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ABSTRACT. Hourly melt and discharge of Storglaciiren, a small glacier in Sweden,
were computed for two melt seasons, applying temperature-index methods to a 30 m re-
solution grid for the melt component. The classical degree-day method yielded a good
simulation of the seasonal pattern of discharge, but the pronounced melt-induced daily
discharge cycles were not captured. Modelled degree-day factors calculated for every
hour and each gridcell from melt obtained from a distributed energy-balance model var-
ied substantially, both diurnally and spatially. A new distributed temperature-index
model is suggested, attempting to capture both the pronounced diurnal melt cycles and
the spatial variations in melt due to the effects of surrounding topography. This is accom-
plished by including a radiation index in terms of potential clear-sky direct solar radi-
ation, and thus, without the need for other data besides air temperature. This approach
improved considerably the simulation of diurnal discharge fluctuations and yielded a
more realistic spatial distribution of melt rates. The incorporation of measured global
radiation to account for the reduction in direct solar radiation due to cloudiness did not
lead to additional improvement in model performance.

1. INTRODUCTION

A large variety of melt models of different complexity and
scope have been developed during recent decades. These
range from physically based energy-balance models (e.g.
Brun and others, 1989; Bléschl and others, 1991; Arnold and
others, 1996) to empirical methods based on one or more
meteorological variables, often only on air temperature
(e.g. Braithwaite, 1995). Although melt rates are determined
by the surface-energy balance, methods based on heat flux
are often not applicable because the required data are un-
available. This is particularly true of high-mountain
regions. Hence, temperature-index methods have been the
most widely used for computing snow and ice melt, as air
temperatures are generally the most readily available data.
Temperature-index methods have provided the melt inputs
for most conceptual runoff models (for summaries, see
Fountain and Tangborn, 1985 WMO, 1986) as well as for
most ice-dynamic models (e.g. Huybrechts, 1994). They have
also been used for climatic sensitivity studies, since climate
scenarios are typically given in terms of air temperature
and precipitation changes (e.g. Laumann and Reeh, 1993;
Johannesson and others, 1995).

Temperature-index modelling rests upon an assumed
linear relationship between ablation and positive air-tem-
perature sums, the factor of proportionality being the
degree-day factor. Although they do not describe the physics
of the melt process, index models yield results comparable to
those of energy-balance models when daily runoff is com-
puted on a catchment scale (WMO, 1986). However, classi-
cal temperature-index models have two major drawbacks:
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(I) The temporal resolution is restricted. Degree-day meth-
ods work well over longer time periods, but the accuracy
decreases with increasing time resolution (Lang, 1986).
For hydrological purposes most degree-day models em-
ploy a daily resolution, assuming the degree-day factor
to be constant in time (e.g. Lindstrém and others, 1996)
or to vary seasonally (e.g. Quick and Pipes, 1977; Gott-
lieb, 1980; Tangborn, 1984; Braun and others, 1993). In
glaciated and snow-covered basins, a daily time resolu-
tion is insufficient to capture the peak discharges, as
melt-dominated discharge regimes are subject to pro-
nounced diurnal cycles (Meier and Tangborn, 1961).
Because constant degree-day factors are inappropriate
for high temporal resolution, sub-diurnal time steps tend
to be considered by energy-balance approaches (e.g
Baker and others, 1982).

(2) The spatial variability of melt rates is not modelled ac-
curately. Usually the degree-day factors are assumed in-
variant in space, although some models use different
degree-day factors for snow and ice, or for different as-
pect classes (e.g. Braun and others, 1995). However, melt
rates can be subject to substantial small-scale variations
in space, particularly in high-mountainous regions, as a
result of the effects of surrounding topography. Topo-
graphic effects, such as topographic shading, aspect and
slope angles, exert a strong control on the spatial distri-
bution of global radiation, and thus on melt, as global
radiation has generally been recognised as a major
source of energy for melt (for summary, see Ohmura
and others, 1992). Consequently, although the degree-
day factor may be a good index of average melt rates, it -
does not allow the spatial dynamics of the melt process
to be taken into account.
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These drawbacks pose a major problem to high-resolu-
tion modelling of melt with respect to space and time, when
data availability is restricted. During the last decade,
prompted by an increase in computational power, a trend
towards higher-resolution modelling can be observed. For
instance, hydrologic models more frequently adopt hourly
time steps instead of a daily time resolution, nourished by
an increasing demand to predict peak discharges for flood-
forecasting purposes. Concerning the spatial variability,
there is an increasing need for spatially distributed melt
models (Kirnbauer and others, 1994), since lumped melt
models, although widely used (WMO, 1986), generally are
not capable of handling the extreme heterogeneity encoun-
tered in complex topography. Consequently, there is a
current lack of models that are capable of handling both
sub-diurnal time steps and the spatial characteristics of
complex topography, while being based only on moderate
meteorological input data.

At the site scale, many attempts have been made to im-
prove the performance of index models by including more
climatic variables, such as wind speed, vapour pressure or
radiation components (e.g. Anderson, 1973; Lang, 1986;
Kustas. and others, 1994). Martinec (1989) incorporated
global radiation and albedo into model formulations in
order to achieve a better simulation of hourly snowmelt
rates. However, the method is still empirical, but has higher
data requirements. An interesting approach to explaining
the spatial variability of melt was suggested by Cazorzi
and Fontana (1996). The temperature-index approach was
combined with a distributed radiation index based on
monthly maps of potential global radiation in order to com-
pute snowmelt rates on a 20 m resolution grid. However, the
use of monthly radiation maps does not account for the
daily variations in melt rates.

This paper suggests a new temperature-index model ac-
counting for both the spatial and the daily variability of
melt rates. This is accomplished by including potential
clear-sky direct solar radiation, and hence without the need
for additional meteorological input data besides air tem-
perature. The model is fully distributed, i.e. snow and ice
melt are calculated for each raster element of a 30 m resolu-
tion digital elevation model (DEM). The results are com-
pared to those obtained from the classical degree-day
method and an extended temperature-index approach
including measured global radiation. The models are
applied to Storglacidren, a small valley glacier in northern
Sweden, using data from two melt seasons. Model verifica-
tion is performed by comparing simulated and measured
cumulative melt on the glacier and simulated and measured
hourly discharge at the glacier terminus.

2. SITE DESCRIPTION AND DATA COLLECTION

Storglacidren is located.in Swedish Lappland (67°55"N,
18°35' E) and has a total surface area of 3.1km” (Fig. 1). The
glacier ranges in altitude from 1120 to 1730 m a.s.1. The aver-
age annual temperature, as measured at the Tarfala research
station 1km northeast of the glacier (1130 m a.s.l) between
1965 and 1995, is —3.9°C and the average summer tempera-
ture (June—August) is 5.5°C (Grudd and Schneider, 1996).
From June to September 1993 and 1994 a comprehensive
field programme was conducted on Storglacidren, including
micrometeorological, ablation and discharge measurements
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Ig. 1. Drainage basin of Storglaciiren with 25m contour
lines. N and S refer to the sites of the water-stage recording
stations at the glacial streams, Nordjikk and Sydjakk. Black
dots mark the positions of the ablation stakes in 1994, only
slightly differing from the ones in 1995. Circles labelled A, B
and C denote the sites of three micro-meteorological stations on
the glacier.

(Hock and Holmgren, 1996). Several automatic weather sta-
tions were operated on the glacier, collecting data on air
temperature, relative humidity, wind speed, wind direction,
radiation components and precipitation (Fig. 1). Data were
sampled every 10 seconds, and averages were stored on data
loggers every 15 min. In this paper, only the air-temperature
and global radiation measurements are of interest. Air tem-
perature was measured by Rotronic sensors. At stations A
and C the sensors were unventilated, and at station B a ven-
tilated and an unventilated sensor were installed side by
side. During daytime, the hourly temperature means of the
unventilated sensor considerably exceeded those of the ven-
tilated sensor, on calm clear-sky days by up to 6°C (Hock,
1994). The temperature differences showed distinct periodic
cycles, roughly following the daily course of global radi-
ation. Due to instrument failure, ventilated temperature
data were available during only about half of the total
period of station operation. Using the data from this period,
a correction formula was derived to correct the data of the
unventilated sensor as a function of global radiation and
wind speed during the remaining periods.

As part of the routine programme of the Tarfala research
station (Holmlund and others, 1996) more than 50 ablation
stakes distributed evenly across the glacier were available to
monitor ablation throughout the season. The stakes were
read several times during the melt seasons. Snow density
was measured in several pits on the glacier at the beginning
and the end of the melt seasons and occasionally in between
in order to allow for conversion of the stake readings into
water-equivalent melt. A density of 900 kg m > was assumed
for ice. The 1993 mass balance was positive (1.00 m) mainly
as a result of very high winter accumulation. The 1994 mass
balance was —0.37 m (Holmlund and others, 1996). The
summer of 1994 was exceptionally dry and sunny, unlike
that of 1993, which was cold and wet.

Discharge was continuously monitored approximately
300 m below the glacier terminus at the principal streams,
Nordjdkk and Sydjdkk, using mechanical stage recorders
(Fig. 1). The stage—discharge relationships were established
for each stream by means of discharge measurements based
on the salt-dilution technique (Hock and Schneider, 1995).
The relationships are well established for discharges up to



approximately 2m®s ! on Nordjakk and 1m®s™" on Sydjakk.
For flood flows beyond these ranges, usually occurring
several times per melt season (Figs 5 and 6), the relationships
could not be verified. Hourly records of total discharge were
derived for both summers.

3. MODEL DESCRIPTION

Ablation was computed for every hour and for each gridcell
of a 30 m resolution DEM (Schneider, 1993). A discharge
model was coupled to the mass-balance model to enable
the simulation of hourly glacial discharge.

3.1. Snow and ice melt

Melt is computed from three different temperature-index
methods, assuming melt to be proportional to positive air
temperatures: (1) the classical degree-day method, (2) a
method including potential clear-sky direct solar radiation,
and (3) a method including potential clear-sky direct solar
radiation and measured global radiation.

Model I: Classical degree-day factor
Melt rates M (mmh™") are obtained by the most basic for-
mulation of a temperature-index approach:

T>0
0 . T'<0

where DDF is the degree-day factor (mm d'eC™, differ-
ent for snow and ice surfaces, T is screen level air tempera-
ture and 7 is the number of time steps per day, here n = 24,
as the time step is 1h. The degree-day factor for ice is ex-
pected to exceed that for snow under otherwise identical
conditions as a result of the difference in albedo between
these surfaces (Braithwaite, 1995). The factor applied for
snow is also assumed for firn surfaces. DDFy,ow and
DDFj¢e are assumed constant in space and time. Conse-
quently, computed melt rates over ice and snow are only a
function of air temperatures. The areal distribution of melt
rates will be rather uniform neglecting the terrain effects by
slope, aspect and topographic shading. Temporally, for posi-
tive air temperatures, the daily melt cycles will be linearly
proportional to the daily temperature cycles.
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Model 2: Temperature index including potential clear-sky direct solar
radiation

A new temperature-index method is developed, aiming to
overcome the shortcomings of the classical degree-day
approach with respect to the spatial and daily variability of
melt rates. Melt rates are determined to a large extent by
global radiation (the sum of direct solar and diffuse radi-
ation), which in turn is strongly affected by atmospheric
conditions and by local topography, particularly in high-
mountainous regions. Consideration of the atmospheric
effects on global radiation at the surface would require
radiation or cloud data, whereas the effects of topography
are predictable from well-known geometric relationships,
without the need for meteorological data.

The new approach incorporates a radiation index in
terms of potential direct solar radiation at the surface, based
on the following considerations: (1) potential direct solar
radiation can be calculated without any meteorological in-
put data; (2) it considers topographic effects, such as slope,
aspect and effective horizon, thus introducing a distinct spa-
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tial element; (3) it is subject to pronounced daily cycles,
similar to the ones generally observed for melt rates. The
radiation index refers to clear-sky conditions. Reduction of
potential clear-sky direct radiation due to clouds is
neglected to avoid the need for additional meteorological in-
put data. This aspect is considered in model 3 for compari-
son. The new method involves the computation of slope and
aspect angles for each raster element of a DEM. In addition,
for every hour and each gridcell, shading due to surround-
ing topography is calculated based on the effective horizon
and the position of the sun. A DEM sufficiently large to
allow for the accounting of topographic shading of the
entire area considered is required as input.

Potential clear-sky direct solar radiation at the surface is
incorporated into the model formulation in the following
way:

1
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n

0 : T <0

M =

where MF is a melt factor (mm d! OCfl), Gsnow ice 18 @ Tadi-
ation coefficient different for snow and ice surfaces, I is
potential clear-sky direct solar radiation at the ice or snow
surface (Wm ?) and T is air temperature (°C). The melt
factor and the radiation coefficient are empirical coeffi-
cients. [ is calculated as a function of top of atmosphere
solar radiation, an assumed atmospheric transmissivity,
solar geometry and topographic characteristics:

2 P
I=1I (ﬁ) wa(,W) cosf (3)
R

where Ij is the solar constant (1368Wm72; Frohlich, 1993),
(Rw/R)* is the eccentricity correction factor of the Earth’s
orbit for the time considered, with R the instantaneous Sun—
Earth distance and Ry, the mean Sun—Earth distance, 1, is
the mean atmospheric clear-sky transmissivity, P is the atmo-
spheric pressure, Fp is the mean atmospheric pressure at sea
level, Z is the local zenith angle and 6 is the angle of incidence
between the normal to the grid slope and the solar beam. A
constant value of 0.75 is assumed for the clear-sky transmis-
sivity 1, (Hock,1998), lying within the range 0.6—0.9 reported
in other studies (Oke, 1987). Strictly speaking, 1, will vary in
space and time. In this context, however, the assumption of
a constant value is considered sufficiently accurate, as the
computed direct radiation is not interpreted directly as
energy available for melt, but rather represents an index
which subsequently is scaled by the empirical coefficient a.
The ratio P/ Py accounts for the effect of altitude, yielding
higher direct radiation at higher elevations. The introduc-
tion of cos Z in the exponent expresses the variation of the
path length with sun altitude. Potential direct radiation was
calculated every 10 min and hourly means were applied in
Equation (2).

For the incidence angle, the widely used solution pro-
posed by Garnier and Ohmura (1968) is applied:

cos ) = cos fcos Z + sin fsin Z cos(Psun — Psiope)  (4)

where (3 1s the slope angle, Z is the zenith angle and @g, and
Pslope are the solar azimuth and the slope azimuth (aspect)
angle, respectively. The zenith angle is approximated as a
function of latitude, solar declination and hour angle using
standard methods (e.g. Sellers, 1965; Igbal, 1983). Potential
direct solar radiation is set to zero between sunset and sun-
rise and for the gridcells that are shaded by surrouniding top-
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