and 36 (2000), S. 119-150 R e, s e
Band 36 (2000), S. 119-15( ZEITSCHRIFT FUR
GLETSCHERKUNDE
UND GLAZIALGEOLOGIE

© 2001 by Umversititsverlag  Wagner, Innsbruck

MODELLING MELTWATER PRODUCTION WITH A DIS-
TRIBUTED ENERGY BALANCE METHOD AND RUNOFF
USING A LINEAR RESERVOIR APPROACH - RESULTS FROM
VERNAGTFERNER, OETZTAL ALPS, FOR THE ABLATION
SEASONS 1992 TO 1995

By HESCHER-VETTER, Munich
With 13 figures

ABSTRACT

A distributed energy balance meltwater production model, designed and applied in the 1980’ for the
Vernagtferner basin, Oetztal Alps, Austria, has been further developed and tested with data from the ab-
lation seasons 1992 to 1995. It starts from meteorological and hydrological records and empirical func-
tions at one site and expands these data on the basis of the 100 m digital terrain model. Thus, air tempera-
ture, precipitation, surface temperature and ground heat flux are regionalized and parameterised, respec-
tively, and turbulent fluxes are determined with a bulk approach. The global radiation distribution modell-
ing takes into account terrain dependent effects, and the ageing of the snow cover from newly fallen snow
to very dark firn is implemented in the modelling of radiation absorption. Whereas the absorptivity for ice
(0.6) is pre-set externally, values of 0.3 or 0.2 for newly failen snow are deduced from sensitivity tests.
The model results show a good agreement with data such as (1) the altitudinal mass balance profile, (2) the
overall size of the ice area and (3) its temporal-spatial development. For three hydrological different areas,
the resulting runoff components are modelled with a linear reservoir approach, testing different recession
coefficients for each reservoir. The runoff model performance is discussed on a statistical basis and by the
comparison of time series of discharge. The total difference between modelled and recorded discharge
amounts to 7 % in 1992, 9 % in 1993 and 5 % in 1995.

MODELLIERUNG DER SCHMELZWASSERPRODUKTION MIT EINEM ENERGIEBILANZ
ANSATZ UN“D DES ABFLUSSES MIT EINEM LINEAREN SPEICHERMODELL -
ERGEBNISSE FUR DIE ABLATIONSPERIODEN 1992 BIS 1995 AM VERNAGTFERNER,
OTZTALER ALPEN
ZUSAMMENFASSUNG

In dieser Arbeit wird die Erweiterung cines Energiebilanz-Schmelzwasserproduktionsmodells be-
schrieben, das in den achtziger Jahren fiir den Vernagtferner, Otztaler Alpen, entwickelt wurde. Es basiert
auf meteorologischen und hydrologischen Messreihen und empirischen Funktionen von einem Punkt des
Einzugsgebietes und deren ridumlicher Extrapolation auf der Basis eines digitalen Gelindemodells mit
100 m Maschenweite. Dabei werden Lufttemperatur, Niederschlag, Oberflichentemperatur und Boden-
wiirmestrom regionalisiert bzw. parametrisiert, die turbulenten Fliisse mit cinem Bulkansatz modelliert.
Bei der Globalstrahlungsverteilungsmodellierung werden Gelidndefaktoren beriicksichtigt, und das Altern
der Schneedecke von Neuschnee zu sehr dunklem Firn wird in die Strahlungsabsorptionsmodellierung
cingebracht. Der Absorptionswert fiir Eis (0.6) wird extern vorgegeben, die Werte fiir Neuschnee (0.3
bzw. 0.2) mit Hilfe von Sensitivititsanalysen abgeleitet. Die Modeliergebnisse zeigen eine sehr befriedi-
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gende Ubereinstimmung mit (1) der Hohenverteilung der Massenbilanz, (2) der Gesamtgrofe des Eisge-
bietes und (3) seiner zeitlich-riaumiichen Entwicklung. Fiir drei hydrologisch unterschiedliche Teilgebiete
des Gletschers werden die resultierenden Abflusskomponenten mit einem Linearspeicheransatz berech-
net, wobei mehrere Kombinationen von Abklingkonstanten fiir jedes Teilgebiet untersucht werden. Die
Giite des Abflussmodells wird an Hand statistischer Daten und durch Zeitreihenvergleiche gezeigt. Der
Unterschied zwischen modellierten und registrierten Gesamtabfliissen liegt bei 7 % (1992), 9 % (1993)
und 5 % (1995).

1. INTRODUCTION

Vernagtferner in the Oetztal Alps is a glacier with a period of observation starting in the
17" century. The first map of the glacier at 1: 10,000 was prepared by Sebastian Finster
walder in 1889 (Finsterwalder, 1897). Direct mass balance measurements were started in 1964
(Reinwarth and Rentsch, 1994). Since then, the glacier behaviour has been monitored photo-
grammetrically on a time scale of tens of years and glaciologically annually. The construction
of a permanent station about 1 km downstream from the glacier terminus, the so-called “Pe-
gelstation Vernagtbach™, in 1973 (Bergmann and Reinwarth, 1976) provided the means of
monitoring a basic set of meteorological and hydrological variables with a high temporal res-
olution (days to hours). With this data set it became possible to force a distributed energy bal-
ance as well as a runoff model of Vernagtferner. Repeated photogrammetric surveys of the gla-
cier — using terrestrial and aerial photogrammetry — and the determination of the mass balance
of Vernagtferner with the direct glaciological method were continued.

A combined meteorological-hydrological-glaciological investigation program (Moser et
al., 1986) was carried out in the drainage basin of Vernagtferner (Fig. 1) from 1974 to 1986.
During this program, the meltwater production and runoff models were first designed (e.g.
Baker etal., 1982, Escher-Vetter, 1985, Moser et al., 1986), based on a Digital Terrain
Model (DTM) of the glacier of 1969 with a grid width of 100 m. The DTM, used in the ac-
tual study, is based on an orthophoto of Vernagtferner from 1990 (Heipke et al., 1994). The
major part of the present paper concentrates on the further development of the original
meltwater production model and its validation by independently determined variables, such
as the mass balance or the temporal-spatial development of bare ice area. In a second,
shorter part, the performance of the runoff model is discussed in terms of statistical
numbers and of time series of modelled and recorded discharge. The calculations were per-
formed for the ablation seasons 1992 to 1995, which consist of two moderately negative
(1993, 1995) and two strongly negative (1992, 1994) balance years.

There are not many glaciers — if any — whose behaviour is monitored on all these time
scales, i.e. from decades down to hours. Therefore, the development, application and vali-
dation of a — although simple — physical meltwater production model in combination with a
runoff model on such a glacier deliver the toois to transfer it to other regions, to use it, for
example, for runoff modelling in regions without discharge records. The modular design
makes it possible to exchange some parameterizations, if necessary or desirable. Thus, the
shrinkage of the glaciers in the Zugspitz region, Bavaria, was studied with the Vernagtferner
energy balance model (Arck and Escher-Vetter, 1997), using daily data from the weather
station at Zugspitze instead of hourly ones as in this study. Mader and Kaser (1994), on the
other hand. applied the same concepts and even the same hydrological parameters to mod-
elling of a distinctly different glacierized region in Austria (Ochsental, Silvretta), resulting
in a very good agreement between modelled and measured discharge. Arnold et al. (1996)
used some of the basic concepts of the Vernagtferner energy balance model to study ab-
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lation on Haut Glacier d’Arolla, Switzerland. They applied a grid width of 20 m for a rather
similar modelling of the energy balance terms as in this study. and they also used the con-
cept of Escher-Vetier (1980) in calculating the aspect and the slope for each pixel of their
investigation area. The high spatial resolution of 20 m certainly offers some advantage for
the evaluation of the incoming solar radiation, when the terrain is rather rugged, with steep
slopes and large shading effects of surrounding mountains. For the parameterisation of the
turbulent fluxes with a bulk approach, however, it might worsen the results. From the typi-
cal recording height of 2 m for temperature, humidity and wind speed, a horizontal averag-
ing length for the flux determination results in the order of 100 m to 300 m upwind. That
means that the fluxes are representative for areas of several thousand square meters, but not
for smaller areas. But as the turbulent fluxes only play a smaller part in the complete melt-
ing process, and due to a rather accurate modelling of the surface albedo, the model output
for Haut Glacier d’Arolla agreed rather well with the snow-line retreat, the albedo, and the
ablation, as they were observed for June and July 1990.

Another study (Hofinger and Kuhn, 1996) concentrated on the evaluation of summer
mass balances of Hintereisferner, Oetztal Alps, by applying an energy balance model which
is driven by the climate data of the Vent station, in a distance of approximately 10 km from
the glacier snout. There, the components were determined on a daily basis, with concen-
tration on shortwave radiation balance and albedo, which were internally generated in the
model. Monthly temperature gradients were derived for different conditions in cloudiness,
and turbulent heat fluxes were calculated with a bulk approach. Model sensitivity tests
clearly demonstrated the influences of changes in temperature, and the higher standard devi-
ation of summer compared to winter mass balance confirmed the importance of summer
snow falls for annual balance values.

The importance of air temperature distribution is also stressed by Greuell and Bohm
(1998). They analysed the lapse rates for the altitudinal range of Pasterze, the largest glacier
in Austria, and the implications for the sensitivity of the mass balance. Oerlemans and Knap
(1998), on the other hand, discuss a rather detailed albedo scheme for use i mass balance
modelling, derived from data on Morteratschgletscher, Switzerland. An optimization of five
control parameters reproduces the observations reasonably well, if snowfall events and
snow depth are used as input, which means that these data have to be provided externally.

The probably most detailed overview of current meltwater production models is given
in the doctoral thesis of Hock (1998). Based on extensive field data from Storglacidren,
Sweden, simple parameterisations as for example degree-day approaches are discussed as
well as fully developed energy balance models. Various kinds of sophistication are imple-
mented, partly based on the schemes developed for Vernagtferner. On a whole, the model
performance increased, when more detailed approaches were applied: (1) The inclusion of a
radiation index into a distributed temperature index model catches the daily discharge
cycles better than the classical degree-day method. (2) A separation of the radiation compo-
nents into direct, diffuse, longwave sky and longwave terrain components, considering topo-
graphic effects, delivers better results than calculations only with global radiation and con-
stant longwave radiation (Hock and Noetzli, 1996). (3) Internal generation of albedo is su-
perior to external prescription of this most important quantity.

In the study presented in the following, those results and concepts from the above men-
tioned investigations were incorporated in the Physical Energy balance model of Ver-
nagtferner PEV, which were considered to be applicable in the modelling of the meltwater
production of this glacier.



122 H. Escher-Vetter

2. MELTWATER PRODUCTION
2.1 ENERGY BALANCE EQUATION

The core of the meltwater production model consists of an energy balance approach
(Escher-Vetter, 1985). A quite simple parameterisation of the individual terms is used when
only a minimum set of input data is available. The model delivers the available melt energy, M,
in W m 2 as the sum of shortwave and longwave radiation balance (RS and RL, respectively).
sensible (H) and latent (LE) heat fluxes, and ground heat flux (B), all in W m 2, thus:

RS+RL+H+LE+B=-M (1)
G(1 - a)+ L, = o(Tg+273.16)* + (T — Tg) + a(0.6231/(p ¢,))(e — Ex) + B= =M (1a)

where G global radiation Wm~?
a albedo
Loy longwave radiation of the atmosphere Wm?
T surface temperature °C
T air temperature °C
p pair pressure hPa
e water vapour partial pressure (air) hPa
E walter vapour saturation pressure (surface) hPa
a heat transfer coefficient Wm2K-!
o Stefan-Boltzmann constant Wm 2K ¢
T heat of fusion Jkg!
€; specific heat of the air Jkg 'K-!

All terms are positive, when energy is transferred to the surface, thus, melting is desig-
nated by a negative sign on M.

2.1.1 MEASURED AND EMPIRICALLY DERIVED INPUT DATA AT ONE SITE

For the site of the Pegelstation Vernagtbach (2640 m a.s.l.), the measured as well as the
empirically derived model input data are summarized in Table 1. All records comprise
hourly averages with the only exception of precipitation, which is monitored on a daily
basis. The same applies for daily averages of cloud cover, the snow line altitude and the
Bolz coefficient, discussed later.

Table 1: Model input data, directly recorded or empirically derived for the site
of the Pegelstation Vernagtbach

Recorded Symbol  Unit Empirical Symbol  Unit
Global radiation G [Wm ’] Albedo a -
Air temperature i3 [°C] Surface temperature Ts 1°C)
Relative humidity f %] Longwave incoming radiation Ll'('/ [Wm 2]
Wind velocity v [m/s] Heat transfer coefficient a [Wm 2K~ 3
Alr pressure p [hPa]
Discharge Q [m*s— ")
Precipitation P [mm] Rolz coefficient B, -
Snow line altitude - ma.s.l

Cloud cover cl -
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The most important quantity for meltwater production modelling, which is not directly
monitored, is the shortwave albedo of the glacier surface. A nearly exponential decay of
snow albedo with time was observed, among others, by US Army Corps of Engineers
(1956) and Wagner (1979) and was incorporated into energy balance models by Rohrer
(1992) and Hofinger and Kuhn (1996). Setting absorptivity b= (1 —a) and rewriting
Rohrer’s relationship for b, it becomes

b=b;,—(b,—b)exp(—ni) 2)
where
b is the actual absorption value of snow, subscripts i and [ refer to the highest and lowest ab-
sorption value of snow,

n is the number of days since the last “significant” snowfall, and
i is a scaling factor.

For sites with temperature recordings, Rohrer uses i=0.12 when mean daily air tem-
perature is higher than 0°C, and 0.05 otherwise. In this study, a value of 0.12 was used
throughout the summer and for the entire snow-covered portion of the glacier area. “Signifi-
cant” snowfall was assumed to be more than 1 mm w.e. per day, which is comparable to the
value of 3 cm snowfall in 3 days used by Rohrer. This value reflects the low precipitation
amounts in the region of Vernagtferner, typical for the Inner Oetztal which represents a
rather dry central alpine valley (Fliri, 1975).

The actual numbers of b, and b, were determined as follows: At the beginning of the ab-
lation season, the shortwave radiation absorption, as recorded at the site of the Pegelstation
Vernagtbach, varies between 0.2 and 0.3 for different years. From sensitivity tests with total
mass balance (c.f. Table 3), 0.2 proved to be the better choice for the years 1992 and 1995,
0.3 for 1993 and 1994. In order not to incorporate too many externally prescribed different
values for absorption, newly fallen snow in summer was attributed with the same value. The
highest absorption value for firn, i.e. b,, was set to 0.59, and the shortwave absorption coef-
ficient of ice is kept constant at a value of 0.6 throughout the modelling period.

If there is no energy available for melt (i.e. M <0 ), surface temperature T is deter-
mined using a formula derived from the heat transfer equation (e.g. Ambach 1955, Brunt
1944).

Te=2M (t/(mk 0 ¢))*?, (3)

where Ty is in °C, when M is given in W m~? and t in seconds. The product of thermal conduc-
tivity k, density o, and specific heat ¢ equals 48.3 * 10° W? s m * K™ in the case of ice and
24.6 * 10° W2 s m~* K2 for snow and firn of density 800 kg m . For example: when the
energy loss M amounts to — 100 W m =2 for a time span t = 300 s, the surface temperature is
reduced from 0°C to —0.9°C at the ice surface, but to — 1.3°C, when there is firn or snow at
the surface. This approach does not take into account the freezing of water in the snow or firn.

Long-wave incoming radiation under cloudless conditions, Ly, is determined by an
empirical approach of Brunt (1932), which uses air temperature and relative humidity for
parameterization of L, according to

Ll,=0 (T +273.16)" (0.610 + 0.050 ") (4)

Ll, is in Wm~2, when T is in °C and e is in hPa. The Stefan-Boltzmann constant o
equals 5.67 10" 8 Wm~2K 4
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For the determination of the actual long-wave incoming radiation, L»Lr,, cloud cover ¢l
is determined as the ratio of the global radiation, as recorded at the Pegelstation Ver-
nagtbach, to the global radiation on cloud-free days, as given by Tables of Sauberer and
Dirmhirn (1958). Knowing cl for every day, then, L1, is determined by

L, =L, (1+B, (cl)?) (5)

(Geiger, 1961), where B is an empirical coefficient derived by Bolz (1949). In this study, B, is
set to fixed values for fixed cloud cover ranges (Table 2). For days with precipitation, B, was
set 1o 0.24. As cloud cover is determined on a daily basis, so is B,.

Table 2: Dependence of B, from cloud cover for days without precipitation

Cloud cover 0-0.2 0.2-0.6 0.6-1.0
B 0.08 0.17 0.20

«

Perhaps the crudest empirical equation is that used for the determination of the heat transfer
coefficient a (Escher-Vetter, 1980). As the data set at the Pegelstation Vernagtbach does not

include wind profile recordings, a gradient approach could not be used. Therefore, Equation
(6) is based on wind velocity records in a single height, it delivers cin W m 2 K~ ! when v is
in m/s, according to

o =57%vy05 (6)

This relation is based on evaporation measurements at Weillfluhjoch, Davos, Switzer-
land, performed by de Quervain (1951), which included wind velocity data measured at 2 m
above a snow surface. From these data, Hofmann (1965) derived typical values of o for
wind velocities up to several m/s, which can be approximated by Equation (6). Results
using these values of a have to be considered with great caution, as the relation implies a
uniform roughness length for sensible as well as latent heat flux, and accounts only impli-
citly for stable stratification over snow and ice. Other studies, e.g. Oerlemans (1993), use a
time-independent transfer coefficient, depending only on equilibrium line altitude.

2.1.2 EXPANSION OF INPUT PARAMETERS TO THE ENTIRE GLACIER AREA

Air temperature

Air temperature is the one parameter which influences all the terms of the energy bal-
ance, be it directly or indirectly. As continuous recordings are restricted to one site in the
drainage basin, suitable assumptions have to be made to get air temperature values for all
pixels of the DTM. They are based on (1) short-term measurements of air temperature at a
second place and (2) the cloud cover data derived from global radiation recordings (c.f.
2.1.1).

Parallel recordings of air temperature at the Pegelstation Vernagtbach (2640 m a.s.l.)
and at the Gletschermitte Station (3078 m a.s.l., c.f. Fig. 1) during the 1970‘s allowed the
determination of diurnally variable lapse rates for three ranges of cloudiness (Fig. 2). They
should not be interpreted as vertical gradients of air temperature, but rather as changes ot
the 2 m-temperature with altitude along the glacier surface. Note the smaller lapse rate dur-
ing early morning hours when the air above the glacier is warmed earlier than that in the
valley, and also the higher amplitude of the variation under cloudless conditions. For rainy
days, a constant value of — (.60 K/100 m was used.
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Fig. 1: Map of the drainage basin of the Pegelstation Vernagtbach, Oetztal Alps, Austria (11.44 km?, 80 %
glacierized, 2637 m a.s.l. to 3631 m a.s.l.), showing Vernagtferner and its forefield. The position of the
recording sites and the area surveyed by an automatic camera are included in the map.

With this air temperature distribution for the altitudinal range of the glacier, the follow-
ing quantities are calculated for each pixel of the DTM: (1) the water vapour partial press-
ure, based on the assumption that relative humidity, as it is recorded at the Pegelstation Ver-
nagtbach, remains constant in the drainage basin, (2) the long-wave incoming radiation,
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Fig. 2. Diurnal variation of lapse rate for three ranges of cloudiness, 0.0<¢1<0.2,0.2 <c1 0.6,
0.6<cl £1.0.

based on temperature, humidity and cloud cover according to Equation (5), and (3) the
snow line altitude for days with precipitation.

Precipitation

The meltwater production calculations are initialised with the spatial distribution of the
water equivalent of the winter snow cover at the beginning of the ablation season. Figure 3
displays the altitudinal distributions for the years 1992 to 1995, interpolated with a second
order polynomial function. The distributions of 1992 and 1994 are characterised by maxima
in the part of the glacier between 3100 m a.s.l. and 3150 m a.s.l., with maximum w.e.
values in the range of 1000 mm to 1150 mm. In 1993 and 1995 values increased continu-
ously with altitude, which is not observed very often on Vernagtferner. There is clearly a
good deal of variability in the measurements which is not captured by the curves, indicated
by the various symbols for the four years.

During the ablation season, precipitation records are available on a daily basis. There-
fore, the snow line, which is approximated by the altitude of the + 2°C-isotherm, is based
on the daily average of air temperature. Model precipitation is enlarged by 20 % compared
to the records and it is assumed to fall at the beginning of the day.

Global radiation

Although air temperature influences all the energy balance terms, the shortwave radi-
ation balance plays the most important role in meltwater production on alpine glaciers (e.g.
Hoinkes, 1955; Braithwaite and Olesen, 1990; Oerlemans, 1993). Therefore, in this study,
emphasis is placed on modelling the spatial distribution of global radiation. To do this, the
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Fig. 3. Variation of specific values of winter snow cover (mm w.e.) with altitude, as surveyed at the begin-

ning of the ablation seasons 1992 (dark thin, symbol x), 1993 (light thin, symbol + ), 1994 (dark thick, sym-

bol ©) and 1995 (light thick, symbol <): the interpolations are determined as polynomial functions of the
measurements.

effect of the steepness and orientation of slopes (internal shading), and shadowing effects of
surrounding mountains (external shading) are modelled as described in Escher-Vetter
(1980). For Vernagtferner, the slope orientation, average slope angle, and altitude of sur-
rounding mountains are such that these effects are rather small in summer. Therefore, the
terrain dependent modification was applied to global radiation instead of direct solar radi-
ation, thus altering sky radiation to the same degree as the direct component. The resulting
error is not likely to be significant, particularly since completely sunny days, where these
effects play their most dominant role, are rare in such high mountain regions. However, in
winter, some steep north-facing slopes of the glacier receive no direct radiation at all, due to
this terrain dependence.

Radiation absorption

The spatial distribution of absorption of shortwave radiation is determined as follows:
At the beginning of the ablation season, the glacier surface is covered with snow with the
absorption coefficient b, As long as no snowfall occurs, the absorption increase from this
starting value is calculated with the use of eq. (2) for every pixel of the glacier and every
time step, until the final value of 0.59 for b, is reached. When. according to the melt
amounts determined by the model, winter snow has melted away, ice appears at the glacier
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surface in the region below the firn line of the previous year and the value of 0.6 for the ab-
sorption coefficient is attributed to these pixels. When snowfall occurs in any part of the
glacier, absorption is reduced to the value of b, in these areas, for the remaining glacier re-
gion it is unchanged. This procedure differs from that used in the earlier model calculations
(e.g. Escher-Vetter, 1985), where the temporal as well as the spatial development of absorp-
tion were prescribed externally.

Surface temperature

The determination of T, according to eq. (3) clearly shows the influence of the melting
progress. As the quantity M represents the energy loss from the surface during times with
no melting, it depends on all the terms of the energy balance equation. The same holds for
the constants k. 0, and ¢, as they vary with the surface material. The surface temperature
distribution is initialised with a value of 0°C. Then, eq. (3) is solved for every pixel of the
DTM, starting with the snow/firn value of 24.6 * 10° W? s m~* K2 for the product of k, o,
and ¢. When, according to the model, no snow is left, the value for ice (48.3 * 10° W? g
m- YK %) is used.

Ground heat flux

Ground heat flux, initialised with a value of 0 W m 2, is supposed to be the residual of
the energy balance during times without melting. If the cooling of the surface is not suffi-
cient to balance the energy equation, energy losses during the night or during periods with
bad weather and no melting are summed up and are compensated by energy gains in the
morning or during periods with good weather. Only when these losses are reduced to zero
can melting start again.

To complete this short overview of spatially distributed input variables, one should men-
tion that air pressure in eq. 1 is calculated by decreasing the recorded data from the Pegel-
station Vernagtbach linearly, using a gradient as defined by the values of the standard at-
mosphere, and that wind velocity is assumed to have no spatial variation at all.

2.2 RESULTS OF THE ENERGY BALANCE MODEL
2.2.1 SPATIAL AVERAGING OF MODEL OUTPUT

The model runs start after the measurements of the winter snow cover, which were
completed on 12 May 1992, 5 May 1993, 1 May 1994, and 22 May 1995, and end on
30 September.

As we are concerned, later, with the modelling of runoff from Vernagtferner, the result-
ing melt energy M will be discussed in terms of meltwater production. Figures 4a to 4d
show average values for every 10 d period, including both meltwater and runoff from rain,
if any, for the four years. Subtotals are shown for the ice, firn, and snow areas of the gla
cier. The names of the averaging areas were chosen according to the state of the surface at
the end of the mass balance year, they do not reflect the development of the surface ma-
terial in the course of the ablation season. — This may be a little bit unusual for hydrolog-
ists, but not at all for mass balance specialists. — Thus, “ice” characterises the bare ice
area, “firn” stands for that region, where there is no winter snow at the end of the ablation
season, exposing firn on the surface. “Snow™ is the name for the highest section of the gla-
cier, where winter snow covers firn even to the end of the ablation season. In earlier calcu-
lations, the delineation between firn and snow arca was taken to the contour 50 m higher
than the equilibrium line altitude ELA of the previous year. This was a good approxi-
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mation for years with an ELA well below the highest point of the glacier. In the 1990,
however, the ELA was sometimes at the upper margin of Vernagtferner, and sometimes
even higher. Therefore, the 3300 m a.s.l. contour line was used as separation between the
firn area (in the lower part of the glacier) and the snow area, higher up. Such partitioning
implies that at the beginning of the ablation season, only two areas are distinguished,
namely the firn area, which corresponds to the region with absorption modelling according
to Equation (2), and the snow area, which include 86 % and 14 % of the glacier surface,
respectively. After the appearance of bare ice at the glacier surface, the size of the ice re-
gion increases at the expense of the firn area, whereas the size of the snow area stays con-
stant during the whole ablation season.

1992 TO 1995

In 1992 (Fig. 4a), the model predicts a rather low meltwater production during May and
the beginning of June. Most of the melt is from the firn area. Significant amounts of meli-
water from ice areas are modelled only during August. These amounts never rcach the
values of firn meltwater as modelled for the end of July. As a result the highest total melt-
water production of this year falls into the last ten days of July. Model melting is generally
low in the snow area. Snowfall at the end of August reduces the model meltwater produc-
tion in September to values which are more typical for October.

1993 (Fig. 4b) shows a radically different picture: meltwater production is modest over
a longer period in the firn area, rather small in the ice area and, again, very low for the
snow region, resulting in a broader distribution than in 1992, Maximum model production
occurred during the second ten days of August, which is rather late in the season, and there-
fore amounts to only about 2.90 m* s~ .

For 1994 (Fig. 4¢), the model suggests high production values over a rather long period,
resulting in the largest modelled total meltwater amounts of the four years. This year saw
the highest discharges since 1974 (Braun and Escher-Vetter, 1996). Although ice appeared
at the surface even later than in 1993, the modelled production from this area increased
rather quickly, thus contributing to an average total of 5.23 m*s~ ! in the first ten days of
August. The model also suggests significant meltwater production in early September, in
contrast to the three other years.

The last year of the series, 1995 (Fig. 4d), shows the smallest total, but highest single
10-d modelled meltwater production of all the years. Melting appears to start rather late in
the ice area and never reaches the high amounts of calculated meltwater production from
the firn area. In the last ten days of August, the model suggests that no additional ice area
becomes exposed. This reduces total meltwater production to less than 1 m?/s.

2.3 VERIFICATION OF MELTWATER PRODUCTION RESULTS
2.3.1 COMPARISON OF MODELLED AND MEASURED GLACIER MASS BALANCE

Table 3 shows the total specific net mass balance for the two absorption initialisations
for snow, already mentioned in section 2.1.1. Whereas the value of 0.2 results in a rather
good agreement for 1992 and 1995, it is poor for 1993 and 1994, even missing the sign of
the net balance in 1993! This comparison led to the choice of the final absorption values for
newly fallen snow. When one considers the uncertainties in the measured mass balance,
which lie in the order of 250 mm w.e. (personal communication O. Reinwarth), the model
performance can be considered rather good at this stage.
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Fig. 5. Vertical distribution of measured and modelled net mass balance volume for Vernagtferner, in alti-
tudinal intervals of 50 m, given in 1000 m?*; measured: solid lines; modelled: dotted lines;
a) for the years 1992 (4) and 1993 (A)

Table 3: Comparison of modelled and measured total specific net mass balance b (mm w.e.) and equili-
brium line altitude ELA (m a.s.1.) of Vernagtferner for the years 1992 to 1995 (case 1: absorption of newly
fallen snow 0.2, case 2: absorption of newly fallen snow 0.3, measured: direct glaciological method)

1992 1993 1994 1995
b ELA b ELA b ELA b ELA
mm m a.s.l. mm ma.s.l. mm m a.s.l. mm ma.s.l.
case 1 —-704 3300 368 3040 -730 3325 -207 3200
case 2 -1125 3505 - 174 3200 -926 3325 -575 3280
Measured - 858 3275 —472 3250 -1020 3300 - 398 3250

The modelled as well as the measured profiles of the vertical distribution of mass bal-
ance for 1992 (Fig. 5a) clearly demonstrate the difficulty of determining a reasonable ELA,
as both model and measurement show very small mass balances above 3300 m a.s.l.. Com-
pared with the model distribution, measured values show higher mass losses in the range
below 3100 m and lower ones between 3100 m and 3300 m, but, as a whole, the balance
profile is matched not too badly by the model. For 1993, model values are generally more
positive than measured ones, and agreement is better in the ablation area than in the ac-
cumulation area. The profiles of 1994 (Fig. 5b) depict the highest mass losses of these four
years, with no noticeable accumulation left in the entire altitudinal range, revealed both by
model and measurement. Modelled and measured mass balance data agree best in the ab-
lation zone for the year 1995.
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2.3.2 COMPARISON OF THE EVOLUTION OF MODELLED AND
PHOTOGRAPHICALLY DERIVED ICE AREA SIZE

The growing and diminishing of ice area during the ablation period is also validated
with photographic data. Since 1978, 60 % of the glacier area of Vernagtferner is photo-
graphed once a day during the ablation season with an automatic camera (c.f. Fig. 1 for the
sector of photographic survey). From these photographs, the size of the bare ice area for se-
lected days can be evaluated by mapping all pixels which lie in this region. The ice area,
however, is underestimated by this procedure due to the incomplete coverage and small spa-
tial resolution of the photographs in the flat middle region of Vernagtferner.

With these irritations in mind, Figure 6 a shows that in 1992 the modelled ice area starts
to increase somewhat more slowly than the photographic data indicate, but during August,
model values are higher than measured ones. Modelled snowfall at the beginning of Sep-
tember on the whole glacier surface is in agreement with observation. The melting of this
summer snow in the second half of September is also depicted by the model, although
agreement with observation is poor. Considering all the approximations and assumptions in
the modelled ice area growth, however, the agreement is acceptable.

For 1994 (Fig. 6b), model and observation agree better. The onset, development, de-
crease, and eventual disappearance of the ice area from the beginning of July to the
middle of September is modelled rather well. On 24 August, a photo survey of the com-
plete glacier surface was made. Thus, for this day, measured and modelled values should
agree fairly well — which they do. Based on the 24 August photographs, the maximum ice
area extent was estimated for the rest of the summer, so photo analysis and model values
should show the same results. However, the model appears to underestimate the ice area
size after the snowfall on 3 September, most probably due to poor timing of the precipi-
tation event.
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2.3.3 MODELLED SPATIAL DISTRIBUTION OF ABLATION, ALBEDO AND ICE AREA

As the modelled spatial and temporal development of the ice area is a result of the com-
plete energy balance determination of the glacier surface, Figs. 6a and 6b give us more con-
fidence in the model results than the comparisons with mass balance data. However, it is
also relevant to determine whether ice appears at the right place on the glacier surface. This
will be demonstrated by using four examples from the year 1993,

Compared to 1992, 1994, and 1995 (Table 4), 1993 is characterised by high precipi-
tation sums of July plus August, low air temperature averages in July. This leads to re-
peated snowfall events, especially in the higher regions of Vernagtferner. The model re-
sults reflect this weather pattern rather well. Figure 7a is from 10 July. Blue colours in
panel T indicate that a considerable amount of winter snow still covers the glacer, whereas
green areas signal the onset of ice ablation. Therefore, the modelled (82 ha) and actual ice
areas (80 ha) (blue in panel 111, dark in 1V) are rather small. In the lower part of the gla-
cier (c.f. Fig. 1 for the altitudinal distribution of Vernagtferner), the distribution of mod-
elled bare ice patches matches the observed one. This does not hold for the upper part of
the glacier, where several bare ice spots (panel IV) are not calculated by the model (panel
I11). This is probably because of the low spatial resolution of the initial snow cover data.
The modelled firn albedo (panel I1) increases with altitude because little or no melting has
reduced the fresh snow in the upper regions. Beige spots in all the panels represent areas
free of ice.

Table 4: Monthly sums of precipitation P [mm] and averages of air temperature T [°C] for the ablation
seasons 1992 to 1995 at the Pegelstation Vernagtbach

1992 1993 1994 1995

P T P T P T B i
May 21 1.7 58 1.9 84 1.0 64 -0.1
June 107 34 93 4.5 74 4.0 99 1.7
July 95 7.4 156 5.1 102 8.2 100 8.3
August 69 9.0 107 6.9 117 7.8 107 4.8
September 53 43 81 23 125 3.8 70 1.0
Sum/average 345 5.2 495 4.1 502 5.0 440 3.1

Figure 7b shows the conditions for 30 July 1993. Ice area has increased in the model
(panel IIT) as well as in reality (panel IV) (159 ha and 157 ha, respectively), with rather similar
areal distributions. Low melting on north facing slopes (c.f. Fig. 1) along the southern glacier
margin is perceived rather well by the model, as is the patchy development of ablation in the
middle part of the glacier (panel I). Snowfalls from 11 to 14 and 20 to 22 July over the entire
glacier region have increased net mass balance to 1200 mm w.e. in regions above 3400 m a.s.l.
(c.f. Fig. 1), whereas ice ablation was only interrupted by these spells of bad weather, but con-
tinued on the remaining days. This is indicated by green to yellow colours in Panel 1, signify-
ing that ablation has reached values of more than — 700 mm w.e. in the 2750 to 2800 m inter-
val. Another consequence of these snowfalls is that the areal pattern of albedo for 30 July
(panel II) does not deviate significantly from that of 10 July.

In the period between 30 July and 12 August, snowfalls on 31 July and from 9 to
11 August have affected only the upper regions of Vernagtferner. Thus, after the ice area
has increased to 339 ha (modelled) or 250 ha (measured) by 7 August, it is reduced to
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values of 156 ha (modelled) or 148 ha (measured) on 12 August (Fig. 7¢), displaying a
good agreement in their respective areal patterns. Therefore, ice melt continues over the
whole time at altitudes below 3000 m a.s.1, illustrated by yellow to red colours of net mass
balance (panel I), whereas accumulation prevails in the uppermost part of Vernagtferner.
Figure 7d for 26 August 1993 demonstrates the conditions before the end of the "natu-
ral”” ablation season. The difference of modelled and measured ice arca for 26 August (pa-
nels Il and IV, respectively) has to be attributed to the photographs. Total modelled ab-
lation was — 1800 mm w.e. or —500* 10° m* w.e. in regions below 2900 m a.s.l. (c.f.
Fig. 1), while positive mass balances of up to 1400 mm w.e. above 3400 m a.s.l. indicate an
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additional modelled accumulation during the summer (c.f. Fig. 3 for comparison to winter
snow cover and Fig. Sa for the altitudinal mass balance volume distribution on 30 Septem-
ber 1993).

As a whole, the meltwater production model can be assumed to reflect real processes to
a high degree. Starting from the winter snow cover, the evolution of the ice area is a sensi-
tive indicator of the performance of the model, as it results from all the assumptions of the
melting routine. The good agreement with observation in the temporal and spatial pattern
allows us to have some confidence in the albeit sometimes rather simple model structure. In
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the next part of the paper, this is confirmed by a total difference between modelled and rec-
orded discharge over the ablation season of 7 % in 1992, 9 % in 1993, and 5 % in 1995.

3. RUNOFF FROM VERNAGTFERNER

The runoff pattern in the 1990’s is quite different from that of the early 1980’s, when
Vernagtferner was in a nearly balanced state. Since the end of the last decade, ever increas-
ing mass losses have led to a continuous shrinkage of the firn cover of the glacier, already
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mentioned in section 2.2.1. As these changes may influence the formation of the runoff to
quite an extent, the second part of this paper concentrates on the changes in boundary and
initial values of the runoff model, as the model architecture itself was not altered.

3.1 DESIGN OF THE LINEAR RESERVOIR MODEL FOR VERNAGTFERNER

In contrast to the substantial modifications of the meltwater production routine de-
scribed in the previous section, the runoff modelling routine described hereon is the same as
discussed by Moser et al. (1986). In this model (Oerter et al., 1981), the glacier is con-
sidered to comprise three parallel linear reservoirs, which correspond to the ice, firn and
snow area. These reservoirs have recession coefficients, which are assumed to be constant
over the whole ablation season. Ground water discharge is constant, too. The model uses
time steps of one hour.

On this basis, the discharge, Q(1), from each reservoir, i, is modelled according to

t
Q)= JUS(t)/k)(exp((t — )/kp)NdT + Q,(M)exp( — t/k)) (7
0
where i is the number of reservoir, (i =1 ice area, i =2 firn area, i = 3 snow area).
S; meltwater production in reservoir i m?s~!
k; recession coefficient of reservoir i S
Q0) initial discharge at time t=0 of reservoir i mds!
t time 5
T variable of integration. S

The total model discharge Q,,(t), representative for the site of the Pegelstation Ver-
nagtbach, is determined by the sum of the discharge from the three reservoirs plus the con-
stant groundwater component Q, =0.1 m? s !

Qm([):Ql(t)+QZ(I)+Q_‘(l)+Q4- (8)

To solve eq. (7) for each reservoir, one has to know the recession coefficients k; and the
initial discharge amounts, once the meltwater production is determined. For the ice and the
snow reservoirs, discharges Q,(0) and Q5(0) at the start of the model runs are assumed to be
zero, as there is no melting in the highest region of Vernagtferner in early May, and as no
water is in the ice reservoir at midnight, when the calculations start. Thus, Q,,(0) = Q,(0) -
Q,, and Q,(0) is set to Q,(0), which is the recorded discharge at the gauging station at that
time.

The most crucial parameter in this discharge modelling approach is certainly the reces-
sion coefficient of the individual reservoir. In various field and numerical studies in the
course of the SFB 81 research program, a broad range of values for these parameters was
found (Oerter et al., 1981). Without going into detail, the results of these analyses will be
summarised, as they are discussed in the present study as well. For the ice reservoir, values
for k; of 4 to 9 hours were determined; k, turned out to be 20 to 60 hours, and k; 140 to
620 hours. As was observed as well as expected in these early investigations, the values
were not constant over the course of the ablation season, owing to the development of the
internal hydrological system of the glacier. Nevertheless, for the model runs of 1978 to
1985 (Escher-Vetter et al., 1986; Moser et al., 1986), 4 h, 30 h and 430 h were used as typi-
cal averages for the whole ablation season.



Modelling meltwater production 141

3.2 DISCHARGE MODEL RESULTS

All the comparisons of modelled and recorded runoff are based on the assumption that
the total runoff from Vernagtferner is running through the gauge, that is there are no subsi-
diary streams which by-pass the station. Extensive experimental studies in the course of the
SFB &1 research program have substantiated this assumption — with the exception of ex-
treme cases such as mentioned in the next paragraph!

3.2.1 STATISTICAL MODEL EVALUATION

Table 5 gives the result of the statistical quality control of modelling hourly discharge.
Here, the efficiency criterion R? (Nash and Sutcliffe, 1970) is presented for various combi-
nations of recession coefficients of bare ice area (k) and firn area (k,). The recession coeffi-
cient of snow area, ks, was set constant at 430 h. For the years 1992, 1993 and 1995, five
combinations of k/k, were used, i.e. 4/80, 4/40, 8/40, 6/80 (for 1992 and 1993) and 6/40
(for 1995). For 1994, it is not possible to determine R’, as discharge recordings were dis-
turbed in July and completely interrupted at the beginning of August. Extremely high melt-
water production in this year led to discharges of more than 15 m* s !, damaging the gauge,
and surpassing the maximum design discharge by more than 50 %. This was the first severe
interruption after a 20 years time series of discharge recording at the Pegelstation Ver-
nagtbach (Escher-Vetter and Reinwarth, 1994). Peak discharge conditions are illustrated in
Figure 8, with water not only running through the measurement channel, but also around it
and even through the station cabin.

Table 5: Nash-Sutcliffe efficiency criterion R? for various combinations of recession coefficients for the
bare ice reservoir k, (hours) and the firn reservoir k, (hours), determined for the whole ablation seasons
(V-1X) and the period July/August (VII=VIII) of the years 1992, 1993, and 1995

e 1992 1993 1995

kifk, V-IX VII-VIII V-IX VII-VI1II V-IX VII-VIII
4/80 0.637 0.473 0.851 0.787 0.711 0.329
4/40 0.678 0.557 0.836 0.792 0.753 0.430
8/40 0.793 0.792 0.851 0.821 0.837 0.638
6/80 0.746 0.693 0.876 0.833 - -
6/40 = - = - 0.822 0.601

For the three remaining years, two periods each were analysed; the entire ablation sea-
son (V-IX) and the two months with major runoff, July and August (VII-VIII). Although
the combinations of k values are in the range of those applied in the 1980°s, the differences
indicated by differing model efficiency are obvious. The first is, that higher values of k, give
a better performance than lower values in 1992 and 1995, whereas in 1993, the coefficients
do not deviate significantly from each other for all k-combinations. The second is that, in
1993 and especially in 1995, R?-values for July/August of all years and all k-combinations
are lower than those of May to September. This could be caused by the fact that the reces-
sion coefficients are not constant over the summer.

3.2.2 DISCHARGE MAXIMA AND MINIMA: COMPARISON OF MODELLED AND RECORDED AMOUNTS

Let us now compare the modelled and measured amounts of daily discharge maxima
and minima during the ablation season for those k; ,-combinations, which yielded the best
results in Table 5. Figure 9a displays the results for the discharge maxima in 1992, The re-
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Fig. 8. On 3 August 1994, peak runoff occurred at the Pegelstation Vernagtbach, damaging the recording
device (Photo by G. Patzelt).

lationship is not far from linear, with a correlation coefficient of 0.90. For measured
maxima between 2 m? s~ and 4.5 m? s~ !, the model underestimates the records, whereas
maxima of more than 5 m? s~ ! are sometimes overestimated by model values. This may be
caused either by too high meltwater production or by too fast emptying of the ice reservoir.
Considering the meltwater production modelling results, however, it is more likely that the
differences are caused by discharge modelling.

Figure 9b depicts the same quantities for 1995. Here, the agreement is somehow better,
confirmed by the higher correlation coefficient of 0.92. As in 1992, however, most of the
modelled maxima in excess of 4 m* s~ ! are higher than the measured ones. This is reflected
in the smaller Nash-Sutcliffe efficiency criterion of 0.638 in Table 5 for July/August, the
only period when these high maxima are observed.

The relation between modelled and measured minima (Fig. 10) is also nearly linear,
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Fig. 10. Linear correlation of modelled (Q,,) and recorded (Q,) discharge minima in m* s = ! at the Pegel-
station Vernagtbach for the ablation season 1993 (Q,, = — 0.04 + 1.02 Q,, corr. coefficient = 0.85).

with the smallest offset but also the smallest correlation coefficient. Noticeable is the maxi-
mum value of 4.2 m* s~ ! which was recorded as well as modelled for 23 August 1993, the
day with the highest discharge average of the year, e.g. 6.0 m? s~ '.

3.2.3 TIME SERIES OF MODELLED AND MEASURED DISCHARGE

Figure 11 gives model results for the entire 1992 ablation period. During May, June, and
part of July, the modelled values are sometimes higher and sometimes lower than recorded
discharge data, resulting in a difference not larger than ~ 1 m*s ! for individual hours. The
diurnal variation of discharge in spring is dominated by the recession coefficient for the firn
area. Although the value of 40 h was derived for firn and snow depths up to 20 m originally, it
fits rather well for the 1-4 meters of winter snow which cover the glacier in May. In June,
however, a value of 20 to 30 h for k, would result in a better agreement between modelled
and recorded discharges. From 20 July to the end of August, the deviations increase up to
3m’s ! yielding model results which are systematically too high. This is most likely associ-
ated with the modelled runof from the bare ice section. A recession coefficient k; of 9 to 10
hours would give a better agreement during this period. The underestimate of the recorded
discharge in September, however, is caused by erroneous meltwater production modelling, as
the energy balance model predicted a bare ice area smaller than observed.

The design of Figure 11 gives a good overview of the model performance for the entire
ablation period, but makes it difficult to further study individual features. Therefore, the
modelled and recorded time series of discharge for July and August 1993 and 1995 are
presented in Figs. 12a and 12b. As could be expected from the high R? value of 0.833
(Table 5) and the rather good correlation coefficients for the minimum amounts (Fig. 10),
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the discharge variations in 1993 are represented rather well by the model, with smaller djf-
ferences only on the days when bare ice reappears after a snowfall (c.g. 15 to 20 July). The
diurnal cycle in the difference curve from 28 July to 25 August is most likely caused by a
slight phase shift between model and records, as the absolute maximum and minimum
amounts agree well.

For 1995, the results for July and August give a slightly different picture (Fig. 12b). As
was also observed in 1993, the bare ice area developed rather late, and as a result, discharge
in July is dominated by the output from the second reservoir. This leads to small ampli-
tudes, mainly caused by high minima, during the first twenty days. Calculation, however,
uses a recession coefficient of 40 h — compared to the 80 h for 1993. For the last third of
July and the first ten days of August, the model depicts smaller diurnal amplitudes of dis-
charge as it overestimates the minima, and sometimes also the maximum amounts. For a
rather short time span in the middle of August, only, modelled and recorded discharge agree
reasonably well. An exception is 15 August, when modelled ice discharge is much too
small (c.f. largest negative deviation in Fig. 9b). Here, the energy balance model predicts
that the altitude of the temporal snow fall line is too low, resulting in a bare ice area of
213 ha which is much smaller than the 460 ha derived from the photograph.

The influence of the precipitation modelling can also be demonstrated with data from
22 to 24 August 1993 (Figs. 12a and 13). 22 August was the day with the highest hourly
discharge of the first twenty years of recording, 10.7m*s ', caused entirely by melting. In
the evening, a thunderstorm occurred with 5 mm precipitation, falling as rain over the entire
glacier. As the model precipitation for the whole day is attributed to the first hour (c.f. 2.1.2,
precipitation), the thunderstorm contribution is modelled too early, leading to an underesti-
mation of 2.6 m? s~ ! modelled discharge in the evening. On 23 August, rainfall started al-
ready in the morning and lasted during the whole day, summing up to 25 mm. For this day,
the modelled diurnal variation of total discharge agrees better with the recorded one.

Figure 13 also provides a detailed view of the interaction of the various reservoirs, dis-
playing the discharge components for August 1993. At the beginning of the month, the dis-
charge from the bare ice area, Q,, contributes less than half of the total, whereas in the sec-
ond half of August, discharge from the firn reservoir, Q,, has decreased considerably, due to
the shrinking of the corresponding reservoir area. Discharge from the highest region of Ver-
nagtferner, Q,, is very small, with nearly no variation throughout the month, caused by the
Jow meltwater production sums in this region (c.f. Fig.4b). The precipitation event on
23 August is reflected in the ice and firn reservoir discharge, as the typically rapid decrease
of the ice reservoir output during the early morning hours is interrupted by the additional
rainfall input, resulting even in a slight rise in modelled discharge values of Q. The rainfall
in the firn area prevents the typical decline of the discharge, and, as a result, the green curve
remains nearly constant during this day and the next. Decreasing air temperatures lead to
snowfall above 3490 m a.s.l. on 24 August and above 3190 m a.s.l. on 25 August (daily
means). This is rather well reflected in the model not only by the decrease of the firn reser-
voir output, but also by the smaller amounts of the ice discharge, Q;, on 25 August.

4. SUMMARY AND CONCLUSIONS

It was the purpose of this paper to present the results of a study of meltwater production
and runoff modelling for Vernagtferner, one of the larger glaciers in the Oetztal Alps. This
modelling is based on extensive research, started in the late 1970’s within the framework of
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ference AQ (green, positive values: model overrates record) for the 1992 ablation period. Model results
obtained with k; =8 h, k, =40 h, ky; =430 h.

20 5
19 - - 4
18 L3
17 -2t
16 -1 B
15 Abl 52
14 F-1 8
13 L-2 8
12 L =8
11 L -4
10 L -5
9 - -6
8 L -7
7 - -8
¢ - -9
g s -10
e i
A, L-13
1 . -14
0 TITIIII|I[ITlllllllllllllllllliTlll|ll|I|IIII11|I|I|||I!II||1 —15
1 11 21 1 11 21
July August

Fig. 12. Hourly values of Q, (blue), Q,, (red), and A Q (green) for:
a) July and August 1993; model results obtained with k; = 6 h, k, =80 h, k; =430 h,
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Fig. 13. Hourly values of total discharge and its modelled components for August 1993, using the same
k,/k, values as in Figure 12a: ice reservoir component Q, (black), firn reservoir component Q, (green),
snow reservoir component Q, (magenta), Q,, (red), Q, (blue) (c.f. Equation (8)).
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a special research program called “Runoff in and from glaciers”. The meltwater production
model, then developed, was based on a simple formulation of the energy balance equation
for a snow and ice surface, calculating all terms with a spatial resolution of 100 m and a
temporal one of 1 h. Input data consisted of (1) recorded data at one site, which were ex-
panded to the entire catchment by using a Digital Terrain Model of Vernagtferner and (2)
indirectly determined data, which were partly based on recorded ones. In the first group we
find global radiation, air temperature, relative humidity, wind velocity, and precipitation.
Surface temperature, longwave radiation of the atmosphere, and albedo are the most import-
ant members of the second group. This last parameter was derived from daily photographs
which display the state of the glacier surface. From these pictures, the relative shares of
bare ice for each day were analysed and attributed a fixed albedo value of 0.4. For the re-
maining glacier, a fixed value for firn albedo was used, which differed slightly from year to
year. Snowfalls were also analysed on the basis of the photographs, and in those parts of the
glacier, albedo was set to 0.8. Thus, the only two parameters internally derived by the
model, were the surface temperature and the cold content of the layers beneath the surface
during times without melt.

This basic model has been further developed to some extent. Most important are two
changes: (1) The melting routine is initialised with measured winter snow cover data and
thus, the actual mass balance of the glacier surface is determined, not only the meltwater
production. This makes it possible to validate the resuits with the glaciologically deter-
mined net mass balance. (2) The decrease of albedo due to ageing of snow and firn is inter-
nally derived by the model, and the ice area size results from the melting of this snow
cover. Therefore, the photographs can now be also used for validation. Precipitation type is
also modelled on the basis of the altitudinal temperature distribution, so snowfall amounts
and distribution also become internal parameters. Thus, the absolute values of the absorp-
tion coefficients of the different materials are the only data which have to be supplied addi-
tionally.

The modular design of the former approach was not altered, so, further improvements in
single parts can be incorporated without the necessity of a total change of model architec-
ture. This is most important for the parameterisation of the heat fluxes, which, as repeatedly
mentioned, uses an extremely simple approach, which can be substantially improved by the
results of the investigations of the HyMEX program. HyMEX is a research program on Ver-
nagtferner, which was performed in August 1998 and led to a re-evaluation of lapse rates
and wind velocity distributions, which will be discussed in a separate paper. Another im-
provement could be achieved by a higher temporal resolution of the precipitation records.
Nevertheless, meltwater production, as it is determined with this simple physical model, can
be assumed to reflect real processes to a high degree.

In the second part of the paper, the runoff is investigated, using modelled meltwater
amounts as input. For the four years under investigation, recorded and modelled discharge
amounts for the entire ablation season differ only by 5 % (best case) to 9 % (worst case).
As the hydrological conditions of the early 1990’s have changed quite markedly from those
of the early 1980’s, a statistical analysis of the recession coefficients, previously used, was
performed for the different regions of Vernagtferner. Based on the coefficients with the best
correlation numbers, the time series of recorded runoff is reproduced quite well by using a
linear concept with three reservoirs, applying constant values for the recession coefficients
of the ice area, k, (8 h and 6 h, respectively), of the firn area, k, (40 h and 80 h, respect-
ively), and of the uppermost region of the glacier, ky (430 h). The agreement, however,
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could be improved to some extent, when the values are adapted to the changes in the hy-
draulic conditions within the glacier in the course of the ablation season.
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