters passes beneath the ablation
area of the glacier in a network of tunnels either in ice, or at the ice-
bedrock interface, the latter seemingly preferentially since water
emerges from the portal charged with sediment. Steeply-sloping open
moulin-shafts extend to a limited depth of about 30m (Stenborg, 1968;
Iken, 1974). At greater depths, conduits in ice tend to close under
ice overburden pressure (P), but are kept open, or widened by melting
of the walls by frictional heat produced in flowing water and by heat
from the waters having a temperature initially slightly higher than that
of the 1ice. Increased water pressure (p) relative to the ambient
pressure in ice (p~> P) may also increase the conduit diameter, as ori-
ginally suggested by Glen (1954). The mechanics of conduits depend on
the capacity of the channel in relation to variations in the flow of

water. This determines whether water completely occupies the channel



cross section, and whether water pressure builds up in tunnels.

In a hydraulic treatment, RBthlisberger (1972) examined the
steady-state constant discharge condition of closed pipe flow under
pressure, in a tubular conduit completely surrounded by ice, where con-
duit water pressure is exceeded by overburden pressure (P> p) and
channel closure and melt rates are in equilibrium. Water pressure
gradient was found to reduce with increasing discharge, which proves
that larger streams will drain waters away from smaller ones, so that
flow occurs in discrete conduits which join to form major arterial canals.
Analysis of vertical hydraulic gradients within the ice suggested that
channels can exist both in sub- and englacial locations, the latter at
the level of the hydraulic grade line. In summer, water pressure 1is
reduced as discharge increases, since conduits have been widened, whereas
in winter water pressure increases as conduits close down in response to
reduced flow. Shreve (1972) assumed that water pressure 1is a function
of ice overburden pressure and melting of channel walls at steady state,
and flow through conduits occurs down a gradient of the excess of p
over P. The amount of heat energy available for melting was calcula-
ted to be sufficient to produce significant annual change in the conduit
network in the space of a single melt season. In reality, not all heat
is used in melting in larger conduits since more flow occurs in relation
to tunnel wall area (Mathews, 1973), and diurnal and seasonal variations
of temperature in meltwaters at the portal would therefore be expected.

Surface inputs of meltwater to the conduit network are character-
ised by diurnal fluctuations in summer. Conduit diameters will be ad-
justed to flow, probably to some mean discharge (RBthlisberger, 1972).
Adjustment depends on the time constants by which conduit capacity
adapts to new conditions. It is assumed that conduits enlarge quickly
during increasing flows of water. Increased discharge following the
drainage of glacier—-dammed lakes implies that tunnels in ice grow
rapidlyito accommodate larger flows (Bezinge and others, 1973; Mathews,
1973) as the melting rate dominates over closure allowing adjustment in
the space of several hours. Channel closure rate is probably much
slower, taking days or years (RBthlisberger, 1972), and is strongly dep-

endent on (P - p). The time (t) necessary for closure of a tunnel of

i or, 1s
radius rl t 2

e o= (22" 1m0 (2.5)
r
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where n and A are iceflow parameters in the flow 1aw£ = Arn

(Glen, 1958). The value of constant A 1is also important, and 1is
usually obtained from observations of ice tunnel closure (Nye, 1953;
Haefeli, 1970). At about 80m depth (P - p = 8 x 105 N m_z), using

n =3.0, A = 1.0, a conduit would suffer five-fold reduction in diameter
in 31 days. In a period twice as long, the conduit would reduce to
1/25th of the original diameter. Haefeli (1970) gave rather longer
closure times, using different values of A. However, Nye (1976)
considers that the rate of plastic closure can be very great, and quite
suddenly, occurring in several hours, conduit diameter can reduce if
water pressure drops, since the plastic contraction rate is proportional
to a high power (27) of the pressure difference (P - P). It is
suggested that the assumption that passages‘will tend to ignore short-
term fluctuations of discharge, but follow longer—term ones {(Shreve,
1972) such that a particular passage is adjusted to the previous week

or weeks mean flow may be incorrect. The actual behaviour of a conduit
will depend on.its size, its depth in the glacier, interconnections at
its ends and the magnitude and rate of variations in the discharges to
which 1t is subjected. What remains to be demonstrated is whether con-
duits can adapt on a diurnal basis to the rapid fluctuations of discharge
experienced in Alpine glaciers during the summeér ablation season. There
have been few field observations in englacial meltwater streams of actual
pressures, necessary for testing of the theoretical postulates. Indeed,
the basic premise in theoretical treatments of continuous full occupancy
of conduit cross sections by water may not be met.

The existence of en- and subglacial conduits leading to an arterial
channel and carrying large quantities of water alongside the network of
veins led Shreve (1972) to liken water flow in temperate glaciers to
that of groundwater through permeable cavernous limestone. Consequently,
water tables might be expected to exist in Alpine glaciers, between the
bed and ice surface, which would fluctuate according to conduit dis-

charge/capacity status in relation to the rate of input of surface water.

2.4.4 Water at the glacier bed

Subglacial water is of great importance for the dynamics of Alpine
glaciers since it has a pronounced effect on glacier flow, and is in-
volved in theories of glacier sliding (Weertman, 1964; Lliboutry, 1968).

The nature of a subglacial hydrological system remains problematical,
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and thin water layers (Weertman, 1964), water filled cavities (Lliboutry,
1968) and basal conduits (R8thlisberger, 1972; Nye, 1973) have been
postulated. The system must fulfil two functions: (1) allow

water produced by melting at places with relatively high pressure

between sole and bed to zones of low pPressure where refreezing occurs

and (2) permit the transfer of large quantities of meltwater down-
glacier. Nye (1973) calculated - the thickness of water film
necessary for the regelation process to be 1 Pm, whereas Weertman (1962)
concluded that if the water layer additionally transfers flow down-
glacier it would be considerably thicker (say lmm), which would prevent
operation of the regelation mechanism. The film associated with rege-
lation on a sinusoidal bed would in any case transmit water up- and down-
glacier in equal quantities. It is probabie therefore that drainage
downglacier takes place in a separate channel system. Since conduits
incised upwards into ice will suffer closure on meeting upstanding bed-
rock protruberances as the glacier moves, Nye (1973) proposed that per-
manent channels would be cut into bedrock, although there may be temporary
tunnels in ice, termed RBthlisberger-channels by Weertman (1972).
Calculations show that even during a catastrophic outburst from a glacier-
dammed lake, the conduits remain discrete and flooding out into a basal
sheet does not occur (Nye, 1976), although RBthlisberger's (1972) analysis
strongly suggests 'flooding' of the bed, especially under time-variant
discharge.

Water filled cavities probably exist in the lee of bedrock bumps
@f size 20-100mm) beneath Alpine glaciers (Lliboutry, 1968). Some cavi-
ties will be isolated from water circulation, an autonomous hydraulic
regime, but their dimensions will grow until either they coalesce or
meet flowing conduits. Some outflow occurs at the pressure of water in
the interconnecting conduits in this connected hydraulic regime (Lliboutry,
1976) . Eventually the cavities fill with regelation ice, and move with
the glaéier*sole, allowing new autonomous cavities to develop behind bed-
rock obstacles.

Some direct observations of the hydrology of glacier beds have been
made in tunnels excavated to capture subglacial torrents for hydro-
electric adduction purposes. These observations show that channels can
be both incised into bedrock (@strem and Wold, 1978), or be unstable

with stream courses continually changing positions (Vivian and Zumstein,

1973; Vivian, 1977).
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2.4.5 Firn hydrology

In the accumulation area, water from snowmelt and rainfall moves
irregularly through the non-homogeneous structure of the snowpack.,
The distinct diurnal meltwater infiltration wave in the upper few centi-
metres of Alpine firn appears to be attenuated to a more uniform perco-
lation through time at a depth of 3m (Lang and others, 1978)., Little
is known about the lateral and vertical peénetration of meltwater in the
zone of limited snow runoff. At the depth of the transition zone,
firnification renders firn to increasingly impermeable ice, where a
water table is produced,between 14-32m beneath the surface at
Ewigschneefeld, Grosser Aletschgletscher, Switzerland. Another firn
aquifer has been found in the Upper vallée Blanche, Mer de Glace, France
(Vallon and others, 1976). How such water tables conmect to the en-
glacial conduit network is unknown, although crevassing may cause local
drainage. Response of the water table to changing conditions of abla-
tion from June-September (Schommer, 1978) suggests that outflow from the
firn aquifer always remains much less than surface input and that pressure
of stored water does not increase flows, which would enhance melting and

so widen passages leading into the glacier,.

2.5 Runoff routing in the ice-free area of the catchment

The ice-free areas of Alpine glacierised catchments are usually
made up of surfaces of bare rock, which may have thin detrital cover, or
limited locally derived morainic d=posits. In spring, snowmelt runoff,
itself lagged by storage within the snowpack, probably flows across the
surface, although some throughflow may occur within morainic material.
During the ablation season, streams on the ice-free slopes are maintained
by melting snowpack, and flow ceases as the snow is eliminated, except
after réinfall, when discharge immediately increases.

4

2.6 Indirect attempts to determine flow behaviour and structure of

glacier drainage systems

2.6.1 Analysis of discharge characteristics

Some indications of the nature and behaviour of the internal hydro-
logical systems of glaciers can be obtained from classical analysis.of
the distinctive hydrographs of portal meltstreams. Most of the total

annual flow occurs between May and September, when diurnal rhythmic
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fluctuations of discharge are such that peak flow in late afternoon
following surface ablation contributes only a fraction of the total
daily runoff, being superimposed on a steady background flow maintained
throughout 24h. Elliston (1973) suggested that peak discharge results
from increased hydrostatic pressure in englacial reservoirs as they are
topped up by ablation meltwaters during the day and maintaining flow as
they drain at night. In contrast, Golubev (1973) considered that
lagged drainage of snowmelt water from storage within the accumulation
area contributes much of the steady background flow in summer. Storage
somewhere within the glacier is suggested because depletion flow con-
tinues for several days after occasions on which summer snowfall
prevents surface melting (Elliston, 1973)., Towards the end of the
ablation season, depletion curves appeared to become steeper, as drain-
age occurred more rapidly. Elliston thought this was consistent with
the hypothesis that as the season progresses, exits from the englacial
reservoirs become enlarged by the warmth of descending water, enabling
discharge to increase and reducing the time of passage through the
glacier, The time at which maximum daily flow occurred was noticed to
advance during the season, by 3h in the Matter-Vispa, to which the
Gornera is tributary, between June and late September (Elliston, 1973),
and similarly for the Massa, Aletschgletscher, Switzerland (Lang, 1973),
in spite of reducing discharges in September. The question as to what
extent the seasonal variation depends on development of the internal
drainage system, or on the nature and extent of contributing melt areas,
remains unsettled.

Anomalous discharge events, with no meteorological causation, may
be due to conduits tapping subglacial water pockets and suddenly increas-

ing flow (Mathews, 1964a) or reducing flow due to collapse of tunnels.

2.6.2 Relationships between discharge and meteorological parameters

Studies of relationships between discharge and meteorological elements
have been undertaken primarily for the purpose of forecasting discharge
of proglacial meltwater streams (e.g. Jensen and Lang, 1973). Correla-
tion coefficients calculated between mean daily temperature and mean
daily discharge at various lag intervals provide a measure of delays in
meltwater runoff (Lang, 1968). The lag at which maximum correlation
occurs represents the mean transit time of the passage of all meltwaters
through the glacier. At Aletschgletscher, a mean lag of 3d in May -

mid-June was reduced to 1d by mid-September (Lang, 1973), again suggesting
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evolution of the drainage network.

On a seasonal basis, extrapolation of regression equations fitted
to relationships between meteorological parameters and discharge in
August at Mikkaglacidren, Sweden, to apply to June and July showed that
runoff in June to mid-July was lower than would be predicted and run-
off in late July somewhat greater (Stemborg, 1970). Taking into
account changing surface areas of snow and ice subject to ablation,

about 25 per cent of the total summer discharge was found to be delayed

m—

in runoff from the early to the middle part of the ablation season.

P pra—

Water is probably stored as slush on the surface of lower parts of the
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P
glacier, in firn in the accumulation area, and held up in conduits,

o
crevasses and moulins which have been closed by deformation, glacier

movement or freezing during winter, accordiﬁg to Stenborg (1970),

although the resumption of flow should readily re-~open them.

2.6.3 Natural and experimental labelling of meltwaters

Elliston (1973) commented that waters entering moulins and flowing
in large streams may reach the glacier portal rapidly, but that they
account.for only a small fraction of the total meltwater. Nevertheless,
measurements of transit times for flow of individual 'parcels' of water
from the surface to the portal can provide useful information about the
internal hydrology of glaciers. Diurnal variations of tritium content
of meltwaters draining from Hintereisferner show that waters which are
tritium-free from the melting of ice in the ablation area reach the
portal concurrent with the daily ablation of the surface (Behrens and
others, 1971). Experimental labelling of waters draining into moulins
has been used to determine point-to-portal transit times, using salt and
dye tracers. Within South Cascade Glacier, Washington, U.S.A., mean
velocities of 0.2%m s_1 from moulins to portal suggested that flow
beneath‘the firn line was in large open conduits, since surface stream
velocities were 0.17-0.42m s—1 (Krimmel and others, 1973). Tracing
from the accumulation area suggests a rate of 0.4m h_1 through snowpack,
but interpretation of transit times from firn to portal depends on
whether slow percolation in firn is followed by rapid flow in an arterial
conduit, or slow percolation, slow flow in small conduits, temporary
storage and quickflow.

At Mikkaglaciliren, Stenborg (1969, 1970) used salt tracers to deter-

mine contributing areas of glacier surface to the two outlets from the
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internal drainage system and so deduce the internal network structure.
Internal flow velocities between 0.5-0.7m s-1 were measured. Decreasing
transit times from 3.0h (18 June) to 1.5h (27 August) were observed
from the same moulin to the portal of Glacier d'Argentiére, Mont Blanc,
France (Vivian and Zumstein, 1973).

Detailed tracer studies using the dyes uranine and rhodamine WT
at Hintereisferner indicated that the travel time of dye from the same
moulin to the glacier portal varied diurnally according to total dis-
charge from the glacier. The usdal open channel velocity-discharge
routing relationship would account for this behaviour, and calculations
of a dispersion coefficient also suggest that the dye tracer flowed
largely in an open channel within the glacier (Behrens and others, 1975).
Comparison of results between two years suggest that no detectable change
pccurred in the structure and behaviour of the internal drainage network
(Ambach and others, 1972; Behrens and others, 1975). The flow-through
times and dispersion coefficients indicated that no large water-filled

cavities exist along the conduits within Hintereisferner.

2.6.4 Borehole measurements

Measurements of water levels and water pressure in glaciers are
inconclusive with respect to the internal drainage system since bore-
holes may or may not penetrate the conduit system. If connection occurs,
conduit pressure conditions may be modified locally. The borehole
water level may simply reflect the difference between the rates of sur-
face water supply to the hole from water escape at the bed. In the firn
area of South Cascade Glacier, water levels in boreholes remained con-
stant at the level of the firn water table, until the drill reached the
bed, when the level fell (Hodge, 1976). In the ablation area, water
levels oscillated between 100 and 140m above the bed between July and
November with periodicity of around 7-10d. No diurnal variations
were observed, although large variations of pressure were measured
beneath Glacier d’ArgentiEre which occurred in phase with fluctuations
of the discharge of the portal meltstream (Vivian and Zumstein, 1973).
Diurnal water level variations of 100m per day were observed by
Rbthlisberger (1976) at Gornergletscher. Mathews (1964b) found steady
pressure conditions, interrupted by irregular surges at South Leduc
Glacier, British Columbia, Canada. Water pressures measured by mano-
meters inserted in holes drilled up from a tunmnel in rock into ice

beneath Gornergletscher showed a stable water head from May to July,
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60-70m above the bed, which suddenly dropped following a particularly
high daily flow from Gormergletscher (Bezinge and others, 1973).
Winter pressures higher than summer pressures are suggested both from
observations (Vivian and Zumstein, 1973) and theory (Rbthlisberger,
1972). Differences between adjacent holes (Hodge, 1976) suggest that
uniform height water tables if they occur,must be extremely localised.
During drilling operations on glaciers, sudden drops of the drill
have suggested that boreholes have intersected with englacial and sub-
glacial conduits, In 13 boreholés at South Cascade Glacier, 18
englacial (diameters 0.25 0.2Im) and 2 subglacial (0.6531.15m)
cavities were penetrated (Hodge, 1976). The englacial cavities or
conduits were clustered at one particular depth, as suggested by
Rbthlisberger (1972). Englacial waterfilled cavities were also dis-
covered on Athabasca Glacier (Savage and Paterson, 1963; Paterson and

Savage, 1970) and at Blue Glacier, U.S.A. (Shreve and Sharp, 1970).

2.6.5 Discussion

Considerable amounts of information about the structure and func—
tioning'of internal hydrological systems of individual glaciers have
been acquired from indirect observations. Individual glaciers with
different characteristics, thickness, length, flow velocity, bed con-
figuration and gradient, ratio of accumulation: ablation areas, and
area-altitude distribution might be expected to behave hydrologically
in different ways. The indirect observations are insufficiently diag-
nostic to allow separation of individual effects of several variables
which may contribute to a general characteristic. For example, hydro-
graph analysis suggests storage of water within the glacier, but cannot
separate individual storage elements by location, in firn, in transit
from parts of the conduit system distant from the portal, in subglacial
cavities or in englacial water pockets, Similarly, transit times
measured with dye tracers average conditions over the length of the
path followed by the water, rather than giving separate velocities for
firn percolation, small conduit and arterial conduit flows.

In general, observations of borehole water levels, which may or
may not be surrogate basal water pressures (Hodge, 1976), support the
concept of large quantities of liquid water remaining stored in the
body of Alpine glaciers. Simultaneous determinations of mass balance
of South Cascade Glacier by glaciological and hydrological methods

(Tangborn and others, 1975), show that some liquid water may remain in
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storage within the glacier over winter. On the other hand, dye
tracing experiments suggest that much meltwater can pass freely, with-
out delay, through conduits which are not links between reservoirs or
cavities, A network of two components (at least) is suggested, com-
posed of a route through which meltwater may pass quickly, immediately
following production to the glacier portal, and another route which
only permits much slower flows. The structure, location and function-
ing of such a system within a glagier, however, remain enigmatic.

While theoretical treatments of flow in englacial and subglacial
conduits have been based on the assumption that the channel cross section
is completely full of water and flow occurs under pressure, field obser-
vations indicate that open channel flow conditions prevail in tunnels
under the ablation area between major moulins and the glacier portal.
The existence of open channel flow even at high discharges in summer
indicates that consideration of rates of plastic closure as the major
control on conduit flow capacity‘may have to be replaced by some other
mechanism, possibly operating in a different part of the hydrological

network.

2.7 A model of the Alpine glacier runoff system

A conceptual model of the structure of the Alpine glacier runoff
system is shown in Figure 2.3. The model is divided into two compart-
ments, the internal hydrological system of the glacier and the catch-
ment area which is assumed to be free of perennial ice and snow. The
input to_the ice-free catchment area is precipitation, which as snow
and rain becomes stored in snowpack to be released as subsequent melt,
or as rain after the rise of the transient snowline, may contribute
immediately to runoff. Some of the runoff from the ice-free catchment
may entér the glacier, some possibly percolates into storage as ground-
water should geological conditions favour a groundwater system, and
some flows in stream channels to join the portal meltstream downstream
of the glacier snout. A groundwater component may be added to the

flow of the portal meltstream between glacier and gauging station at

the catchment outlet.

Inputs to the internal hydrological system are derived from preci-
pitation, with solid and liquid storage phases in snow and firn in the
accumulation area ('snowmelt' contributions) and as ice, snow and slush
in the ablation area ('icemelt'), Since it is generally accepted that

water flows in networks of englacial and subglacial conduits, these have
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been assumed to form the basic structure of the internal plumbing,
Veins have been ignored since their volumetric contribution to flow is
not substantial. The routing of snowmelt into englacial conduits
beneath the accumulation area has not been proved, but in the ablation
zone, icemelt enters through moulins, crevasses and cracks. Englacial
conduits are assumed to be icewalled tunnels, located away from the ice-
bedrock interface,. Some of the runoff from the icefree catchment will
enter englacial conduits from the ice-margin, the remainder following
the bed into subglacial conduits, defined by basal location, and either
incised in bedrock, or cast up as tunnels in ice. Water from the
englacial system may interact with englacial storage waters either deep
in firn or as water pockets in the body of the ice, with net loss or
gain to the conduits. A large quantity of water equivalent to the pipe
capacity may at any time be stored actually in transit in the englacial
conduits. Englacial conduits may conduct a portion o the water to the
proglacial meltstream close to the portal, but most of the flow will
descend into subglacial conduits which also receive contributions from
subglacigl melting, and internal deformation melting through the vein

network.

Subglacial conduits may interact with basal cavities allowing water
both in and out of basal storage. If a groundwater system exists, some
water may be lost from conduits and cavities, but some contributed from
subglacial springs. Should the subglacial conduits be full, storage
of water in transit may occur, equal to the volume of the conduit net-
work. It is probable that the subglacial conduits contribute most of
the discharge of the portal meltstream. Flow through a water film at

the glacier bed is assumed to be unimportant,

The conceptual model proposed is thought to provide a useful frame-
work for the investigation of the hydrology of Alpine glaciers. It
suggests a basic interlinked structure of storages and conduits.

More information is required concerning the functioning of the runoff
system and seasonal evolution of its behaviour in order to formalise
this descriptive simplification into a distributed physical process
model, Ideally, a knowledge of what proportion of total flow passes
through which routes and which storages would provide considerable

insight into the working and structure of the internal plumbing within

Alpine glaciers.



3. ANNUAL A ND SEASONAL REGIME OF
MELTWATER STREAMS

3.1 Introduction

Temporal variations of discharge in portal mellstreams reflect
largely meteorological variations. Seasonal discharge variations are
of interest because they provide an indication of how glacier drainage
systems develop from spring to fall, In addition, they show how run-
off responds to precipitation inputs and changing meteorological controls
on melting of snow and ice, and also are indicative of conditions within
the glacier. Annual fluctuations in runoff result from variations in
inputs, which are climatically determined, and which in non-glacierised
catchments determine the water balance, but integrate such effects with
regulatory effects from climatically controlled changes in glacier mass
balance. Studies of storage and release of water from temperate
glaciers have become increasingly important in view of the establishment
of hydro;electric schemes in Alpine regionms. Such studies are important
because they show the changing amounts and surface distributions of
inputs to glaciers throughout one season and from year to year. The
regulatory effect of glaciers reduces winter runoff and releases large

quantities of water during spring and summer.

The annual amount of discharge released may be less than, equal to,

or greater than the total annual precipitation input. If precipitation

amounts remained unchanged for several years, the amount of runoff pro-
duced in warmer summers may exceed annual precipitation input, because
of extra melting of ice and snow. Cooler summers would produce less

runoff, and result in a net increase in the total icemass stored in the

glacier, If temperatures were unchanged, increased precipitation may
L}

produce more runoff, from spowmelt or summer precipitatiom, but outflows

may be lower than inputs depending on amount of snowfall and its effect

on the ablation season and area. Decreased inputs will result in loss

of glacier mass and discharge may decline absolutely but still be greater

than annual inputs. Considerable fluctuation of annual discharge totals

may result from changes in glacier mass, independent of annual precipi-

tation variations.
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Useful conélusions about the nature of glacier drainage can pro-
bably be derived from discharge records, This chapter describes and
examines annual and seasonal variations of discharge in the context of
catchment water balance, and glacier mass balance. The study of a
glacier's interaction with its basin hydrological cycle allows deter-
mination of annual and seasonal variations of the amounts and propor-
tions of runoff derived from changes in glacier mass, and of the impact
of glacierisation on precipitation-discharge relationships. In parti-
cular, the aim is to provide information concerning the range of annual
and seasonal throughputs of water transferred through the internal

drainage system,

3.2 Components of the water balance of a glacierised catchment

The annual water balance of a glacierised catchment is given by:
Qt=Pg—Eg+Cg—Sg+Agi_AWg+Pr—Er (3.1)
where Qt is discharge, P precipitation, E evgporation, C conden~
sation, S the amount of snowfall remaining at the end of the summer
melt season, A ablation and ice melting, and C&Wg the net change in
volume of liquid water stored within the glacier between the beginning
and end of the hydrological year. Subscript g refers to the glacier-
ised part of the catchment, and r to the non-glacierised areas. ‘
Equation (3.1) is appropriate only in definable, water-tight drainage
basins, where very limited, if any, groundwater flow occurs within thin
detrital mantles on steep slopes of impermeable rocks. Pg and Pr

include wind drifting of snow and avalanche redistribution.

The net mass balance of the glacier is the difference in water
equivalent between the volume of snow remaining at the end of the budget
year and the amount of ice and firn ablation during the year: (Sg - Ag),
assuming O W_ = O, although not all water from the internal hydrological
system drains by the end of the ablation season (Tangborn and others,
1975; Hodge, 1976). In calculations of mass balance from water balance
data, AW is assumed to be relatively constant from year to year, since

recession curves at the end of each hydrological year show approximately

the same flow characteristics (Tangborn, 1966). While some depletion

i i i ration beneath
occurs, the volume of which may be obtained from integ

i e
the curve of the end of season recession Curve, the volume of water

remaining from one year to the next cannot be estimated. The actual
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quantity of water stored may be large, particularly if it is to account
for anomalous drainage events (Mathews, 1964a), some of the winter
recession flow (Stenborg, 1965), and high residual water pressures in
glaciers in winter (Vivian and Zumstein, 1973; Hodge, 1976). It is
suggested that to consider a glacier storage function (Fg) as a surrogate

measure of glacier mass balance is more realistic where;

+
F =8 -A -AW
g~ Og T Ag ~DW, (3.2)

In hydrological studies of mass balance, C and E have been
8 "8
ignored, since they tend to be compensating (Tangborn, 1966) and are
also very small in relation to other quantities (La Chapelle, 1959).

Equation (3.1) can be simplified:

Q

P " Pg + Pr - Er -F .- (3.3)

g
In steady state conditions, used loosely to indicate that the total mass

of ice and stored water in the glacier is the same at the beginning of

the hydrological year as at the end:

Q

=P +P -E : (3.4)
t g r r

and F = 0.
g

If Fg:> 0, because Sg')» Ag’ the mass balance of.the glacier will
be positive, and total annual catchment runoff will be less than total
precipitation input. Conversely, should Ag exceed Sg, Fg becomes
negative, and runoff will exceed precipitation input. The availability
and source areas of meltwater inputs to the internal drainage system
depend on relative influences on mass Balance changes and summer
ablation of winter precipitation and summer energy supply. Calculation

of the water balance, and estimation of Fg require. accurate measure-

ment of the parameters Qt’ Pg’ Pr and Er' Most of the components

of the water balance show temporal, spatial and altitudinal variatioms.

Precipitation (P_+ P_) varies in type and amount seasonally and annually,
T
and in mountainous catchments is distributed unevenly in space and with

altitude (Loijens, 1972). Unhappily, the evaporation term cannot be

measured easily.

3.3 Measurements

3.3.1 Feegletscher catchment

Continuous records of the discharge of the Feevispa, obtained from

the gauges at Saas-Fee, were examined for the period between October 1966
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and September 1976. The error of measurement of discharge is about
5 per cent, surprisingly low for a glacier meltwater stream, in which
turbulence, standing waves and shifting beds make gauging problemati-
cal (Rudolph, 1961), on account of the well-designed flume and weir
structure,

Daily precipitation measurements are available from a gauge at
Saas-Fee (at 1785m a.s.l.) for 1962-1968, and from a station at Saas—
Almagell (1630m), located about 4 km south-east of the catchment bound-
ary, for 1967-1971 (Schweizerische Meteorologischen Zentralanstalt,
1964-1972; 1974). Mean annual precipitation at Saas-Fee was 78Llmm
and at Saas-Almagell 729%mm.

Precipitation data at these points are not representative of those
expected over the altitudinal range of the catchment area, but provide
an indication of seasonal and annual variations, which are probably
reflected throughout the basin. A network of totalising raingauges
at various altitudes throﬁghout the massif of Monte Rosa and the
Mischabel chain provides measurements of total mountain precipitation
about every six months (Schweizerische Meteorologischen Zentralanstalt,
1964-1972; 1974). The accuracy of these gauges, surrounded by wind-
shields and standing 3m above the ground surface, is difficult to
assess, Aerodynamic conditions created around gauges only 0.3m from
the ground surface induce errors in the catch of rain sﬁch that precipi-
tation is underestimated by an average of 6.6 per cent (Robinson and
Rodda, 1969). Each of the gauges in this network probably experiences
a different degree of exposure to wind. In the Aletschgletscher catch-
ment, Kasser (1954) considered that totalising raingauges gave poor
measures of pricipitation, but suggested no alternative method.
Rudolph (1961) emptied totalising raingauges every month, rather than
bi-annually, in order to minimise losses of catch by evaporation.
Totalising raingauges probably underestimate both winter snowfall and
summer rainfall by up to 15 per cent in mountainous terrain.

Precipitation measurements were corrected to provide values for
complete hydrological years to remove effects of varying dates of empty-
ing of gauges in April and October (Schweizerische Meteorologischen
Zentralanstalt, 1964). A plot of mean annual precipitation measure-
ments against gauge site altitudes for 16 totalising raingauges in the

Monte Rosa and Mischabel mountains shows little consistent variation of

precipitation with altitude (Fig. 3.1). The importance of local aero-

dynamic conditions and topographic situation probably governs catch,
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and also actual ground surface precipitation. In order to represent
spatial and altitudinal variation of precipitation over the Feevispa
catchment, the annual precipitation averaged over the entire catchment
has been assumed to be equal to the mean of the annual precipitation
measurements at all 16 gauges. Although most of these gauges are out-
side the watershed, it is probable that the range of local precipitation
environments inside the catchment boundary forms a sample of those in
surrounding mountains and glaciers with similar topography. This
appears preferable to estimation of basin precipitation,from one index
gauge, as used by Tangborn (1966) for winter input in the accumulation
area of South Cascade Glacier, where error results from fhe precipita-
tion at a point being unrepresentative of the catchment as a whole,
Summer rainfall was measured at various altitudes in the South Cascade
basin in gauges "equipped with windshields to increase the accuracy of
the catch",

No measurements of evaporation were possible, but this parameter
was estimated from the relationship between evaporation and altitude in
catchments in the Swiss Alps found by Llitschg (1945). A linear decrease

of evaporation with altitude is given by:
Er = 426.3 - 0.0707 h (3.5)

where Er is evaporation (mm yr-l) and h mean catchment altitude

(m a.s.1l.), for watersheds with sparse vegetation, and low temperatures
dominating much of the year. However, Haefelin (1946) calculated that
44.0mm yr-1 was a reasonéble evaboration rate for Jungfraujoch (3500m
a.s.l.), Berner Oberland, rather than I79mm predicted from equation
(3.5), 8ince Jungfraujoch is a limited rock site surrounded by firn,
Haefelin's estimate is atypical of conditions in the lower non-glacierised
areas of Feegletscher catchment, Total annual evaporation for the
Feegletscher was estimated as 192mm. Evaporation and condensation are
probably trivial components of the water balance of a glacierised catch-
-ment, Errors in precipitation measurement may already include an
element for evaporative loss from catchments, particularly when catch

volume is determined infrequently from exposed totalising gauges.

3.3.2 Gornergletscher

Continuous limnigraph records are available for the prise d'eau

gauging station on the Gornera for periods of up to 25 weeks during the

summer ablation seasons of 1970-1975. Deposition of coarse sediment
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in the prise d'eau, and excessive turbulence prevents the calibration

of a reliable rating curve for the station, and errors of about 15 per
cent are inevitable in the discharge measurements., After passing
through the prise d'eau, the intake to a hydro-electric adduction
gallery, both the extracted water and that remaining in the river bed
are subsequently gauged again in flumes and the sum of these measurements
provides a useful check on the performance of the limnigraph stationm.
Measurements from summation are more accurate and have been used in

this study.

No attempt has been made to measure the parameters of the water
balance at Gornergletscher on account of the incomplete discharge record.
Some of the totalising raingauges described in section 3.3.1 are located
in the Gornergletscher catchment. The 1977 gauging record for the
Findelenbach was insufficiently long for meaningful investigation of

seasonal variations.

3.4 Results and discussion

3.4.1 Annual precipitation in the massif of Monte Rosa and Mischabel
chain

Annual precipitation totals for the 16 raingauges are given in
Table 3.1, together with mean annual precipitation for each gauge for
the 10 hydrological years 1962-63 to 1970-71 and 1972-73. Results from
1971-72 are not available. The range of mean annual precipitation
measured at individual gauges during the above period was 617-2827mm.
Percentage deviations of each year's precipitation from the period mean
for each gauge are also given in Table 3.1. Each year, the mean of
the percentage deviations from the period mean precipitations at each
gauge‘provide a measure of variations in total annual precipitation.
1963-64 and 1972-73 were particularly dry (84 per cent and 87 per cent
of the period mean), and in 1962-63 and 1968-69 particularly wet (121

per cent and 114 per cent of the period mean).  The mean annual preci-

pitation, averaged for all gauges, all years, was 1339mm.
Kasser (1954) estimated mean annual precipitation averaged over the
catchment of Gornmergletscher for the hydrological years 1920-21 to

1933-34 as'lllme'Yr_¥~ In the same period, mean precipitati on at
. -1 . -

Aletschgletscher was 207%mm yr In general, glaciers in the

although

A

Pennine Alps receive relatively low annual precipitation inputs,

-1 . .
Rudolph (1961) found a mean of only 1320mm yr at Hintereisferner.



TABLE 3.1 ANNUAL PRECIPITATION CATCH IN TOTALISING RAINGAUGES IN THE MASSIF OF MONTE ROSA AND MISCHABEL CHAIN

Period

Sta- Altitude 1962~ 1963~ 1964~ 1965~ 1966~ 1967~ 1968~ 1969~ 1970~ 1972- mean

tion Catchment Site ma,s.l. 63 64 65 66 67 68 69 70 71 73 X

1 Trift mm 1200 810 1200 1030 1150 1010 1210 1140 970 930 1065.0
- 2620 (x/x)% 112.7 70.6 112.7 96.7 108.0 94,8 113.6 107.0 91.1 87.3 100.0

2  Gorner- Gandegg mm 840 710 920 760 770 740 850 920 790 610 791.0
gletscher 2900 (x/x)% 106.2 89.8 116.3 96.1 97.3 93.6 107.5 116.3 99.9 77.1 100.0

3 Gorner- Monte-Rosa mm ' 1060 730 910 970 990 300 1020 930 810 770 909.0
gletscher Plattje 2920 (x/x)7% 116.6 80.3 100.1 106.7 108.9 99.0 112.2 102.3 89.1 84 .7 100.0

4 Findelen mm 770 520 670 620 590 580 790 550 560 520 617.0
2720 (x/x)7% 124.8 84.3 108.6 100.5 95.6 94.0 128.0 89.1 90.8 84 .3 100.0

5 Mondelli- mm 2670 1840 2130 1450 2730 2480 2270 1770 2330 1730 2149.0
pass 2800 (x/x)% 128.4 85.6 99.1 67.5 127.0 115.4 105.6 82.4 108.4 80.5 100.0

6 THdlliboden mm 1400 1000 1180 990 1440 1240 1420 1080 1270 1211 1223.1
2485 (x/x)% 114.5 81.8 96.5 80.9 117.7 101.4 116.1 88.3 103.8 99.0 100.0

7 Ofentalpass mm 2350 1560 1810 1450 1980 1930 2130 1530 2040 1830 1861.0
2800 (x/x)7% 126.3 83.8 97.3 77.9 106.4 103.7 114.5 82.2 109.6 98.3 100.0

8 Galmen mm 1190 650 1040 750 1280 1220 1060 960 1000 1113 1026.3
2690 (x/x)% 116.0 63.3 101.3 73.1 124.7 118.9 103.3 93.5 97.4 108.4 100.0

9 Stelli- mm 1870 1380 1350 1220 1660 1570 1670 1310 1690 1300 1502.0
weisstal 2620 (x/x)% 124.5 91.9 89.9 81.2 110.5 104.5 111.2 87.2 112.5 86.6 100.0

10 Schwarzberg- mm 1290 880 1220 960 1230 1210 1400 990 1070 1020 1127.0
gletscher 2986 (x/x)% 114.5 78.1 108.3 85.2 109.1 107.4 124.2 87.8 94,9 90.5 100.0

11 Schwarzberg- mm 2020 1570 1270 1200 1500 1420 2000 1180 1760 1250 1517.0
kopf 2565 (x/x)% 133.2 103.5 83.7 79.1 98.9 93.6 131.8 77.8 116.0 82 .4 100.0

/Continued
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13

14

15

16

TABLE 3.1 (Continued)

Fee-
gletscher

Fee-
gletscher

Gornér—
gletscher

Allalin-
gletscher
Kessjen
Plattje

Furgghorn

Gornergrat

3369

2840

2228

2390

3100

am

(x/%)%
mm
(x/%)%
mm
(x/%x)%
mm
(x/%)%
im

(x/%)%

mean %

1460
97.2

1300
122.2

1660
136.9

2550.

90.2

1700
166.2

120.7

1200
79.9

960
90.2

1130
93.2

2160
76.4

930
90.9

84.0

1540
102.5

1050
98.7

960
79.1

3070
108.6

1160
113.4

101.0

1460
97.2

860
80.8

1050
86.6

2870
101.5

1340
131.0

90.1

1750
116.5

1160
109.0

1290
106.3

3500
123.8

960
93.8

109.7

1670
111.2

1140
107.1

1170
96.5

3370
119.2

780
76.2

102.3

1790
119.2

1190
111.8

1620
133.6

2760
97.6

1020
99.7

114 .4

1390
92.5

960
90.2

1040
85.7

3220
113.9

850
83.1

97.3

1400
93.2

1050
98.7

1280
105.5

2380
84.2

800
78.2

103.2

1360
90.5

970
91.2

930
76.7

2390
84.5

690
67 .4

86.9

1502.0
100.0

1064 .0
100.0

1213.0
100.0

2827.0
100.0

1023.0
100.0

100.0



43

totalising raingauge of a different pattern at Riedmatten, 2800m a.s.l.,
about 15 km from Gornergletscher, operated by Grande Dixence S.A. since
1961, has collected a mean annual fall of 1240mm. 1963-64, 1970-71,
1971-72, 1972-73 and 1975-76 were exceptionally dry, each about 85 per
cent of the usual mean annual precipitation. 1962-63 and 1976-77

were the wettest years (160 per cent of period mean in 1976-77)

(Bezinge, 1978).  1974-75 was almost exactly an average year for preci-

pitation,

3.4.2 Seasonal variations of precipitation

Seasonal variations of precipitation were calculated for periods
of calendar months for Saas-Fee and Saas-Almagell (Table 3.2). Between
28 and 73 per cent, with a mean of 50 per cent of the total annual preci-
pitation, occurred during the summer months (May-September).  The
months with maximum summer precipitation were May and August. In
summer, the internal drainage system thus has to transmit much of the
annual input from precipitation, at the same time as the ablation com-
ponent, Although a considerable proportion of the total winter snow-
fall may occur in the space of one month, that actual month varies from
year to year. In 1965-66, 66 per cent of the total annual precipita-
tion occurred as winter snowfall, but in 1967-68 only 30 per cent was

snow.

3.4.3 Annual and seasonal variations of discharge of Feevispa

Total annual runoff varied considerably from year to year between
the limits of 37.3 to 54.0 x,106m3, from 75-111 per cent of the period
mean (x = 48.9 x 106m3) (Table 3.3). The proportion of annual
total runoff contributed to flow in the summer months (May-September)
was about the same each year, despite the variable total discharge and
variations in the length of the ablation season. The average propor-
tion of total annual flow discharged during summer was 88.7 per cent,
with a range from 85.1-92.1 per cent. Over 50 per cent of total annual
runoff always occurred in the months of July and August, suggesting that
the internal drainage system develops rapidly each summer, Maximum
monthly runoff was either that of July or August. Recession flow
resulting from partial drainage of water stored within the glaciers
commences in late September and reaches a minimum in late November or

early December. Between 6 and 9 per cent of the total amnual flow

(about 5-9 x 106m3) may occur in this period of depletion. Since all



TABLE 3.2

SEASONAL VARIATIONS OF PRECIPITATION AT SAAS-FEE AND SAAS-ALMAGELL

Annual Mean
0 N D J F M A M J J A S total monthly
SAAS-FEE X,
1963-64 mm 69 136 5 3 5 62 132 73 72 30 44 37 668 55.67
% 10 20 1 0.5 1 9 20 11 11 4 7 6
1964-65 mm 42 51 18 32 0 61 23 83 55 124 132 243 864 72.00
A 5 6 2 4 0] 7 3 10 6 14 15 28
1965-66 mm 9 78 146 39 185 28 68 55 23 65 61 18 775 64 .58
% 1 10 19 5 24 4 9 7 3 8 8 2
1966-67 mm 247 50 72 22 63 52 13 131 36 42 64 85 877 73.08
YA 28 6 8 3 7 6 1 15 4 5 7 10
1967-68 mm 19 33 37 87 29 15 35 154 70 55 111 78 723 60.25
yA 3 5 12 2 5 21 10 8 15 11
X 77.2 69.6 55.6 36.6 56.4 43.6 54, 99.2 51.2 63.2 82.4 97.8 781.4 65.2
A 9.81 8.84 7.06 4 .65 7. 5.54 6.87 12.6 6.51 8.03 10.47 12.43
SAAS-ALMAGELL
1967~-68 mm 14 34 32 64 20 19 42 172 66 46 185 74 688 57.33
% 2 5 5 2 3 3 6 25 10 7 15 11
1968-69 mm 22 267 61 35 31 21 48 178 117 37 - 53 49 919 76.58
% 2 29 7 4 3 2 5 19 13 4 6 5
1969-70 mm 6 62 25 34 99 34 103 76 94 27 81 16 657 54.75
A 1 9 4 5 15 5 16 12 14 4 12 2
1970-71 mm 98 32 30 28 13 128 42 84 83 21 83 9 651 54.25
% 15 5 5 4 2 . 20 6 13 13 3 13 1
X 35.0 98.8 37.0 40.3 40.8 50.5 58.8 127.5 90.0 32.8 100.5 37.00 728.8 60.48
o 4,67 13.19 4.94 5. 5.45 6.74 7.85 17.02 12.02 4,38 13.42 4 .94



TABLE 3.3 ANNUAL RUNOFF FROM FEEGLETSCHER CATCHMENT, 1966-67 TO 1975-76

Hydrological year Annual total runoff Summer runoff
(May-September)
6 3 6 3
X 10m mm X 10m Percentage of

annual total runoff
%

1966-67 51.13 1448 45.56 89.1

1967-68 37.25 1055 32.26 86.6
1968-69 46.00 1303 39.74 86 .4
1969-70 50.88 1441 46.86 92.1
1970-71 51.73 1465 46.28 89.5
197172 45.93 1301 41.23 89.8
1972-73 53.97 1529 49.20 91.2
1973-74 49.82 1411 43.13 86.6
1974-75 51.00 . 1444 45.71 89.6
1975-76 51.06 144é 43.47 85.1

Period mean : . .
1966-67 to 1975-76 48,88 1385 43.34 88,7
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the water may not drain, this suggests that a significant proportion

of the total annual discharge may be stored as liquid within Feegletscher
in summer, and that much persists to the onset of winter. The volume
stored is at least about 6 per cent of the total annual runoff.

Other glaciers show similar behaviour. Ninety-five per cent of
the total annual discharge from Glacier de Ferpécle, Peunnine Alps,
Switzerland (64 per cent glacierised, 36 ka) occurs between May and
September (Bezinge, 1978), and 93 per cent of that of Aletschgletscher
(Kasser, 1954; see Table 3.4). Fifty-seven per cent of the annual
discharge from Aletschgletscher occurs in July and August. In compari-
son with other Alpine glaéierised catchments, the perceﬁtage of total
annual flow occurring in winter is high, the proportion in April espec-
ially noticeable. This may result from the hydrological behaviour of
the large low altitude ice-free area of the catchment during spring snow-
melt (Table 3.4).

A more detailed impression of the seasonal pattern of discharge
from Feegletscher can be obtained from curves of mean daily discharges
(Fig. 3.2), which have been constructed for the calendar years 1966 to
1976, From January to late April, the flow of the Feevispa is a mere
trickle (about a daily mean of 0.25 mBS—l), made up of flow from basal
icemelt, deformational icemelt and possibly from springs, in addition
to any water continuing to drain from internal reservoir storage. The
flow is too great to be generated simply by geothérmal melting. In
1970 and 1974, snowmelt commenced early, producing increased flow during
March (0.52 x 106m3 and 0.75 x 106m3 respectively, about 1 per cent of
the total annual flow each year). -

It is not until May that snowmelt over the lower areas of the catch-
ment starts the stream on a slow rise, but distinctive early snowmelt
peaks are surprisingly absent from the records, except in 1969, 1971,
1975 and 1976. May runoff totals ranged from 0.67 x 106m3 (1973),
representing 1.25 per cent of total annual flow, to 3.51 x 1O6m3 in 1971
(6.73 per cent of total annual flow), with a period mean of 2.16 x 106m3
(4.42 per cent of period mean annual flow). Some snowmelt will have
been retarded in runoff within the snowpack.

Melting snow accounts for a large proportion of the flow in June,
during which month, in most years, discharge increased five-fold from

May, with the onset of ablation of ice bared by the rise of the transient

snowline. Some of the increase probably results from the release of



TABLE 3.4 MEAN MONTHLY DISCHARGES FROM ALPINE GLACIERS AS PERCENTAGES OF MEAN

TOTAL ANNUAL FLOWS

Glacier
Source
Catchment area km2
Percentage glacierisation %

Observation period

v o L G R XM L g oz O

Feegletscher

35.
53.

1966-67 to
1975-76

4.

S 2 O O =

w H oo i B~ o O o - O N o

14.
28.
27.
13.

3
7

Aletschgletscher

Kasser (1954)
205.0
66.

1922-23 to 1927-28

8

Hintereisferner
Rudolph (1961)
26.4
60.0

1953-54

and 1931-32 to 1951-52

4,

15.
28.
28.
15.

&~ O O o o ©o o

W NN N oo 0w NN W

R

.3
1
0]
7

.5
5
8
8

M O O O O N W

. 19.4
22.5
29.0
17.4
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Figure 3.2 Mean daily discharge of the Feevispa, 1966 - 1976,
Days are numbered from 1 ( 1 = 1 January).
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meltwaters Storéd in snowpack, and release through the re-opening and
widening of glacier internal drainage system conduits. Discharge
usually increased rapidly during a period of several days. While use-
ful energy inputs may increase rapidly because of the decreased albedo
of ice in comparison with snow and increasing solar radiation at this
season, this sudden increase in a few days suggests that the internal
drainage system can readjust remarkably quickly to changing potential
flows once the potential has built up. Flow probably increases because
the pressure of water built-up in storage is able to overcome the winter
closure of the conduit network, and force a route to the portal, or
because sub-snow surface drainage becomes integrated ovef the glacier
surface. However, the latter would lead to steady rather than sudde