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ABSTRACT

The aim of the present investigation is to gain more insight into the ablation process on
alpine glaciers. This was done by means of experiments with a universally applicable computer
model of the surface energy budget. In this model the turbulent energy fluxes at the surface are
parameterized according to the Monin-Obukhov similarity theory and temperature and density
profiles in the upper 25 m of snow/ice are calculated. Percolation and refreezing of meltwater is
dealt with in a schematic way. The daily cycle is calculated explicitly. For the experiments pre-
sented here climatological data from Sonnblick (Austria, 3106 m) were used as input to the
model.

The daily cycle of a typical summer day is discussed. We conducted several experiments to
show the basic sensitivity of ablation to variations in atmospheric temperature, humidity, cloudi-
ness and wind velocity. Tt appears that none of these variations can be neglected. The mass bal-
ance for a measurement year is presented for elevations ranging from 2000 till 3600 meters and
for two different formulations of the turbulent fluxes. At lower elevations the choice of the for-
mulation appears to have dramatic effects. In another experiment a comparison was made
between the present model and models which calculate ablation with the assumption that the
temperature of the glacier surface always remains at the melting point, It turns out that this “zero
degree assumption™ produces substantial errors when the ablation season is short. We finally dis-
cuss the effect of a heavy snowfall event in summer (of 5 cm water equivalent}. It reduces abla-
tion by about 8 cm water equivalent due to increased albedo. So the initial mass balance pertur-
bation is nearly trebled.

EMPFINDLICHKEITSSTUDIEN MIT EINEM MASSENBILANZMODELL
EINSCHLIESSLICH BERECHNUNGEN DES TEMPERATURPROFILS INNERHALB DES
GLETSCHERS

ZUSAMMENFASSUNG

Das Ziel der vorliegenden Arbeit ist eine tiefere Einsicht in den Ablationsproze3 auf alpi-
nen Gletschern zu bekommen. Fiir diesen Zweck wurde ein relativ kompliziertes, universell
brauchbares Computermodell der Energiebilanz der Gletscheroberfliiche entworlen. Die turbu-
lenten Energieftiisse an der Oberfliche werden mit Hilfe der Monin-Obukhov-Theorie formu-
liert, Profile der Temperatur und Dichte werden fiir die obersten 25 m Schnee/Eis berechnet,
das Durchsickern und Wiedergefrieren des Schmelzwassers wird schematisch beriicksichtigt.
Fiir alle Komponenten werden Tagesglinge berechnet. Fiir die vorliegenden Experimente wur-
den klimatologische Daten vom Sonnblick (Osterreich, 3106 m) in das Modell eingegeben.

Der Tagesgang eines typischen Sommertags wird diskutiert. Wir haben mehrere Experi-
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F— , die Empfindhichkeit der Ablation fir Anderungen der Lufttemperatur,
Pmﬂm%ﬂzﬂm wnd péiﬁdgtﬁchwindigkm zu dberpriifen, nach dcneq keine dieser
Variabden dummach vernachlivagt werden kann. Die Massenbilanz eines Jahres wird fiir Héhen
vom 2000 bis 3600 m pezeigt, und 2war fir zwei Formulierungen der tt_arbulcmm F'lilssc. In den
tpferen Lagen hot die Wah! der Formulierung einen betrichtlichen EinfluB auf die berechnete
Ablgmien b cimgmn weiteren Experiment wird ¢in Vergleich zwischen dem vor'iicgcndcn Modell
wmd ModeBen gemacht, i welchen zur Ablationsherechnung vorausgesetzt wnrc!, daB die Tem-
peratge dee Glemcheroberlliche imemer aul dem Gefrierpunke bieibt. Es st_clh sich heraus, daB
& sere Bedingung wesentliche Fehler mit sich bringt, wenn die Ablattonsperiode kurz ist.
Zm Scbbud diskutieren wir die Folgen eines Sommerschaeefalls (5 cm Wasserdquivalent).
Wegen der erhibten Albedo wird die Ablation um ungefihr & cm Wasseriiquivalent reduziert
@l St Srfrong der Massenbilang somit fast verdreifacht.

1. INTRODUCTION

The ablation process on glaciers or other snow covered areas can be studied for a
niembet of reasons. One is the prediction of run-off from catchment areas which may
be especially wseful in planning hydro-electric power production. Another reason for
twdying ablation on glaciers is the role that the mass budget plays in the relation
between climate and glaciers length and volume. The present investigation is meant to
deepes our wnderstanding of this relation.

Fer this purpose a computer model simulating ablation is needed which should be
wsed ta study the sensitivity of ablation and ablation related processes to both relevant
imput parameters (geographical and meteorological) and to different model formula-
wons. In order to facilitate the investigation of a large number of effects, the model
should inchade a great number of relevant physical processes. Another requirement set
10 the modef was universal applicability,

A number of models to calculate ablation have been proposed in the literature.
Amnag them are index models, such as degree day models (see e. g. Harstveit 1984 and
Braun 1985), and models which use an energy-balance approach (e. g. Ambach 1965,
de la Casiniére 1974 Escher-Vetter 1980, Hogg et al. 1982, Harstveit 1984 and Braun
1985). lndex models did not seem to be suitable for the present investigation. They are
black box models in which many physical processes are put together without universal
applicability 2s they are, more than energy approach models, based on tuning to local
conditions. Even most of the existing energy-balance models were thought to be oo
restrictive for the present investigation. The mode) we constructed is an extension of
existing energy-balance models, incorporating of course many ideas of the exisling
models. Our model emphasizes the following points:
~ The Monin-Obukhov similarity theory in which the boundary layer stratification

affects the transfer coefficients, is applied in the computation of the turbulent

fluxes. In most other models sensible and latent heat flux are proportional to the
gradients of potential temperature and mixing ratio, respectively, regardless of
stratification.

~ Inthe present model the radiative fluxes are parameterized by equations which are

& imbependent of locality as possible. The equations include factors like cloudi-

ness, aspect, snow density (albedo), air temperature and humidity, etc.

Mm?l models keep the temperature of the glacier surface at the melting point. In
m&%ﬁy the upper layets of the snow/ice even on a temperate glacier will cool dur-
ing the accumulation season and in many nights of the ablation season (see
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Wagner 1980). This means that ablation in ‘zero degree models® starts too early in
the moarning during the ablation season and also that the ablation season as a
whole starls too early, namely as soon as the total surface energy flux becomes pos-
itive. Apart from this, the temperature of the surface affects the outgoing radiative
flux and the turbulent fluxes. In the present model the temperature profile inside
the glaciers is calculated down to a depth of about 25 m, where the seasonal vari-
ation becomes negligible. As conductivity is correlated to density, density is carried
as a dependent variable in the model, The density computation also offers the
opportunity to parameterize albedo, since a correlation between density and
albedo exists. Apart from being a more realistic approach, modelling of the temper-
ature profile is an interesting topic on its own,

The following experiments will be presented here. The input parameters used are
intended to represent conditions in the Alps. First, the daily cycle on a typical summer
day near the equilibrium line will be presented. Then, the basic sensitivity to some
meteorological input parameters will be shown. Thereafter, the yearly cycle at differ-
ent elevations will be investigated for two different parameterizations of the turbulent
fluxes so that the effect of the use of the Monin Obukhov similarity theory can be esti-
mated. Further, the influence of the temperature calculations inside the glacier on the
computed ablation will be investigated, The last experiment is concerned with the
ablation-reducing effect of a heavy snow fall event in summer.

2. FORMULATION OF THE SURFACE HEAT FLUXES

A. INTRODUCTION

The model essentially consists of 2 parts. The first part computes the energy fluxes
between atmosphere and glacier; the second part computes the energy fluxes inside
the glacier, combined with mass transfer processes and phase changes inside and at
the surface of the glacier. Strictly spoken, it is not a point model, but a one-dimen-
sional model, because energy and mass transfer in the direction normal to the surface
are computed in the uppermost layers (some 25 meters) of the glacier, This is described
in section 3. In the absence of accumulation and rain the energy flux between atmo-
sphere and glacier, Qg consists of 4 individual contributions:

Que=R+Ri+H+S 1

with Rg: short wave radiation flux
R4: long wave radiation flux
H: turbuient transfer of sensible heat
S: turbulent transfer of latent heat

Fluxes from the atmosphere towards the glacier are regarded as positive,

B. SHORT-WAVE RADIATION

The global radiation on a horizontal surface which is not screened by the horizon
is determined by the sun-earth distance, by the solar zenith angle and by the respective
distributions of temperature, water vapour, ozon, clouds and aerosols in the atmo-
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sphere. Cloud type and aerosol size distribution also affect the global radiati_on. The
parameterization of the global radiation (R}) for clear skies is taken l:rom Meuer.s and
Dale (1983). In this formulation no distinction is made between direct and diffuse
<hort wave incoming radiation. It is only valid when the sun is above the horizon, of

LOurse.
R, {n=0)} = I, TpTTuT;, cos (z,) )

with n: cloudiness
{,: extraterrestrial flux density at the top of the atmosphere on a surface normal

to the incident radiation.

angle between the incident ray and the normal to the surface, Formulae for z

are given by Escher-Vetter (1980).

T.: transmission coefficients for Rayleigh scattering (R), absorption by gases
other than water vapour (g) and water vapour (w), and absorption and scat-
tering by aerosols (as).

Z:

The values of I, and z; at any place and time can accurately be computed from
astronomical formulae. Since the distribution of gases, except for water vapour is
fairly constant the product TyT, is merely a function of the solar zenith angle and the
atmospheric pressure at the location for which the computations are made. T, is deter-
mined by the distribution of water vapour in the atmosphere and by the solar zenith

angle:

Ty=1-0.077 (um)®? 3

with u: total water vapour in a vertical column of the atmosphere in cm
m: optical air mass

The total water vapour is estimated from the mixing ratio at screen height, w, (Smith
1966):
PoWa
u=Per (4)
with p,: atmospheric pressure in Pa
g: gravityinms—?
A: aconstant, determined by the vapour distribution (A=3.79 in this study)

The amount of aerosol in the atmosphere at {ocations situated at an altitude far
above sea level, is usually small. As long as only ‘high’ glaciers are considered like in
this study, the attenuation by aerosols can be neglected.

The attenuation of the global radiation by clouds is represented by the trans-
mission coefficient T.:

Ryn)§ =T.R(n=0)} (3)

In this study T, is empirically related to cloudiness, elevation of the location and time
of the year. Formulae were computed by approximating data given by Sauberer (1955)
by polynomials of order 3. Fig. 1 gives T, as a function of cloudiness for different times
of the year at 3000 m a.s.l. Apparently the effect of clouds on the global radiation
varies through the year. For equal cloudiness the average attenuation is largest in
August and September (T,=0.35 for overcast skies) and smallest in April and May
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Fig. 1: Variation of T, with cloudiness

at 3000 m a.s.l. for different months of

the year according to data from Sau-
berer (1955)
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(T.=0.54 for overcast skies). This may be explained by systematic differences in cloud
type. In general, clouds have a lower base and top in spring than in late summer. The
situation is illustrated in fig, 2. Both situations depicted here, will be described by an
observer as overcast, at sea level as well as at 3000 m altitude. At 3000 m however, the
attenuation will be less in the spring situation than in the late summer situation,
because the path of the sun rays through the clouds is shorter. With this argument in
mind, one expects the seasonal variation to decrease with decreasing altitude. This
indeed appears to be the case. The influence of elevation on the yearly-averaged value
of T, is shown in fig. 3.

In the present model, T, is computed by means of the following scheme:

— for given cloudiness the yearly averaged T, was computed for 2000 and 3000 m alti-
tude according to the polynomials calculated from Sauberer’s data.

- the yearly averaged T, at the altitude of the site is linearly interpolated or extrapo-
lated from the transmission coefficients at 2000 and 3000 m.

_ the seasonal variation was calculated by taking into account a correction, which
varies sinusoidally with the time of the year with an amplitude, which is indepen-
dent of altitude and varies linearly with cloudiness:
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AT.=¢; nsin{wt) (6)

with AT,: correction term for seasonal variation_
¢,: amplitude of variation for overcast skies
t:  time
. annual frequency

Fig. 3: Yearly mean values of T, as

a function of cloudiness for four

different elevations according to
data from Sauberer (1955)
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The outgoing short wave radiation (R,1) is the product of the global radiation (R,})
and the albedo (a). The albedo is dependent on the state of the glacier surface and on
the ratio of the direct and the diffuse part of the global radiation. Albedo is generally
lower for higher density and wetness of the surface and for lower cloudiness and inci-
dent angle. The parameterization of the albedo used in this study reads:

=079 -0.510" p,+0.07 exp (— M/0.5) +0.07 n +0.07 (1.225~ 1.3 cos(z) (1 —n) (7)

where p,: density of snow/firn/ice at the surface in kg m~? (both albedo and density
are (o a great extent determined by the state of metamorphosis)
M: the amount of meltwater in mm water equivatent produced during one time
step (30 minutes)
2. angle between the direct sun ray and the normal to the surface
n: cloudiness

_ This relation was detained from the data and considerations mentioned in Dirm-
him and Trojer (1955) and Dirmhirn and Eaton {1975). It should be noted that the
values of the coefficients in this relation are based on data that were not systematically

acquired to test such a relation. We expect, however, that it will be accurate enough for
the present study.
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C. LONG WAVE RADIATION

The long wave radiation was modelled according to Kimball et al. (1982). Since the
glacier surface radiates almost as a black body, we have:

R1 1 =0 T°4 (8)

with R;t: outgoing long wave radiation
o: Stefan Boltzmann's constant
T,: temperature of the glacier surface in K

The incoming long wave radiation for clear-sky conditions (R,) is computed from:
R,=¢,0T} )

with g,: full-spectrum, clear sky emittance
T,: temperature of the atmosphere at screen height in K,

The expression for g, reads:
8.=0.70+5.95-10" ¢, exp (1500/T,), {10)

where ¢, is the screen level vapour pressure in Pa. These empirical formulae were
inferred from data taken at lower altitudes. However, they should be applicable also at
higher altitudes, since almost all of the incoming long wave radiation is received from
the atmospheric layer just above the surface (Geiger 1966).

The contribution from the clouds (R,) is considered as a correction to the clear-sky
radiation,

R, =R,+R, (11)

where R,] denotes the long-wave incoming radiation. In this study it is assumed that
all clouds are in one layer. Then R, may be parameterized as follows:

R,=0The.nf;1s, (12)

with oTy: black body radiation from the cloud layer, where T, is the temperature of

the base of the cloud layerin K

&:  cloud emittance. A value of 0.8 was taken. For dense cloud types g, is close
to 1.0; for cirrus €. is on average close to 0.5

n; cloudiness

fz:  fraction of black body radiation emitted in the atmospheric window
(8—14 pum) that can be transmitted to the surface

13:  transmittance of the atmosphere in the 8 —14 um window. It can be esti-
mated from temperature and vapour pressure at screen height.

Thus, R, is a function of Ty, T, n and e,. The variables T, n and e, belong to the
standard input of the model, whereas T,, is inferred from T,, an assumed altitude of
the cloud layer (4000 meters) and a lapse rate (—0.65 K/100 m). These values should
represent average conditions.
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. TURBULENT FLUXES

These fluxes were computed by means of the Monin-Obukhov similarity theory
(M. O.-theory, hereafter). Measurements show that for a given height above the sur-
face and a given wind velocity, sensible and latent heat flux are not simply propor-
tional to the gradients of potential temperature and vapour pressure respectively, as
assumed in many studies. The M. O.-theory takes into account the influence of stratifi-
cation on the transfer coefficients Ky and Kg, which relate the turbuient fluxes linearly
to the gradients. Relative to the models that use transfer coefficients which are inde-
pendent of stratification (s. i.-theory, hereafter), it predicts a larger exchange for
unstable stratifications and a smaller exchange for stable stratifications (see fig. 4). The
fluxes even vanish for very stable conditions (low wind speeds, large temperature gra-
dients). A description of this similarity theory is given by for instance Businger (1973)
and by Kraus (1972), who discusses the application to glaciers. Itier (1980) presents the
iteration scheme used in the present study for the actual computation of the fluxes,
Values of the surface roughness parameters for wind (z,=1.33-10~3 m) and for temper-
ature and water vapour pressure (r,=s,=10-% m) were taken from Hogg (1982).

g -a00 200 zo 600 3 Fig. 4: Contour plot of the differ-
] ] ence in sensible heat flux pre-
i B dicted by the s.i.-theory and by
the M. O.-theory. Figures along
g_ unstable stable —g contours give absolute values in
S W/m? QOn the abscissa is the tem-
perature difference between a
z b ° i diff b
-8 | 8 height of 2 m above the surface
o g and the surface, on the ardinate
5 4 o L the wind velocity at a height of
8| 8 10m
gd © 0, e
E - -
8
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3. PROCESSES INSIDE AND AT THE SURFACE OF THE GLACIER

A. THE ENERGY BUDGET

The rate of temperature change inside the glacier is described by the following
energy conservation law:
aT aT) a'r)

a
P& (?’ff+wwaz" = (KE +W (13)
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with p: density
c,. specific heat capacity at constant pressure
T: temperature
w: velocity normal to the surface
z: coordinate of direction normal to the surface
K: conductivity
W: energy release by phase changes

Thus, the local rate of temperature change is determined by conduction and advec-
tion of snow/ice normal to the surface and by the energy release or consumplion by
phase changes, The equation holds in the upper fayers, which are considered in this
study (some 25 m), because here advection and conduction parallel to the surface and
energy release by deformation can be neglected for the present purpose. Boundary
conditions are given by the energy flux from atmosphere to glacier (equation 1) and by
a zero heat flux at the lower boundary of the model. Penetration of radiation is neg-
lected in this study. K can be estimated from the density (p in kg/m?), see Paterson
(1981):

K=2-110"244.2-10"%p+2.2-10~p* (W m~' K~Y) (14)

B. MASS TRANSFER AND PHASE CHANGES

Phase changes play a very important role in the energy budget. If the temperature
of the snow is at the melting point, any available energy will be used for melting. 1f
penetration of radiation and energy supplied by deformation are neglected as in this
study, this only occurs at the surface. In this study all meltwater is allowed to penetrate
downwards, until it reaches a layer with a density exceeding 800 kg m~3. In that case it
runs off. On its way downwards the meltwater may refreeze in layers with a tempera-
ture below 0°C, The effects of this process are considered by the following scheme: if
the meltwater reaches a model layer with a temperature below 0°C, this layer is
warmed up by refreezing the meltwater. If the resulting temperature exceeds 0°C, the
temperature is put equal to 0°C and the remaining amount of meltwater is computed.
This meltwater penetrates downwards into the next model layer, etc. After penetration
through the lowermost layer the remaining meltwater runs off. So, if the temperature is
equal to 0°C in all layers, all meltwater is allowed to run off. The effect of the refreez-
ing process on snow density is also taken into account. The velocity of percolation is
not considered. This seems to be a reasonable approach, because the penetration
velocity of water in snow (Ambach et al. 1981) is much greater than the velocity of a
temperature wave.

The contribution of phase changes to the energy flux at the glacier surface has
already been taken into account by the latent heat flux in equation 1. The specific
latent heats of vapourization and sublimation are used for melting and frozen surfaces,
respectively. The effect of freezing rain is neglected. This can be done as long as the
whole glacier ist at 0°C during a rain event. For temperate glaciers this will often be
the case. Thus, the run off is the sum of the liquid precipitation and the meltwater
formed at the surface, minus the refrozen meltwater, Ablation is the sum of run off and
sublimation, minus condensation and rain.
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C. THE DENSITY PROFILE

Densification by metamorphosis is formulated as follows:
Ap,=1910=p) (C:+ ¢ M(A) At (15)

where Ap, = density increase in kg m~? during time At for model layer i
M = amount of meltwater during At in mm water equivalent
¢ =9-10"*day 'and¢;=3-10~3day~'mm~* for p <300 kg m 3
¢; =4.5-10"*day-'and ¢;=1.5-10"*day'mm~*forp>»300 kg m~?

So the rate of densification decreases with increasing density and is proportional to
a parameter ¢;, representing the metamorphosis in the absence of meltwater. Ip th'e
presence of meltwater the rate of change is much larger. Some 20 mm a day, which is
the order of magnitude of the amount of meltwater during a summer day close to the
equilibrium line in the Alps, will increase the rate of change by about a factor 7. Equa-
tion 15 is applied to all model layers. Although the rate of density change is expected
10 be depth- (i. e. pressure-) dependent, this effect is disregarded in the present study.
In order to allow a rapid initial density increase, different values of the constants are
used for densities greater than and less than 300 kg m’,

Other processes affecting the density profile were also taken into account, namely
ablation, refreezing meltwater (see subsection 3b) and snow fall. The density of fresh
snow is assumed to be 100 kg m~?,

This treatment of density changes is admittedly crude, but one should bear in mind
that the density calculations themselves are no aim of the present study.

4. SOME MODEL SPECIFICATIONS

The evolution of the temperature profile is caleulated by solving equation 13
numerically with an implicit scheme. The time step is the same as used for the calcula-
tion of the surface energy fluxes, namely 30 minutes.

In order to save computer time, the density profile is adjusted only once a day, at
midnight. This is done as follows:

— caleulation of density and thickness change of each model layer as caused by
metamorphosis by means of equation 15. Thus, At is equal to 24 hours in equation
15.

~ calculation of the effect of melting and snow fail during the past 24 hours, Layers
disappear and/or are reduced by melting and a new layer is added on top of the
existing model layers in the case of snow fall,

-~ discretization of temperatures and densities at the new grid points. Every day the
grid points must be specified again, because the position of the grid is relative to
the surface and thus is moving relative 1o material points. The grid consists of 42
points. The grid point distance increases from 6 cm at the top of the model to about
5 m at the bottom.

The effect of refreezing meltwater on temperatures and densities is computed every

30 minutes.
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5. EXPERIMENTS

A. INTROPUCTION

For the experiments input data representative for alpine glaciers were needed. We
used observations from the meteorological station Sonnblick in Austria (elevation
3106 m, latitude 47°03' N, longitude 12°57' E), see table 1. Except for precipitation,
the variability of daily weather was not taken into account. This implies that all state-
ments and conclusions made from now on are only valid for ‘climatological weather’,
unless explicitly mentioned otherwise. When running the model for other elevations,
temperatures were adjusted by assuming a constant lapse rate of — 0.0065 K/m. All
other input parameters remained unchanged except for humidity which was catculated
by assuming a constant relative humidity with height, Special attention was given to
the simulation of precipitation, Cehak and Withalm (1980) investigated the application
of a Markov chain model to the simulation of the occurrence of precipitation on Sonn-
blick. They found that the probability of a day being dry or wet is only dependent on
the length and the state of the dry or wet period before that day. The simulation in the
present model is based on this canclusion. Transition probabilities after a certain num-
ber of wet or dry days were calculated from table 1 of Cehak and Withalm (1980).

Tab. 1: Climatic table for Sonnblick

h temperature in °C mean vapour loudi \\l'im_i precipitation
mont mean daily range pressure in cloudiness  velocity (in mm)
mbar inm/s
Jan. —132 47 1.8 0.67 1.3 115
Feb. —-13.0 4.7 1.8 0.67 7.1 108
Mar. -11.2 4.6 22 0,70 6.7 112
Apr. — 82 46 3.0 0.77 5.8 153
May — 3.8 43 43 0.81 5.2 136
June — 0.6 43 5.5 0.80 5.1 142
July 16 44 6.4 0.78 5.1 154
Aug. 14 43 6.3 0.74 5.2 134
Sep. — 0S5 40 5.2 0.67 5.5 104
Oct. ~ 43 4.0 3.7 0.65 6.2 118
Nov. — 83 40 2.8 0.66 6.6 108
Dec. —114 44 2.1 0.65 6.8 111
Annual T~ 60 44 3.8 0.71 6.0 1495

Further, it is assumed that the distribution of the amount of precipitation on wet
days can be described by an exponential probability law. Precipitation is solid if the
daily mean temperature is below zero, and liquid if the daily mean temperature is
above the melting point.

B. DIAGNOSIS OF THE DAILY CYCLE

First, a diagnosis of the daily cycle was made at the altitude of the station. The
results for a typical summer day (July 15) are presented here (see fig. 5). As input the
climatological data for July were used (see table 1). Like in all other experiments cloud
height was 4000 meters and the glacier surface was horizontal. Initial density
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Fig. 5: Variation of temperatures, surface energy fluxes, formation of meltwater and ablation with
time for *climatological® data for July at Sonnblick (see text)

(500 kg m~?) and temperature (0°C) were uniform throughout the model layers. The
simulation started al noon, July 14.

The upper part of fig. 5 shows the temperatures of the atmosphere at screen height
(input) and of the glacier surface (calculated). The stratification is stable all through
the day. The tendency to instability during day time is suppressed by the fact that the
lemperature of snow/ice has a maximum of 0°C., Experiments with climatological
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means for other months show that unstable stratifications only occur from February
till June, during day time, when the relatively strong short wave radiation raises the
surface temperature above the ow atmospheric temperature.

In the middle of fig. 5 the surface energy fluxes are shown. During summer days
the total energy flux is dominated by the short wave radiation. The relative contribu-
tions of the daily-averaged fluxes are (net short wave radiation = 100 %): net long
wave radiation = —25 %, sensible heat flux = 14 %, latent heat flux = 6 %. The aver-
age heat conduction upwards is very small (4 %). This flux is not necessarily zero when
averaged over an entire day, because refreezing meltwater transports heat downwards.

The lower part of fig. 5 shows the amount of meltwater formed at the surface (total
areas of the columns) and the amount of ablation (hatched areas) for periods of half
an hour. The only major difference between these variables is between 5:30 and 7:00
a.m. (solar time). The sun rises at about 4:30. Thereafter the total surface energy flux
soon becomes positive and, in the present model, it starts to heat up the snow. Shortly
before 5:30 the temperature at the surface is raised to the melting point and the first
meltwater is formed. This percolates and heats the snow underneath, untill at about
6:45 the snow is at the melting point in all layers. The ablation during this simulated
summer day is 19.8 mm water equivalent. The contribution of sublimation to ablation
is negligible; it is only ~1 %,

In order to get an impression of the effect of the variability of the weather the
experiment was repeated for a fine summer day (daily mean temperature 5°C, mean
relative humidity 70 %, cloudiness 0.0 and wind velocity 2 m/s), and for a summer day
with poor weather (—3°C, 95%, 1.0 and 10.0 m/s for the same variables). The
amounts of ablation appeared to be 29.4 and 2.3 mm water equivalent, respectively.
The amount of ablation on the day with fine weather is 48 % larger than the amount of
ablation on a day with *climatological’ weather (19.8 mmy). Intuitively one might expect
a larger difference. However, not all fine day factors contribute to a higher ablation.
The low relative humidity and the low wind speed reduce the turbulent fluxes, while
the incoming long wave radiation is reduced in the absence of clouds (see next subsec-
tion),

C. SENSITIVITY TO YARIATIONS OF THE METEOROLOGICAL INPUT PARAMETERS

Starting from the July 15 standard run discussed in subsection Sb, sensitivities to
the variation of the input parameters were tested by varying one of the parameters in
question, all other parameters being unchanged, This was done for (a) cloudiness, (b)
relative humidity, (¢) temperature and (d) wind velocity (see fig. 6a, b, c, d, respec-
tively). In each case the upper panel shows the variations of the energy fluxes that are
directly affected. The lower panels display the consequences for the amount of abla-
tion.

An overcast sky reduces ablation by about a factor 2, due to a reduction of the
incoming short wave radiation, This effect is counteracted to some extent by increas-
ing long wave radiation.

Humidity mainly affects the latent heat flux. The higher the humidity, the larger
the latent heat flux, of course. The sensitivity of net radiation to variations in humidity
are negligible, because the sensitivities of short wave incoming and long wave incom-
ing radiation almost cancel. Because of the effect of humidity on the latent heat flux
the rate of formation of meltwater increases with relative humidity, inspite of the fact
that sublimation is reduced or riming enhanced.
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Fig. 6: Sensitivity of the directly affected daily averaged surface fluxes and ablation _with leoudi-
ness, humidity, temperature and wind velacity: Calculations are based on the Sonnblick climatol-
ogy for July
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The effect of variations in daily mean temperature on ablation is quite complicated,
This is mainly due to the reaction of the tucbulent heat fluxes to changes in tempera-
ture, For temperatures below —7°C ablation is negligible. Between —7°C and 3°C the
relation between temperature and ablation is nearly linear. If the temperature
increases further, the stability of the atmosphere will start to suppress turbulence. With
the prevailing wind velocity (5.1 m/s) turbulence completely disappeares when the
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momentaneous temperature difference between screen height and surface exceeds
about 6°C. If the daily mean temperature increases, the average turbulent flux mainly
depends on the relative lengths of the periods with and without turbulence. For mean
temperatures of about 8°C and higher the turbulent heat fluxes are zero throughout
the day. The amount of ablation is then determined by the variation of the incoming
long wave radiation.

The effect of variation in wind velocity is demonstrated in fig. 6d. For wind speeds
below 3 m/s turbulence is absent during the entire day, so that variations in wind
velocity do not affect ablation. For increasing wind velocities turbulent exchange
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oocurs during steadily increasing periods, untill turbulence is present during the entire
day shove about 5 m/s. Then ablation increases almost linearly with wind speed.
B. THE YEARLY CYCLE AT DIFFERENT ELEVATIONS

The second experiment presented here is a simulation of the yearly cycle of the
mass bakance for 5 different clevations (see fig. 7). The curves represent stable solu-
tions. Solid curves were caloulated with the M. O.-theory, dashed curves with the s. i.-
theory. The naise in the curves during the accumulation season is due to the way the
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precipitation is simulated. For both parameterizations no ablation at 3600 m is pre-
dicted. All precipitation (1495 mm water equivalent per year) is solid and all the melt-
water formed at the surface during summer refreezes inside the glacier. At 3200 m
(accumulation area) the winter cold wave is eliminated by refreezing meltwater at
about July 1 and ablation takes place thereafter. The lower clevations are all in the
ablation area. The lower the elevation, the larger the difference between the calcula-
tions with the M, O.-theory and the s. i.-theory. With the given wind velocity (5.1 ms~")
the M. O.-theory predicts turbulence to vanish if the temperature at screen height
exceeds the temperature at the glacier surface by more than about 6°C (see preceeding
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subsection). Of course, such very stable stratifications are more frequent at lower ele-
So, if the M. O.-theory is applied, the daily averaged transport of energy by
turbulent fluxes during summer days may increase with elevation. However, the long
wave incoming radiation decreases with elevation. This leads to nearly parallel curves
elevations 2000 m, 2400 m and 2800 m. The main difference in net balance
between these elevations is caused by different durations of the ablation season. If the
s.i.-theory is applied the turbulent fluxes increase with decreasing elevation as they
are simply proportional to the potential temperature difference. Apparently, the effect
of the choice of the M. O.-theory or the s. i.-theory is considerable, certainly at lower

vations.
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Fig. 7: Mass balance during a measurement year for five elevations ranging from 2000 till 3600 m,
and for two different formulations of the turbulent fluxes (M. O.-theory = salid curves; s, i.-the-

ory = dashed curves)
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E. EFFECTOF A'ZERO-DEGREE ASSUMPTION’

Most existing models presume that the snow/ice temperature remains at the melt-
ing point during all of the time under consideration. The advantage of these models is
that calculations of temperature and density profiles of the glacier are not necessary.
In order to assess the consequences of the ‘zero-degree assumption’, a one-year run of
the present mode} with temperature and density profile calculations was compared to
a run with the ‘zero-degree assumption’. This was done for two elevations, one in the
accumulation area (3200 m) and one in the ablation area (2500 m), Results are dis-
played in fig, 8. The columns represent mean ablation per day for every decade, In
each column, the hatched area gives the ablation calculated with temperature and den-
sity profile computations included; the total area of each column represents the abla-
tion obtained with the ‘zero-degree assumption’. The amounts of abiation predicted
under the ‘zero-degree assumption’ always exceed the amounts predicted by the pre-
sent model.

There are two main reasons for the discrepancies. They are of different importance
during different seasons. Under the ‘zero degree assumption’ ablation will immedi-
ately start when the total surface energy flux becomes-positive. In the complete model,
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Fig. 8: Ablation per day in mm water equivalent averaged over decades. Total columns are calcu-
lations based on a “zero degree assumption’; hatched areas refer to predictions made with temper-
ature and density profile calculations
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however, some of the energy will be used to heat the upper snow/igc layers by. condu?-
tion and refreezing meltwater if the structure of the snow/ice permits penetration, This
argument holds for both the warming of the upper layers bef‘oye the.start of the abla-
tion season and in the morning during the ablation season. Dur.mg winter both models
predict no formation of meltwater. In that part of {he year sublimation is lhg source of
the different predictions. The lower the atmospherfc temperature, the larger is the tgm-
perature gradient under the ,zero-degree assumption‘. Large amounts of evaporation
are then predicted, whereas evaporation remains small when the temperature prot”}le is
calculated. At 3200 m the discrepancies between the two calculations are more serious,
Because of lower atmospheric temperatures there, a stronger colq wave will penctrate
the snow during the accumulation season, and also during the nights of the ablation
season. More meltwater has to be spent to eliminate the cold wave. For the same rea-
son, namely the lower temperatures, sublimation will be enhanced at ;’,200 m as com-
pared to 2500 m. Some values of net calculated ablation are shown in table 2. As a
matter of fact a model with a ‘zero degree assumption’ will not be used for calculation
during the accumulation season. That is why the ablation figures for t.he ablation sea-
son only give a better comparison. In this context the ablation season is Qef’ined as the
period during which melting is predicted under the ‘zero degree assumption’. One can
conclude that the ‘zero degree assumption’ is acceptable when the model is applied to
an elevation of 2500 m. Predicted summer ablation is 103 % of the ablation obtained
with temperature and density-profile calculations included. However, at 3200 m it fails
(134 %), This is mainly due to overestimation of ablation in late May, June and early

July.

Tab. 2: Comparison of net ablation with temperature and density profile calculations with net
ablation under the ‘zero degree assumption’ in mm water equivalent. Values between parentheses
are for the whole year; the other values are summer ablation only

2500 m 3200 m
Profile calculations 3734 (3720) 798 (779)
Zero degree assumption 3862 (4226) 1071 (1639)

F. CONSEQUENCES OF A HEAVY SNOW FALL EVENT IN SUMMER

A major snow fall event during the ablation season will affect the net mass budget
in two ways. In a direct way it is a contribution to summer accumulation; in an indi-
rect way ablation is reduced by a higher albedo of the fresh snow. Fig, 9 demonstrates
the impact on ablation of a fresh snow pack on July 30 at 2 elevations. Two cases are
compared. In both cases, the weather on July 30 deviates from the climatological
mean, Cloudiness was put equal to 1.0 and mean atmospheric temperature equal to
~2°C at both elevations. Tn the first case this day of bad weather remained dry (total
columns); in the second case a heavy snow fall event (S cm water equivalent) took
place (hatched areas), Indeed, ablation was reduced in a significant way during the fol-
lowing days, In principle the impact is long lasting, because of the feedback mecha-
nism higher albedo — less meltwater — lower densification rate (see equation 15) —
higher albedo (see equation 7). At 2500 m, however, the reduction of the albedo is only
present untill bare ice appears at the surface again at August 3. We found nearly the
sa:jne amount of ablation reduction, namely some 8 cm water equivalent, at both alti-
tudes,
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Fig. 9: Ablation after a day with bad weather on
July 30. Total columns are for the case of no solid 8
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6. DISCUSSION

From fig. 6 the effect of variations in the meteorological input parameters (cloudi-
ness, humidity, temperature and wind speed) on the energy fluxes and on ablation can
be estimated, Whereas the relations between the energy fluxes and ablation (ordinate)
and cloudiness and humidity (abscissa) approach linearity, the same cannot be said of
the relation between the energy fluxes and ablation (ordinate) and temperature and
wind velocity (abscissa), This deviation from linearity is considerable at the transition
from a fully developed turbulent regime all through the day to a non-turbulent regime
all through the day.

The sensitivity experiments presented in subsections 5d and 5e give some quantita-
tive indication about the errors introduced by certain assumptions. From fig.7 it
becomes clear that the choice of the parameterization of the turbulent fluxes consider-
ably affects the predicted net balance. The effect of this choice on the absolute value
of net balance becomes larger for decreasing elevations. Tt is not within the scope of
the present paper to present a discussion of the advantages and the limitations of the
parameterizations of the turbulent fluxes presented here, but this point will presum-
ably be taken up in future work. Fig. 7 is only meant to demonstrate the effect of the
different parameterizations on the results.



122 W. Greuell and J. Oerlemans

If the aim of the model is to predict ablation, the ‘zero degree assumption’ seems to
be valid for an elevation of 2500 m. As the winter and night cold wave will even be less
at elevations lower than 2500 m the assumption can also be used there. However, at
elevations higher than 2500 m the error in the calculation of mass balance will grow
steadily with elevation. At 3200 m the ablation predicted under the ‘zero degree
assumption® is 134 % of the ablation computed with temperature and density calcula-
tions. At 3600 m the quotient of the predicted values is infinite, since all of the meltwa-
ter refreezes according to the present model (see fig. 7).

In subsection 5[ the impact of a heavy snow fall event (of 5 cm water equivalent) in
summer was calculated. An estimate can be made of the amplification of the mass bal-
ance perturbation (2—3 times at both elevations). The amplification is due to the
higher albedo of the fresh snow. Thus the calculations are strongly dependent on the
way the albedo is parameterized. As this parameterization as well as the density {(on
which albedo is largely dependent) calculations are rather crude in the present model,
one should be careful in interpreting the computed amplification. In a regression anal-
ysis of the mass balance of Hintereisferner (Austria), in which the mass balance is
described as a linear function of summer temperature, summer precipitation (only
solid) and winter precipitation, the amplification factor turned out to be 6.06 for all
elevations (Letreguilly 1984),

Of course, the model presented here has other shortcomings as well. It is beyond
the scope of this paper to treat them all in full detail. We will restrict ourselves to men-
tion just a few of them:

— In the description of the evolution of the density profile no account has been taken
of the horizontal and vertical inhomogeneities that are formed in the snow pack
(see e. g, Higuchi and Tanaka 1982). These inhomogeneities are of great impor-
tance for the flow pattern of the meltwater, which in turn will affect the tempera-
ture distribution.

— In reality the energy fluxes between atmosphere and glacier are determined by the
vertical profiles of variables like temperature and humidity. The parameterizations
in this study, however, only use one temperature and one humidity to present the
profiles. This will not so much affect the calculations of long runs, but may be a
bad approximation for the simulation of a single day on which the vertical distribu-
tion of e. g. temperature strongly deviates from a standard profile of temperature.

— For the application of the M. O.-theory one has to assume a full adjustment of the
atmospheric boundary layer considered (in this case the first 10 m above the sur-
face) to the surface boundary conditions. This assumption is certainly not justified
near the upwind edge of a glacier if the adjacent terrain is free from snow.

So far the model has not yet been tuned, Aithough we intend to do that in future,
we expect that such a tuning will not affect the conclusions of the experiments pre-
sented here. The absolute value of the resulting mass balance figures will change, but
the gradients and the differences of the results will hardly be affected.
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