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ABSTRACT

The impact of rainfall on runoff from the highly
glacierised basins containing Findelengletscher
and Gornergletscher, Pennine Alps, Switzerland, is
assessed for the periods May through September
1987 and 1993. Several major rainstorms produced
high peak discharges in both seasons. Runoff
response to prolonged heavy rainfall varied during
the ablation season in both basins, but also differed
between the two. Annual cutbursts from the ice-
dammed Gornersee also produced peak discharges
from Gornergletscher. The transient snowline parti-
tions a glacierised basin into snow-covered and
snow-free portions which respectively retain and
return rapidly to runoff both meltwater and rain.
Elevaticn of the zero-degree Celsius isotherm in the
atmosphere interacts with basin hypsometry to deter-
mine the proportion of the catchment area that
receives rain in a given event. Progressive rise of the
transient snowline in summer increases the size of
the snow-free area, and hence the area of basin,
which rapidly responds to rainfall, Heavy rainfall
appears to have produced an outburst from Findel-
engletscher in September 1993. The largest rainfall-
induced floods are most Hkely to occur in summer
between mid-July and late-August, terminating peri-
ods of elevated air temperature, when thermally
induced runoff is at a maximum and subglacial
drainage pathways are well-developed, or when rain-
fail induces outbursts in spring and late summer at
times of declined internal drainage capacity.

Key words: Glacier outburst flood, transient snow-
line, basin hypsometry, rainfall, glacierised basin.

INTRODUCTION

Peak runoff events in rivers draining from glaciers
and glacierised basins in alpine areas result from
both extreme hydrometeorological conditions and
sudden outbursts of water stored in marginal ice-
dammed lakes or in sub-/en-glacial pockets. Infre-
guent, sudden and short-lived outburst floods can be
considerably greater in magnitude than peak events
produced by high melt rates or rainfall in summer,
but are characteristic only of certain glaciers. Hydro-
meteorologically induced floods are, however, ubig-
uitous, and weather conditions leading to periods of
sustained high ablation rates or to sustained heavy
precipitation events affect broad swaths of Alpine
tetrain. According to Haeberli (1983), though, few
glacier floods result from or are associated with
heavy precipitation. Rothlisherger and Lang (1987)
considered that occurrences of events involving
high-intensity rainfall had been rare at elevations
above 2500 m a.s.1. in the European Alps.

Occurrences of sustained heavy precipitation have
affected high elevation basins in the Alps during the
warm summers of the 1980s and 1990s. Floors of
Alpine valleys to which rivers descend down steep
slopes from highly glacierised high-altitude basins
have been inundated on several occasions as a result
of heavy rainfall events accompanying the passage
of storms as indicated in Table 1. Annual maximum
flows induced by rain to high elevation in unregu-
lated rivers draining partially glacierised basins in
parts of the Swiss Alps in 1987 and 1993 had recur-
rence intervals in the range 10-30 years (Landeshy-
drologie und -geologic 1988, 1991, 1994). High
intensity and sustained heavy rainfall events at high
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Table 1. Major rain-induced flood events in Alpine glacierised basins in the 1980s

and 1990s.
Date Basin/range/area References
1--8 July 1987 Northern Switzerland Zeller and Rothlisberger (1988)

14-19 July 1987

23-25 August 1987

22-24 September 1993

1-8 Qctober 1993
5-6 November 1994

24-26 July 1996

Lombardi, Italy
Eastern Switzerland

Alpine Switzerland

Upper Rhéne basin,
Switzerland

Ticino, Switzerland
Piemonte, Italy

Upper Arve basin, Mont

Blanc, France
Val Ferret, Switzerland

Chardon (1990)
Landeshydrologie und-geologie (1988, 1991)

Landeshydrologie und-geologie (1988, 1991);
Rey and Dayer (1990);
Collins (1995, 1998a)

Landeshydrologie und -geologie (1994),
Collins (1998b}

Landeshydrologie und -geologie (1994}
Pangallo (1995)

Cerutti (1997); Chaverot and George (1998)
Rey and others (1998)

elevation sites triggered debris flows and landslides
as well as producing floods, for example in the
Swiss Alps in 1987 (Zimmermann 1990) and 1993
(Rebetez et al. 1997). More than half of the glacier
floods listed by Haeberli (1983) were caused by out-
bursts of marginal lakes or sudden ice-dam breaks,
the others being ruptures of en- or subglacial water
pockets.

During winter months precipitation falls as snow
throughout almost all the range of Alpine basin el-
evations above 2000 m a.s.]. This snow largely accu-
mutates as a stable pack until the onset of melt in
spring, contributing some of the minimal winter dis-
charge. During suminer, precipitation can have an
immediate effect on runoff. Depending on whether
precipitation occurs in liquid or solid form, the usual
characteristic, serrated, diurnally varying, thermally
produced meltwater hydrograph may respond by in-
creasing or decreasing respectively. Whilst heavy
rainfall over glacierised basins during the ablation
season evidently has considerable impact on runoff,
magnitudes of peak rainfall-induced discharges de-
pend on the duration and intensity of precipitation,
existing levels of flow arising from ablation at the
onset of precipitation and whether any outburst of
stored liquid water is released simultancously from
glaciers. Magnitudes of outburst-produced peak
flows depend similarly on the level of background
discharge arising from ablation and rainfall at the
time of release as well as on the accumulated volume
of water of stored and the drainage mechanism.

This paper has two aims. First, the impact of sus-
tained heavy rain storms on runoff is examined for
two adjacent highly glacierised Alpine basins,
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located at elevations for which data are generally un-
available. Empacts of outburst floods on runoff are
also assessed, from an ice-dammed lake in one basin
and associated with rainfall in the other. A conceptual
model is used with the intention both to couple vari-
ables which influence the seasonal variability of the
response of glacier runoff to precipitation, and to ex-
plain differences in renoff response in basins differ-
ing in proportion of glacier cover and altitudinal dis-
placement.

BASIN CHARACTERISTICS

Effects of precipitation on glacier runoff have
been examined for the months May through Septem-
ber in the years 1987 and 1993 at Findelengletscher
and Gornergletscher, adjacent valley glaciers con-
tiguous in accumulation areas. The two basins are
nested within the upper Rhdne basin, in the Pennine
Alps, Kanton Wallis, Switzerland (Fig. 1). Character-
istics of the basins and glaciers are given in Table 2.

Table 2. Characteristics of the basins containing Fin-
delengletscher and Gornergletscher.

Basin Findelenbach Gornera
Glacier(s) Findelengletscher  Gornergletscher
Trifjigletscher
Basin arca, km? 249 32.0
Glacierisation, % 76.7 83.7

Basin elevation range, ma.s1.  2500-4199 20054634
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Figure 1. Map of the basins of the Findelenbach
and Gornera showing gauging and meteorologi-
cal stations, location of borehole 93.1 and the

Gornersee.,

An ice-dammed lake, Gornersee, forms in the
apex of the junction between Grenzgletscher and
Gornergletscher every spring, usually draining
catastrophically under the ice once every summer,
The stream draining from Trifjigletscher, pre-
vented from reaching the tongue of Findelen-
gletscher by the left lateral moraine, is captured
by a hydroelectric adduction gallery which joins
the Findelenbach immediately upstream of the
gauge. Measured discharge is therefore the com-
bined runoff from the basin containing both Fin-
delengletscher and Trifjigletscher. Runoff from
the two basins is gauged in rectangular flumes
close to the termini of the glaciers. Precipitation
and screened air temperature are recorded at a
meteorological station adjacent to the gauge at
Findelengletscher at an elevation of ~2510 m a.s.l.

PRECIPITATION, AIR TEMPERATURE AND
RUNOFF FROM FINDELENGLETSCHER
AND GORNERGLETSCHER

1987

Seasonal variation of
energy input and discharge

Air temperature variations and daily total
precipitation at Findelengletscher together with
hydrographs for the Findelenbach and Gornera
between 1 May and 9 October 1987 are shown in
Figure 2. Air temperatures at elevations above
Findelengletscher terminus were calculated as-
suming a constant lapse rate of 6°C km~! (Barry
1992) and zero-degree isotherms for 3500 m and
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Figure 2. Daily total precipitation (a) and hourly mean air
temperature measured at Findelengletscher meteorological
station and calculated zero-degree isotherms at 3500 m and
4500 m a.s.l. (b), hourly mean discharge in the Findelenbach
(c) and Gornera (d), for the period 1 May to 9 October 1987,
The phase of precipitation falling above 3500 m is indicated as
rain (solid) or snow (open columns).
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4500 m, corresponding to +6° and +12°C respec-
tively at 2500 m a.s.1., are also shown. The phase of
precipitation at 3500 m, indicated in Figure 2 as lig-
uid when air temperature at that elevation was calcu-
lated to be above 0°C or as solid when below, was
determined from the Findelen temperature record
and the lapse rate, and checked by field observation.
Mean air temperature for the five months May
through September 1987 was average, being ranked
9 in the 20-year record for 1970-1989, with near
average precipitation, but June through September
total runoff from Gornergletscher was ranked second
highest (Collins 1991).

Energy inputs were unseasonably low during May,
rising only after 20 June, with the glaciers remaining
snow-covered until late June. Positive air tempera-
tures were not sustained at elevations above 3500 m
until aimost the end of June. Until that time, melting
of snow alone contributed to runoff of both Findelen-
bach and Gornera, periods of generally higher and
lower levels of discharge reflecting periods of warm
and cool weather respectively. Higher specific dis-
charge from Gornergletscher resulted from warmer
conditions and earlier exposure of ice at the lower
elevations to which that basin extends. During sev-
eral periods in J une, new snowfall raised albedo, re-
duced melt and induced recession, snow covering all

the Findelenbach basin for several days from 15 June.

Once the area of exposed ice increased, underlying
trends in discharge in both Findelenbach and Gornera
moved roughly in parallel from July through Septem-
ber, broadly following the pattern of temperature
fluctuation. The snowline ascended slowly in July,
the rise from about 3000 m giving a particular boost
to runoff from Findelengletscher in mid-July.

The highest daily discharge maxima of the season
derived solely from melt accompanied very warm
conditions from mid- August, unusually late in the
season. Such annual maxima normally occur in late
July or early August, a few days into a period of
warm weather (e.g., Collins 1982, Réthlisberger and
Lang 1987). High ablation rates are sustained by ra-
diant energy inputs under persistent anticyclonic
conditions and elevated sensible heat transfer from
warm air. Underlying levels of discharge rise over
several days as successive daily meltwater inputs to
the internal drainage system are superimposed on
receding flows which originated on previous days
yet remaining in transit throngh the glacier. Increas-
ing flows enlarge drainage pathways in ice, increas-
ing hydraulic efficiency and allowing meltwater to
drain more rapidly, so stabilising the level of dis-
charge. Ancther exceptionally warm period, in mid-
September 1987, resulted in further unseasonably
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high daily flow maxima. Absolute levels of dis-
charge were lower than those produced in August,
radiant energy input for melt being much reduced as
the equinox approached.

Precipitation events

Rainfall first affected substantial areas of the two
basins on 7 July, when 10 mm of rain fell at 2500 m,
with presumably orographically enhanced quantities
at elevations up to about 3500 m, above which there
was snow. Runoff in the Findelenbach declined with
the cooler conditions but the event produced the
highest hourly average flow in the Gornera so far in
the season. The next storm, from 15 July, again ter-
minated a warm period, precipitation continuing un-
til 19 July, in the form of rain at lower elevations
despite falling temperature. 12.2 mm of rain pro-
duced the season-to-date maximum hourly discharge
of 26 m? s7! in the Gornera at 18.00 h on 15 July, to
be exceeded at the same time on 16 July, and reach-
ing 30.0 m® s~! at 16.00 h on 17 July. These maxima
were all timed close to the peak of the underlying
thermally controlled diurnal runoff cycle. An out-
burst from a water pockel or release of water tempo-
rarily stored transit within Gornergletscher must
have produced the peak on 17 July as only 1.2 mm
of rain had fallen in the preceding 24 h. By 18 July,
rain had turned to snow at elevations above about
3500 m and 12.2 mm of precipitation produced a
daily maximum of only 23.8 m? s~!. Daily maximum
discharge in the Findelenbach during this storm pe-
riod was raised only marginally, on 15 and 16 July,
above the thermally related levels of the previous
few days. This reflects both the smaller areal extent
of the basin at lower elevations receiving rain by
comparison with Gornergletscher, and the relatively
high proportion of Findelengletscher catchment re-
maining snow-covered.

On 24 July, 9.8 mm of precipitation fell as rain to
elevations well above 3500 m, raising discharge of
the Gornera significantly above thermally related
background levels, but again having little impact on
the Findelenbach. 11.8 mm of rain on 18 August,
after a warm period, with the freezing level rising
above 4500 m (Fig. 2) increased daily total flow of
the Gornera 16% above the thermally related levels
of discharge of 17-19 August (0.292 x 106 m?,
equivalent to about 3.6 mm of rain uniformly distrib-
uted across the entire basin, assuming rapid return of
runoff with no evaporation from all the catchment
and no orographic variation in precipitation with ele-
vation}. As for the Findelenbach, the increase was
23% (0.16 X 106 m> or 6.4 mm of rain over the en-
tire basin). This was a response to a rise of the tran-




sient snow line in the Findelengletscher basin, which
greatly increased the snow-free area returning ranoff
rapidly and released some meltwater detained in the
snowpack earlier in the season.

Torrential rainfall accompanied the storm which
affected the basins between 23 and 25 August. Melt-
produced discharge was already at an unusually high
level, as described above, warm conditions having
existed throughout the elevation range during preced-
ing days. The 0°C isotherm stood between 3500 m
and 4500 m a.s.l. over much of the region (Rey and
Dayer 1990, Grebner and Richter 1991). Extensive
areas of ice were exposed to melt, as a result of the
interaction of the summer energy input with below
average winter snow accumulation having taken the
transient snowline to high elevation. Forty milli-
metres of rain was recorded at Findelengletscher
{2510 m} between 0.00 and 16.00 h before the gauge
became defective. Amounts of between 20 and 65
mm of precipitation were recorded that day at other
gauges in the Pennine Alps to the west of Zermatt
{Rey and Dayer 1990). Fifty-eight millimetres was
recorded ~1 km downstream of the Gornera gauge
(Collins 1998a). At Findelengletscher, this storm
produced the highest continuous rainfall amount
since the precipitation gauge was installed in 1970.
Detailed analysis of the impact on runoff produced
by the 23-25 August event is given by Coliins (1998a).
Peak discharge in the Gornera was greater in relation
to background thermally produced meliwater dis-
charge than that measured in the Findelenbach. More
precipitation on 25 August, which occurred as snow
at high elevation, made only a passing impact on run-
off from both basins. A final rainfall event in the
1987 ablation season on 26 September produced
only a minor impact on minimal runoff levels in both
Gornera and Findelenbach, presumably surface run-
off from rain being retained in the glaciers. In gen-
eral, liquid precipitation raised runoff above thermally
induced levels occurring before the storms, and
maintained higher discharges during and for a period
immediately after rainfall events.

Drainage of the Gornersee

Drainage of the Gornersee enhanced flow of the
Gornera between 2 and 4 August, discharge increas-
ing to & maximum of 29.7 m* s~ by 16.00 hon 3
August. In many years, the outburst from the
Gornersee provided the annual maximum instanta-
neous flow of the Gornera. The 1987 emptying was
subdued by comparison with those delayed to August
in other years. Peak discharge exceeded 60 m? st in
the late July~early August 1974 outburst for example
(Collins 1986). In 1987, rain-induced floods from
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Gornergletscher twice exceeded the peak discharge
attained during the drainage of the Gornersee,

1993

Seasonal variation of
energy input and discharge

In 1993, runoff from both glaciers started to in-
crease in late May, from which time diurnal fluctua-
tions became evident. Whereas in 1987, air tempera-
ture at 4500 m first exceeded 0°C in late June, by the
end of June 1993, the zero degree isotherm had ex-
ceeded that elevation during 4 episedes. From mid-
June, discharge of the Gornera generally followed
fluctuations of air temperature (Fig. 3). Drainage of
the Gornersee from 19 une, superimposed on ther-
mally induced rising flow, produced a maximum dis-
charge of 29.7 m? 57! in the morning of 22 June. 7.2
mm of rain on 21 June also contributed to the rising
flow, followed by 18.6 mm overnight 22/23 June
which briefly offset falling lake outflow. Discharge
of the Findelenbach mimicked that of Gornera for
much of the summer ablation period. Snowfall at
higher elevations in the two basins from 9 July
raised glacier surface albedo, and discharge from the
two glaciers receded markedly for several days.
From early August, though, for much of the month,
the freezing level remained above 4000 m a.s.1., and,
as in 1987, a wide expanse of bare ice was exposed
to melt, discharge in the Gornera reaching a peak
equal to the season-to-date maximum produced by
the Gornersee outburst. Rainfall extending to high
elevation added to the thermal maxima, sustaining
flow on 24 August, when 16 mm fell at 25310 m a.s.1.
at Findelengletscher. Flow in the Findelenbach sensi-
tively followed energy input variations in August
with a rainfall-enhanced season-to-date peak on 24
August as in the Gornera. Generally cool conditions
with low flows from both glaciers then persisted un-
til temperatures rose from 16 September, taking the
freezing level back above 4000 m. This warm period
culminated in a storm from 22 September which de-
posited 19 and 39 mm of rain on successive days in
the Findelengletscher gauge. By the third day, rain
had turned to snow down to 2000 m. Discharge in
the Gornera peaked at 21.0 m® s~! during the after-
noen of 24 September, a level about one third of the
August 1987 maximum despite considerably more
rain. The Findelenbach gauge was rendered inoper-
ational that afternoon by the deposition of sediment
in the flume as sudden release of water backed up in
the internal drainage system of Findelengletscher
flushed sediment from the glacier sole (Barrett and
Collins 1997).




Mey 1 Sy T w1 Beptamier 1.

Figure 3. Daily total precipitation (a} and hourly mean air
temperature (b) measured at Findelengletscher meteoro-
logical station with calculated zero-degree isotherm at
4500 m a.s.1., hourly mean discharge in the Findelenbach
{¢) and Gornera (d), for the period 1 May to 30 September
1993. Precipitation phase at 3500 m is indicated as rain
{solid) or snow (open).

DISCUSSION

Factors influencing the
seasonal pattern of runoff

The seasonal pattern of runoff from Alpine
glaciertsed basins is dominated by the melting of
snow and ice. Precipitation and energy inputs inter-
act to determine both heat fluxes and surface energy
balance which control overall melt rate. The nature
of the substrate, snow or ice, influences energy bal-
ance through albedo. Once meltwater is produced,
the type of substrate determines any delay in the
concentration of runoff to drainage pathways. Tim-
ing of the rise of the transient snowline, and hence
variation through time of the proportions of glacier
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and basin areas covered by snow, is therefore an im-
portant variable. Seasonal variation of energy-related
components of runoff from a highly glacierised basin
result from the interaction of hydrometeorological
conditions, which vary with elevation, with the spa-
tial {and altitudinal) evolution of the portions of the
basin which are snow-covered and snow-free (i.e.,
consist of bare ice exposed to melting). In turn, the
rise of the transient snowline relates to the interac-
tion of winter snow accumulation with hydrometeo-
rological conditions during the ablation season. The
state of development of the internal drainage system
of the glacier also has an influence on the pattern of
runoff at seasonal and diurnal timescales. These con-
ditions also influence seasonal variations in the re-
sponse of runoff from glacierised basins to precipita-
tion, and probably also affect timing and magnitude
of lake and other outburst floods.

A conceptual framework for the interaction of
these conditions (Collins 1995) is shown schemati-
cally in Figure 4. For a given energy input, thermal
production of meltwater per unit area largely de-
pends on the albedo of the snow/ice surface. Follow-
ing removal of winter snow-cover by melt, albedo of
2 unit area of glacier surface falls from ~0.8 to ~0.4
as underlying ice becomes exposed, and specific
melt rate is therefore increased by factor of between
2 and 3. How much runoff is produced in a day in
the basin depends on the energy input and on the
basin snow-covered area and the area of bare ice ex-
posed to melt. Increasing runoff between June and
early August effectively results from the rising tran-
stent snowline exposing an increasing area of bare
ice to melt, enhanced melt rate per unit area of which
more than offsets the loss of melt from the reduc-
ing area of snow on the glacier and in the ice-free
part of the basin. Increasing area of bare ice together
with rising sensible heat also help to offset the sea-
sonal decline in radiation input after the solstice in
June. The amplitude of the diurnal rhythm of melt-
water flow widens as the bare ice area increases.
As the season progresses, thinning of the snow-
pack and reduction of the horizontal distance to be
traversed lessens the average time taken by meltwa-
ter to drain through snow. Increasing discharge also
leads to improved efficiency of the glacier internal
drainage network and hence to reduced meltwater
transit times. The maximum elevation to which the
transient snowline can rise late in the ablation sea-
son is reached at the altitude at which the amount of
snow accumilated is just more than the cumulated
seasonal energy input can melt. This position de-
termines the maximum extent of bare ice, and leaves
the basin lithosphere completely free of snow-cover.
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Figure 4. Schematic diagram showing how vertical movements
of the transient snowline interact with Alpine basin hypsometry to
determine the proportions of the basin area which are snow-free
and snow-covered, and how the 0°C air temperature isotherm
similarly interacts to partition basin area into portions over which

precipitation falls as snew and rain.

The transient snowline falls when precipitation
occurs as snow during summer. The position of the
snowline at any time is thus a balance between
amount of snow accumulated and energy receipt
since the time of snowfall.

Conditions influencing seasonal variations in
the response of runoff to precipitation

In alpine basins extending over considerable
ranges of elevaltion, the intercept of the elevation of
the zero-degree isotherm with the topography at the
time of precipitation effectively partitions the catch-
ment area into two zones, the higher receiving snow
and, simultaneously, the lower rain (Fig. 4). The dis-
tribution of area by elevation (or the hypsometry) of
a basin, alongside absolute elevation range, is thus
critical in determining the partial areas of the catch-
ment over which rain and snow will fail. Precipita-
tion falling as snow has no immediate positive im-
pact on runoff. Indeed, through raised aibedo of the
glacier surface, ice melt and runoff can be reduced
for several days in summer months. The nature of
the terrain type, snow, bare ice, moraine or rock,
onto which liquid precipitation falls affects the re-
sponse of runoff. Potential runoff from rain-on-snow,
like that from water derived from surface snowmelt,
is either retained in or delayed in transit through the
snow depending on thermal conditions within the
pack. Rain over bare ice runs off almost immediately
into the subglacial drainage system as does meltwa-
ter from the fusion of surface ice. Again, rain falling
on moraine-mantled bedrock runs off rapidly. Rela-
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tive dimensions of snow-covered and snow-free
partial areas of a glacierised basin therefore affect
the response of runoff to liquid precipitation.

The framework shown in Figure 4 forms the basis
of explanations of both the varying response of run-
off from a glacierised basin to rainfall with progres-
sion of the ablation season, and differing responses
of runoff from even adjacent basins to the same se-
quence of storms. Responses of runoff from Findel-
engletscher and Gornergletscher to precipitation in
1987 and 1993 reflected, however, not only seasonal
increases in proportions and absolute areas of the
twao basins free of snow and the height of the zero-
degree isotherm, but alse meteorological conditions
in the few days before each precipitation event. Such
conditions determined the background thermally
induced level of meltwater flow on which rain-
derived runoff was superimposed. Variations in run-
off response to the same storm between Findelenbach
and Gornera reflect differing basin hypsometric
curves (Fig. 5), differing overall elevation ranges
(Table 2), and differing absolute distributions of area
with elevation. If the transient snowline were to rise
from 3000 to 3500 m a.s.1., the area returning runoff
rapidly would increase from ~35 to ~70% (57 km?)
of the total basin area of Gornergletscher but from
~20 to ~80% (20 km?) of Findelengletscher basin.

Timing of precipitation events and
flood magnitudes

Had the precipitation delivered on 23-25 August,
1987, occurred one month earlier or two weeks later,
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Figure 5. Hypsometric curves of Findelengletscher

and Gornergletscher, and respective drainage basins.
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Figure 6. Hourly total rainfall at
Findelengletscher meteorologi-
cal station (a), water level above
the subsole in borehole 93.1 (b),
and discharge in the Findelen-
bach (c) between 20 and 25 Sep-
tember 1993,
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responses of runoff to rainfall would have been quite
different. In late July, the freezing level was lower
and precipitation would have occurred as rain over
an area 10-15% smaller than that over which rain
actually fell in August. Snow-covered area would
have been greater, and, together with lower ther-
mally induced meltwater runoff, retention of a larger
proportion of the smaller total amount of rain over
the basin would have led to relatively subdued runoff
peaks. By mid-September 1987, the zero-degree iso-
therm was also close to the 4000 m level reached in
August, and the transient snowline was at least as
high. The thermally produced background discharges
were, however, much lower and so if the same storm
had happened in September, resulting peak flood
flows would have been smaller than those that actu-
ally occurred in late August.

Total liquid precipitation collected at the Findel-
engletscher gauge between 22 and 24 September
1993 exceeded that received during the August 1987
storm. The small underlying thermal component of
runoff had however barely started to respond to the
return of warm conditions. Whilst peak flood dis-
charges were substantially higher than the general
levels of flow preceding the storm, suppressed by the
previous two weeks of September having been so
cool, the September 1993 peak in the Gornera was
much lower than that resulting from less rain in Au-
gust 1987.

Capacity of the glacier
internal drainage system

Additionally, by September, capacity of the gla-
cier internal drainage system becomes reduced, basal
drainage pathways closing under ice overburden
pressure as discharge declines. Similarly, in spring
and early summer, after minimal winter discharge,
the capacity of the drainage system will be low. In-
put of a large volume of runoff from sustained rain
on the ice forming the glacier surface may lead to
inflow exceeding discharge through the internal
drainage system and hence to temporary storage of
water and high basal water pressure. A sudden out-
burst might then be triggered. A borehole (93.1)
drilled to the subsole of Findelengletscher about
1.5 km from the terminus remained instrumented
through the September 1993 storm (Fig. 1). A pres-
sure transmitter was suspended 66.2 m above the
base of the 160 m deep hole and water level was re-
corded every 10 min. Borehole water level and dis-
charge varied in parallel on 20 and 21 September
{(Fig. 6). Once the rain had started, water level and
discharge in the Findelenbach responded to bursts of
rainfall. After several cycles of rising water level




fallowed by abrupt falls over a range of several
metres, water level rose to a maximum of 78.08 m
above the base of the hole on 24 September. Water
level then suddenly fell beneath the level of the pres-
sure transmitter and remained there until observa-
tions ceased on I October. About 104 t of sediment
was evacuated from the glacier subsole in the flood
as the drainage system enlarged releasing the
backed-up water. A more detailed analysis is given
by Barrett and Collins (1997). Fluctuations in the
discharge of the Arve during the rain-induced flood
of 24-26 July 1996 suggest similar backing-up and
emptying of water pockets beneath both the glacier
d’ Argentiére and Mer de Glace (Chaverot and
George 1998).

CONCLUSION

The transient snowline has a critical rolein the
hydrology of Alpine glacierised basins in separating
partial areas which are either snow-free and return
both rain and meltwater as runoff rapidly or snow-
covered in which rain and melt percolate into snow
to be delayed in transit or retained, according to ther-
mal conditions in the pack. With respect to storm
rainfall, the position of the transient snowline inter-
acts with basin hypsometry to define the actual area
of the portion of the basin that will rapidly form run-
off. Elevation of the zero-degree Celsius isotherm
also interacts with basin hypsometry to determine
the area of catchinent over which precipitation will
fall as rain. The quantity of water contributing to
rain-induced augmentation of flow is related to the
amount of rain falling during a storm and to the par-
tial area of basin which is both snow-free and receiv-
ing liquid precipitation. Additionally, precipitation
amount normally increasing with elevation also in-
fluences runoff, the effect being greater the higher
the transient snowline and the larger the snow-free
catchment area and the higher the freezing level in
the atmosphere. Glacierised basins exhibit differing
responses to rainfall because of differences in both
hypsomeitry and absolute elevation range.

Whilst the quantity of moisture delivered by a
storm is a prime determinant of the runoff response,
the timing of a storm in relation to the steady
seasonal progression of the rise of the transient
snowline and the more volatile episodic rising and
falling of the freezing level during the ablation sea-
son is also critical in Alpine glacierised basins. The
snowline is likely to reach maximum elevation and
the snow-free area become largest in the period be-
tween mid-August and mid-September, Delivery
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of alarge quantity of precipitation in that window is
likely therefore to be in the form of rain over an ex-
panded non-retentive basin surface. The thermal
component of runoff is iikely to be highest in late
July and August, so that sustained heavy rainfall in
that period is most likely to produce peak flows, es-
pectally following a period of elevated air tempera-
tures. In warm summers after winters in which snow
accumulation is below average, transient snowline
and freezing level will rise sooner and higher, and
extend forward the window of risk. In such warm
summers, a given rainfall event might be expected to
produce higher magnitude runoff.

Hydrological conditions within glaciers at the
time of storm impact also influence the magnitude of
rain-induced floods from glacierised basins, Rain
over glaciers at times when the capacity of the inter-
nal hydrological system to discharge water supplied
from the ice surface is low, early in the season before
the drainage system expands or in late summer when
ice overburden pressure has closed conduits under
recession flow conditions, may lead to temporary
storage of water and high subglacial water pressure.
Runoff from rainfall might then trigger a sudden out-
burst, as appears to have been the case at Findelen-
gletscher in September 1993 and at glaciers in the
Arve basin in July 1996.

Sustained heavy rainfall events, with liquid pre-
cipitation extending to elevations as high as 4500 m
a.s.1., produce major floods from giacierised basins
in the Alps. As a result of the other factors influ-
encing runoff, the relationship between the amount
of rain and the magnitude of runoff is not simple,
Outbursts from the ice-dammed Gornersee can be
equalled and surpassed as the annual peak runoff
event in the Gornera in summers which are both
warm and stormy. Attempts to monitor or forecast
floods from glacierised alpine basins will require
frequently updated information concerning building
up of lake levels, elevation of the transient snowline
and snow-covered area, continuous air temperature
measurement at high altitude stations, continuous
monitoring of water storage in glaciers, using water
levels in boreholes, as well as close-interval mea-
surement of rainfall intensity at high elevation sites.
Site-specific knowledge of the nature and behaviour
of glacier internal drainage systems may be critical
for flood forecasting purposes.
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