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ABSTRACT. Glacio-meteorological data obtained during the Greenland Ice
Margin Experiment (GIMEX) investigations in West Greenland (the Sendre
Stromfjord transect) have been used to test and calibrate four energy-balance /mass-
balance models for the ice/snow surface. The region is characterised by the
development of a wide zone of low surface albedo in the course of the melting
scason. This zone was simulated in one of the energy-balance models by including the
effect of surficial meltwater on albedo. Observed mass-balance and albedo data were
used to constrain the models. Although all the models are capable of predicting the
transect balance reasonably well, only the model with the meltwater albedo coupling,
is able to reproduce the observed albedo pattern and mass-balance profile along the
transect. By including the feedback between surficial meltwater and albedo in the
model, the sensitivity of the specific balance to changes in air temperature is found to
be greatest just below the equilibrium line (in contrast to what is generally found for
valley glaciers). A 1K warming of the air temperature would increase the mean

ablation along the transect by 0.5 mw.e. year

INTRODUCTION

In recent years, studies have been done on the dynamic
response of the Greenland ice sheet to climatic change, with
emphasis on its possible contribution to sea-level rise in case
of global warming (Ambach, 1979; Weidick, 1984;
Braithwaite and Olesen, 1990; Huybrechts and others,
1991; Oerlemans, 1991; Van de Wal and Oerlemans, 1994).
Simulation of the ice sheet by numerical models depends
critically on the way in which the surface mass balance is
formulated. The surface balance can be prescribed,
calculated with a degree-day model (e.g. Braithwaite and
Olesen, 1989; Reeh, 1991) or with an energy-balance model
(e.g. Oerlemans, 1991), or taken from GCM output
(Ohmura and Wild, 1995). In our view, the energy-
balance model is an attractive tool for simulating the
surface mass balance, since the physical processes on the
surface can be described fairly explicitly in the model.

Up dll now, however, mass-balance models for the
Greenland ice sheet, [ollowing cither the degree-day
(Reeh, 1991) or energy-balance approach (Oerlemans,
1991; Van de Wal and Oerlemans, 1994) have not been

rigorously validated. One of the problems is the lack of

representative data. Nevertheless, we feel that the data we
now have available allow us to perform better model tests
than those performed so far. The Sendre Stromfjord
transect provides us with a good opportunity, since 4
years of mass-balance observations are now available,
together with the results of two detailed meteorological
experiments (GIMEX-90 and GIMEX-91; see Fig. 1 for
the set-up). In the course of the work along the Sondre
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Stramfjord transect, however, it has become clear that the
ic

melt physics of this part of the ice sheet are complicated.
In particular, the spatial variability and temporal
evolution ol the albedo makes modelling difficult. This
is illustrated in Figure 2 which shows the daily mean
albedo as measured at sites 4-9 (see Fig. 1 for locations),
together with a snapshot of the spatial distribution of the
albedo in the melting zone of central West Greenland, as
derived from a NOAA-AVHRR (Advanced Very High
Resolution Radiometer) image (Knap and Oecrlemans,
1996). In the course of the melt season, a band of low
albedo develops parallel to the ice edge, the physics of
which are poorly understood. We will discuss this feature
at length and try to reproduce it in one of our models.
Recently, 4 year observations of mass balance have
become available (given in table in Van de Wal and others
(in press): Fig. 3). Although a standard deviation can he
calculated for each stake location on the basis of the
interannual variability within the 4 year period, it is not
clear how representative the balance profile is for the long-
term (for instance, 30 year) mean. An additional problem
is that the energy-balance model requires input data that
are not very well known. For example, litde is known
about precipitation. Although regular weather observa-
tions are carried out at Sendre Stromfjord airport, it is
hard to see that precipitation amounts measured there are
representative for the ice-sheet sector under study. Lor
instance, it is known that in summer significant convective
precipitation occurs over the tundra but not over the ice
sheet. Also, because of orographic eflects considerable
variation can occur on a 100 km scale. In spite of these and
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Fig. 2. (a) Daily albedo in the summer of 1991 measured
during GIMEX-91. Sites as indicated in Figure 1. (b)
AVHRR image (visible, channel 2) from the NOAA-11
satellite for the Sondre Stromfjord area, showing a distinct
band of low albedo (20-75 km_from the ice margin) on 25

July 1991, The GIMEX transect ( thick black line) and

the location of sites 3, 6 and 9 ( filled white circles) are
also shown.
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o, 1. The experimental set-up during GIMEX-91 and surface elevation of the *“ice stations™. Site 9 is the boundary-layer

other complications, we thought it would be worth doing a
study with an energy-balance model. Although the
detailed meteorological experiments lasted for only a
short time, they have nevertheless taught us a great deal
about the exchange of energy between surface and
atmosphere, and about altitudinal gradients along the
ice-sheet surface. This puts the parameterizations used in
the energy-balance model on a sounder basis.

In the following sections we will first discuss the
observations made as part of the Greenland Ice Margin
Experiment (GIMEX). We postulate that meltwater
plavs a key role in the spatial and temporal variation of
the albedo. Then we describe the energy-balance model
used to simulate the specific balance along the Sendre
Stromfjord transect. It is based on Oerlemans (1991), but
because several of the parameterizations of energy fluxes
have been changed, a full description of the model is
given. The changes have been made on the basis of the
GIMEX experiments, and concern turbulent-exchange
coeflicients and the effect of clouds on the radiation
balance. The treatment of the albedo is perhaps the most
critical part of the study. Since the sensitivity of glacier
mass balance to climate change is significantly aflected by
the albedo feedback, it is important to generate the
albedo in the model. We have used four ‘albedo models’,
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Fig. 3. Mean profile of mass-balance observalions for the
years 1990-94 together wilh the best fit to the model grid.
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one of which involves explicitly surficial meltwater. We
discuss which albedo model performs best.

OBSERVATIONS

The GIMEX expeditions were carried out in the Sendre
Stromfjord area, 67° N, 50° W, West Greenland, in the
summers of 1990 and 1991. During the experiments,
meteorological quantities (air temperature, humidity,
wind speed. wind direction, short- and long-wave radia-
tion) were measured at several masts along a transect (the
Sondre Stromfjord transect) perpendicular to the ice
edge. Masts on the ice sheet stood freely on the surface.
The construction consisted of a regular aluminium mast
with four long legs, each at an angle of 10° with the
surface. Sharp pins were attached to the ends of the legs to
keep the mast in place. It is estimated that the tilt of the
mast was less than 27 over the entire period. Data were
collected via a telemetric system. Most of the time the
sampling frequency for all sensors was 2min. Figure 1
shows the set-up of the masts during GIMEX-91 and the
approximate surface elevation of the ice sheet. The
GIMEX expeditions are described in detail in field
reports by R, Bintanja and others (unpublished informa-
tion, 1991) and W. Boot and others (unpublished
information, 1991). An overview can be found in
Oerlemans and Vugts (1993).

Global radiation and short-wave reflected radiation
were measured simultancously with a Kipp CMI14
pyranometer. No condensation occurred on the instru-
ments, because of the relatively high temperature in the
area during the field experiment. The precision of the up-
and down-facing pyranometers is within 2%. A slight tilt
of the instruments from the horizontal plane will
introduce an additional error. However, provided the
tilt is no more than a few degrees, the effect on the daily
albedo is negligible (unpublished information from W. H.
Knap, 1992).

We define the daily albedo « as the ratio of the daily
totals of short-wave reflected radiation and global radiation.
Figure 2a shows the daily albedo for sites 4, 5, 6 and 9 taken
during a 51 d period (10 June-30 July 1991). The albedo on
the tundra (site 3, not shown) has a rather constant value
but drops slightly when precipitation occurs. Snowfall shows
up very clearly in the albedo record at site 9. The snowfall
on 34 July causes a steep increase in the albedo at sites 6
and 9, but the increase is not so pronounced at sites nearer
the ice margin (4 and 3, probably because the precipitation
there fell as rain. The characteristic daily albedo of fresh
summer snow apparently is about 0.85 and declines to a
value of about 0.65 in a few days. This finding is in good
agreement with the measurements made by the Swiss
Federal Institute of Technology (ETH-Camp) at an
clevation of 1155 masl. at a location somewhat [urther
north (Ohmura and others, 1992).

Near the ice margin (sites 4 and 5), the albedo remains
at rather constant values of 0.50-0.55. Apparently, the
dust coming from the tundra is not suflicient to cause a
significant lowering of the albedo on the ice sheet. It is not
clear, however, whether this is also the case in other parts
of the ice margin. Particularly striking in Figure 2a is the
large decrease in the albedo at site 6 in the course of the
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melt season. The observed reduction is related to the
abundance of meltwater in the snowpack and/or at the
surface, which is typical for this zone below the
equilibrium line (in this region the equilibrium line is at
an clevation of about 1400 ma.s.l.). Meltwater accumu-
lates in small pools on an irregular and bumpy surface,
and patches of old snow become saturated. Streams run
between the meltwater. All in all, the morphology is quite
complicated and one may well have doubts about the
value of measurements made at a single location. The
albedo sensor (at a height of 1.5m above the surface) is
hemispheric, but ‘sees” only an area ol about 10 m across.
However, an AVHRR image (visible, channel 2), taken
by the NOAA-11 satellite on 25 July 1991 for the arca of
Sendre Stromfjord (Fig. 2b; Knap and Oerlemans, 1996),
shows a distinct band of low albedo, hundreds of
kilometres long and running parallel to the ice edge.
This low-albedo band extends between 20km (about
800ma.s.l.) and 75m (about 1400 ma.s.l.) from the ice
margin (Fig. 2b). Knap and Oerlemans (1996) report
that the satellite-derived albedo values for the low-albedo
band on 25 July 1991 are in a range of 0.34-0.63, with the
lowest value (0.34) found about 40 km from the ice edge,
at an elevation of about 1050ma.s.l.; site 6 from the
GIMEX (about 38 km from the ice edge) was therefore
close to the minimum, and albedo values observed there
(0.27-0.53 in July) are fairly representative for the centre
of the low-albedo band. It thus appears that the strong
reduction in the albedo at elevations of 800-1400 m a.s.l.
on the ice sheet is a widespread feature in central West
Greenland during the ablation season. This albedo
pattern, which is the opposite of what is observed on
mountain glaciers where the albedo normally increases
with increasing altitude (e.g. Koelemeijer and others,
1993), has large implications for the energy budget and
deserves carelul study.

Iigure 3 shows the mean profile of mass-balance
observations for the years 1990-94. The mean equilib-
rium-line altitude (ELA) is 1431 ma.s.l. The transect
balance of the observations (Ngp) is —0.99 m w.e. vear
We define the transect balance (N) as:

fn
> DiM;. (1)

=1

N=—>
tot

Here M; is the specific balance at measuring site i, D; is
the corresponding surface distance and Dy, is the total
distance along the measured transect (about 89 km; Fig.
l). For an easy comparison, the observed mass balance is
fitted to the model grid. The transect balance of the fit
(Npi) is (Diot = 113 km; Fig. 3). It
should be noted that N does not represent the mean

|
1.19 mw.e. year

specific balance of a drainage system (lack of accurate
topographic data makes it impossible to define a drainage
basin for this area) as usually defined. Nevertheless, it is
useful to compare the models with data with respect to
the mean balance along the transect.

THE ENERGY-BALANCE MODEL

Various types of models have heen used to quantify the
energy budget as a function of time. The assumption
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underlying a simple model is that the surface temperature
is al freezing point and melting occurs whenever the
surface energy budget is positive. A comprehensive
model, on the other hand, calculates englacial tempera-
ture, density and water content on a vertical grid (e.g.
Greuell and Konzelmann, 1994). In between these two
tvpes of model one may use a model that calculates the
surface temperature by treating the ice surface as a slab
with fixed heat capacity. However, although this
approach has been used with some success in treating
land/ocean surface in atmospheric models, it does not
work well for snow and ice surfaces., because heat
conduction depends so strongly on morphology. The
type of model one selects depends on the purpose for
which it is required and, in particular, on the amount of
input data available. Regarding the annual mass balance,
it has been shown by Greuell and Oerlemans (1986) that
the difference in the results formed by the simple models
and by the comprehensive models is rather insignificant,
except where annual melt is very small. Here we will use
the simple model, as we consider it to be compatible with
the quality of data available for the Sondre Stromfjord
transect. Lt is based on the model presented by Oerlemans
(1991), but has been simplified so that it works with daily
time steps. and. consequently, with daily mean meteor-
ological quantities (unless stated otherwise).
The basic equations in the model are:

M= / [(1- f)min(0; —B/L) + P*]dt. (3)

In Equation (2), the energy balance is denoted by B and
consists of absorbed short-wave radiation (), incoming
and outgoing long-wave radiation (L; and L), and the
turbulent fluxes of sensible and latent heat (F and Fj). It
is assumed that melting takes place at the surface as soon
as B becomes positive. In Equation (3), M is the specific
mass balance, f is the fraction of the meltwater that
refreezes and does not contribute to mass loss, L is the
latent heat of melt and P is the solid precipitation.
Neither snowdrift nor water transport in the firn aquifer is
taken into account. M is expressed in m \-\'.e.yezu"

Solar radiation

Absorbed solar radiation @ is calculated as:

Q= Serame(l — ) . (4)

Here S. is the daily amount of solar radiation on a
horizontal surface at the top of the atmosphere and is
derived from standard equations (Walraven, 1978).
Attenuation of the solar beam by absorption and
scattering and by clouds is represented by the transmiss-
ivities 7, and 7., respectively. The surface albedo is
denoted by . For the clear-sky transmissivity we use (h is
surface elevation):

7, = 0.75 4 0.000023A . (5)

This is a fit to more detailed calculations presented in
Hoogendoorn (1988), for a characteristic solar elevation
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of 30°. For the effect of clouds we follow the parameter-
ization of Konzelmann and others (1994), which is based
on data from the Greenland ice sheet;

7. = 1 —0.78n% exp (—0.00085h) . (6)

Here n is cloudiness (between 0 and 1). It should be noted
that Equation (6) implies that clouds have considerably
less effect on the global radiation than the parameteriza-
tion used in earlier models (Oerlemans, 1991; Van de Wal
and Oerlemans, 1994). The latter parameterization was
hased on data from the Alps, where clouds apparently are
optically thicker. For typical cloud conditions in West
Greenland, there can be a difference in global radiation of
up to 13% (Konzelmann and others, 1994).
The albedo is treated below in a separate section.

Long-wave radiation

For the incoming long-wave radiation L; we also follow
the parameterization for daily means as presented by
Konzelmann and others (1994). It reads:

L= nﬁ."{[o.za +0.483 (%)”“5}(1 -n?)+ 0.96n3} :
(7)

Here o is the Stefan-Boltzmann constant, 7T, 1s air
temperature and e, is vapour pressure (2m above the
surface). For a melting surface with emissivity 1 the
outgoing long-wave radiation L, is:

Le=31568 W™ (8)

Turbulent fluxes

The turbulent heat fluxes are calculated with the bulk
method, in which the fluxes are set proportional to the
temperature/humidity difference between atmosphere
and surface, namely:

F,=C(T, - T) (9)
622

R :Mg(e_a — ) - (10)
Cpp

Here C is the exchange coeflicient, L is the latent heat of
melt, ¢, is specific heat, p is pressure and e, is saturation
vapour pressure at the surface. The latter is approximated
by (Kraus, 1972):

over water: e, = 610.8exp[19.858(1 — 273.15/T,)] ,(11)
€as = 610.8exp [22.47(1 — 273.15/T,)]. (12)

over ice:

Equation (11) is used whenever the energy balance is
positive,

The exchange coeflicient C' is taken to be the same for
the latent and for the sensible heat flux, but depends on
altitude. This approach was used by Oerlemans (1991)
and is supported by the work of Ohata (1991). On the
basis of the GIMEX results, we use:

=21 22 exp(_—h) (C <16) (13)
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A detailed discussion of Equation (13) is given in the
Appendix.

INPUT DATA

Meteorological input data needed to run the model are:
daily means of surface air temperature (at 2 m), humidity
{at 2m), cloudiness and precipitation as well as daily
mean isolation.

Since only limited information is available about
relative humidity, a constant value of 76% is used in the
present study: the value is based on observations made at
the Sendre Stromfjord weather station (DMI, 1990-92).
For comparison we mention that the mean humidity
measured during GIMEX-91 was 74% at site 4 (mean of
54 summer days), and 79% at site 9 (mean of July). For
cloudiness we take a constant value of 0.59 (mean over the
melting zone during GIMEX-9] (unpublished data)).

Table 1. Parameter values used in the models

The 2m air temperature is generated as follows:

(QTI’(D — 12

)

Here T, is the mean annual temperature at sea level, Ay
is the seasonal temperature amplitude, D) is the day

T, =T, —vh+ At cos

= = (14)
0

number (1 January = 1), and 7 is the atmospheric lapse
rate (taken to be —0.0075 K m ! on the basis of the mean
of GIMEX measurements in the melting zone). Values of
T, and Ar used in calculations (based on temperature
data from the Sendre Stromfjord weather station
(Ohmura, 1987) and GIMEX data) are listed in Table
1. Figure 4 shows the temperature cycle as used in the
present calculations. The fit to observed data is generally
good, except in late winter, This does not aflect the
calculations, however.

We assume that whenever air temperature is below
2°C, precipitation falls as snow. We further assume that

Parameter Notation Value Source
Model |
Mean annual temperature T 3.57C This work
Seasonal temperature amplitude At 15°%¢ This work
Albedo of snow Qs 071 Tuning
Albedo of ice jco 0.40 Tuning
Model 2
Mean annual temperature N il This work
Seasonal temperature amplitude At I35 This work
Albedo of snow gy, 0. 75 GIMEX-91, see text
Background albedo ay, varies Ocrlemans, 1991
Constants aq .12 Tuning
s 500 m Tuning
a; 250 m Tuning
ay 0.54 Tuning
Model 3
Mean annual temperature T 3.5 This work
Seasonal temperature amplitude Ar 15°C This work
Albedo of snow Cesp 0. 75 GIMEX-91, see text
Background albedo oy, varies Oerlemans, 1991
Constants a 0.11 Tuning
eh) 500 m Tuning
(13 350 m Tuning
a4 0.49 Tuning
Model 4
Mean annual temperature ™ -3.0°C This work
Seasonal temperature amplitude At 1590 This work
Albedo of snow gy 0.75 GIMEX-91, see text
Albhedo of ice Qtica 0.55 GIMEX-91, see text
Albedo of water o Q.15 Hummel and Reck, 1979
Albedo of slush g 0.45 This work
Scaling factor for meltwater w* 0.20m  Tuning
Coonstants c 1.5d Tuning
o 25d Tuning
C3 140 Tuning
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Fig. 4. The temperature cycle used in the model

calculations, based on Ohmura and Reeh (1991) and the
GIMEX measurements.

precipitation occurs on one day out of 13; therefore there
are about two significant precipitation events per month.
We did not attempt to use different precipitation rates for
different months, since information [rom the Sendre
Stromfjord weather station cannot be considered repres-
entative for the ice sheet (it is known that Sendre
Stromfjord has more precipitation in summer because of
convective showers; however, these hardly occur further
up the ice sheet). On the basis of the annual precipitation
at Sondre Stromfjord (0.16 myear ') and the precipita-
tion map of Ohmura and Reeh (1991), we use the
tollowing linear expression with altitude as variable:

P = 0.16 + 0.0000578 . (15)

Thus, between the ice margin and the higher part of the
model transect the precipitation rate P increases by 80%.

SURFACE PROCESSES AND ALBEDO

The parameterization of the albedo is closely connected
with the way in which the surface is treated. We consider
a hierarchy of model versions, in order to find out how the
simulation of observed albedo and specific balance can bhe
significantly improved. The model versions are:

1. Two-albedo model. @ = 0.71 (snow) or 0.40 (ice).
2. No-refreezing model. e as in Oerlemans (1991).
3. Simple-refreezing model. @ as in Oerlemans (1991).

4. Meltwater model. e depends on snow density and the
presence of slush and meltwater.

Below we give a deseription of each of the model versions.
Since new parameterizations on surface mass balance and
surface albedo are used in the meltwater model, we will
discuss these in detail.

Model 1: the two-albedo model

The albedo can have only two values, one for snow and
one for ice. This implies that the albedo above the
equilibrium line is constant in space and time. Below the
equilibrium line it jumps from the snow value to the ice
value as soon as all snow has melted. In this model
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version, there is no refreezing, i.e. in Equation (3) f =0
all the time. Whenever the energy budget becomes
positive (B > 0), snow or ice has begun to meli. The
meltwater runs off immediartely.

Model 2: the no-refreezing model

In the mass-balance model presented in Oerlemans
(1991), the albedo was calculated from:

o« = max [0.]2; ey — (e — ) exp(—=5 dy,)

— 0.015My| - (16)

Here o, is the albedo of snow, dg, is the snow depth, My,
is the accumulated melt during the ablation season, and
ay, 1s the background albedo. ay, is defined as:

h — E+ a;
ayp, = a; arctan (;) +ay. (17)
ag

Here E is the ELA and ay, a2, az and ay are constants. To
obtain a smooth transition between «y, and au,, the
increase in the albedo is assumed to be a smooth function
of snow depth dg,. Here again, refreezing is neglected.

Model 3: the simple-refreezing model

In this model version the albedo is calculated in
essentially the same way as in model 2, except that
different values are used for the constants in Lquation
(17) due to the inclusion of the refreezing effect in the
model. We will discuss this later.

The effect of the refreezing of meltwater is included in
the model in a simple manner, as described in Oerlemans
(1992). Meltwater that penetrates into snowpack will
refreeze and remain there if the temperature is below
melting point. It is assumed that during the melting
period an upper layer with a heat capacity equivalent to
2m of solid ice (density pie = 900kgm ) will be heated:;
in this layer the ice temperature will be brought up to
melting point. The fraction of energy involved in melting
ice or snow (Bj.) increases as the ice temperature (Tice)
rises in the ablation season. Consequently, the heat flux
into the upper ice/snow layer (Hi.) decreases and
becomes zero as soon as the ice temperature reaches
zero. The equations used read (Oerlemans, 1992):

Bite = Bexp(Tic.) (18)
Hil_'r_- == B — Bi(-e = B[l A= eXp(T‘icu)] (ﬂt't' S 0) {19)

Tice 1s set equal to the annual mean temperature at the
beginning of each balance vear. Change of Tj.. can then
take place only through refreezing of meltwater when the
ablation season starts. This means that the higher the
clevation, the lower the temperature, and thus the harder
it is [or significant runoff to begin.

Model 4: the meltwater model
In this model version the albedo depends on snow

density and on the presence of slush and meltwarter at the
surface.
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[t is known that in some way the large variations in
the albedo are primarily related to the presence of
meltwater at the surface. We have come to the conclusion
that a realistic parameterization for the albedo can only
be achieved if the amount of meltwater is tracked. This 1s
difficult, however. Models exist for the transport of water
through firn (e.g. Ambach and others, 1981), but these
are not applicable, since in the zone we are studying there
is no uniform firn layer. The flow in the meltwater
channels can be described by simple hydraulics, but this
does not seem to be the important issue. What really
determines the time-scale of the surficial meltwater runofl’
(averaged over a 2km x 2km area, for instance) is the
time the water takes to reach the drainage system. In fact,
from the time melting begins until the moment meltwater
runs ofl, the surface of the ice sheet undergoes a
complicated metamorphosis which changes the state of
the surface dramatically and thus determines the
behaviour of meltwater on the surface. 'This consequently
affects the surface albedo. In the light of this, the surface
albedo is modelled in such a way that it can simulate the
following regimes: (i) decrease in the albedo during the
first part of the melting season (dsy;, > 0) due to the
densification of the snowpack; (ii) decrease in the albedo
associated with accumulation of meltwater during the rest
of the melting period when the surface is snow-free
(dy, = 0). Figure 5 depicts a schematic structure of the
parameterizations used in the model for surface mass
balance and surface albedo.

Surface mass balance

The available positive energy (B), as calculated by
Equation (2). is used to melt snow and ice in the following
steps:

initialization:
slush (dy = 0)
superimposed ice (d=0)
meltwater (W =0)

mass balance (M =0)
snow density (p)
snow (dgg)

new time step (At=1day)

snowfall (P*)
Ta<20C?
no

Ayt P* energy balance (B)
M p >07

yes
calculation of melting (h,,)

snow temperature (T.,)
= Uc(‘ ?

if: the end of melting season
then: initialization of d,

calculation of albedo (a)

A

snow saturated with
meltwater (dg=dy,) 7

no runoff (R=0)
meltwater refreezing
snow temperature (1,,) warming up

snow density (p) increasing

ves
calculation of runoff (R)
calculation of snow density (p)
dythy-R  (dy<d,)
calculation of runoff (R) d.-h, = 3 > ﬁn
s Tt (20
Wthn-R M-R
Ao By (dgy =dp)

if dgy= 0 then dyg-hpy
if dg;=0then ice melts

M-R

Snow melts. All meltwater is allowed to penetrate
downwards into the snow cover and refreeze there as
superimposed ice (dy). The snow cover (dg, ) is delined
as a snow layer that has accumulated since the end of
the previous melting season (starting from Julian day
230, 18 August). It 1s added with snowfall (P*) and
subtracted with melting (fy:).

The corresponding energy of the relreezing is used to
heat up the snow layer. The mean temperature of the
snow layer (T4,) is brought up towards the melting
point. The snowpack is densified due to melting and
refreezing. At this stage, no runoff takes place and
there is no change in mass.

The snow temperature (T,) exceeds the melting
point; Ty, is put equal to 0°C. The meltwater
percolates into the snow to build up a slush layer
(dg) (a snow layer saturated with water). The slush
(dg) does not exceed the snow cover (dg,). The
densification of the snowpack continues. Runofl' (R)
starts.

The snow/slush has melted away. The superimposed
ice. melts. Depending on the surface slope (),
meltwater (W) starts accumulating on the surface.

The ice melts.

Surface albedo parameterization
The surface albedo is calculated according to the state of
the surface (snow/slush/ice):

During the melting season (B> 0), until the cold
storage ol the winter snow has been eliminated
(dy, = 0), the albedo is assumed to be a linear

initialization:
snow albedo (o)
ice albedo (o)
b water albedo (o5
slush albedo (o)
fresh snow density (p,)

water density (pyap)

new time step (At=1day) [

energy balance (B) o ifd,, >0 then o= Uy
?

=0 ifdgn=0 then a =0y,
yes

ifdgy>0

@ = O+ (- | - Pand / (Pryar-Pian)]
ifdgy=0 >

@ = Oy~ (gt = Oe) €W/ W

Fig. 5. Schematic structure of parameterization adopled in the meltwaler model for (a) surface mass balance and (b)

surface albedo.
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fraction of the mean density of the snowpack (p); from
the moment the surface becomes snow-[ree, the albedo
is determined by the amount of meltwater at the
surface (W), In formulating the latter regime, we
ensure a smooth transition between ice and water
albedo by using an exponential function.

Qutside the melting season (B < 0), albedo is set
either to the snow albedo (ay,) or to the ice albedo
(¥ico), depending on the properties of the surface.

Thus, the surface albedo is lower for higher density and
larger wetness of the surface. The parameterization is
based on the notion that density and wetness may
represent the effects of surface roughness, grain-size and
liquid-water content (Warren, 1982; Greuell and Kon-
zelmann, 1994).

Densification by metamorphosis includes the effect of
snowfall, refreezing and melting:

(dsn o d:i N Ll:s})f"sn

o= 1 (dsi = d-.\'u«. (‘ihl < dh'll'dt'ill = 0)
sy

(20)
Here p is the mean density of the snow cover in kgm *
and pg, 1s the density of fresh snow (assumed to be 300
kgm ?). It is obvious that the mean density p increases
with increasing melting.

Because the ice temperature at the depth of a few
metres is below melting point, the meltwater channels
remain at the surface until they approach the ice margin
and disappear in moulins (this happens typically a few
kilometres from the ice edge). Meltwater probably
reaches the drainage system quicker when the general
surface slope is larger. Therefore, we decided to use an
equation for the arca-averaged surficial meltwater W
which takes into account surface slope S in such a way
that it can find:

a finite value for s = 0

a finite value for S — oc.

The equation reads:

dW W
T P, — = (21)
where
= +emexp(—S) S—x " —¢
g—=0 T —ato. (22)

Here P, is the production of meltwater that does not
refreeze and (" is the characteristic time-scale for
meltwater runofl’ as mentioned above. The surface slope
S is derived from a fit to the altitude profile along the
GIMEX transect which was inferred from differential
GPS measurements (Fig. 1). Equation (22) contains three
constants that have to be chosen. Unfortunately, no
information is available concerning the amount of
surficial water over the course of time. So the best one
can do is to determine optimal values for ¢1, ¢2 and ¢3 by
optimizing the simulated albedo against the observations
and at the same tme taking into account that the
obtained t* is realistic. In light of this the values of ¢y, €3
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and ¢z used 1n the model are 1.5, 25 and 140, respectively
(Table 1). Thus, all meltwater at the surface would drain
away within 1-2d if the surface slope is very large, while
it would take about 26 d to drain away all meltwater on a
flat surface with the slope close to 07

The expressions for the albedo in all situations
therefore read:

it B>0

o= Qgn + (asl — Qs I:M] (dbn = U) (23)

pwat = p.a:n
W

O = Qlyat — (a\\'al - ail?[') PXP( w ) (dsn = 0) (24)
it B<0

O = Qg (dsu = 0) (25)

O = Qjce (dsn — 0) (26)

Here vy 1s the albedo of water, ay is the albedo of slush,
Pwat 1s the density of water (1000kgm % and w' is a
constant. The values of agy, @1, Gwat and oviee are taken to
be constants (sec Table 1). In the present version of the
model, 0.75 is taken as the mean snow albedo, an
intermediate value of the observations at site 9 (ranging
from 0.64 to 0.89; GIMEX-91). The slush albedo (0.45;
Table 1) is chosen rather arbitrarily because no inform-
ation is available. Since slush is in fact a mixture of snow
and water, we feel that an intermediate value between the
snow albedo (0.75) and the water albedo (0.15) may be a
reasonable approximation, because what we deal with is
not a uniform saturated snow layer but a patchy surface
where some parts are wet and melting, and other parts
are covered by snow. What we want to express here by a
gradual transition from snow albedo to slush albedo does
not represent an albedo change at a single spot where
albedo “jumps” from snow to slush due to the water table
in the snow rising to the snow surface, as observed in the
field, but a mean effect of the albedo transition at surface
where some parts are covered by slush or water and other
parts are covered by snow during the early period of
melting. As initial condition we take a bare-ice surface,
with an ice albedo of 0.55 (based on the observations of
GIMEX-91). Note that the albedo prescribed a priori is
not altitude-dependent.

SIMULATION OF A REFERENCE STATE

Comparison of models is meaningful only when they are
calibrated against the same data. We have adjusted
model parameters (Table 1) in such a way that all models
correctly simulate:

the observed mean ELA, F (1431 m; Fig. 3);

the observed transect balance, Nj (—1.19mw.e.

vear '; Fig. 3).

The integration of the energy-balance model was perfor-
med with a ld time step, starting on | January.
Calculations were done for a number of grid points
which have equal distance in elevation at intervals of
150 m. Results of the reference experiment are presented
in Figures 6-9.
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Figure 6 shows comparisons between the observed
(mean of 1990-94) and the calculated mass balance for all
four models. The modelled mass balance generally agrees
well with the measurements except for the lower reaches
of the transect (Fig. 6a and b). It seems that among the
four model versions the meltwater model (model 4)
performs best in reproducing the balance variations along
the transect. Surprisingly, the simplest model version
(model 1) does a good job as well. The specific balance at
the lower part of the transect (below 500 ma.s.l.) is not
well predicted by the other models (models 2 and 3; Fig.
6). Calculations using model 4 indicate that the absorbed
short-wave radiation (136 Wm 2, daily mean for the
GIMEX-91 period 10 June-31 July), at 350 ma.s.l.,
accounts for 70% of the total energy available for
melting. This agrees with the measured absorbed short-
wave radiation (117Wm ?, daily mean for the same
period) at site 4 (340ma.s.l., Fig. 1) which accounts for
73% of the total. Significant overestimates of ablation
arrived at using models 2 and 3 (Fig. 6b) can bhe
explained by the effect of the unrealistically low surface
albedo that the model generates for the ice margin.

tﬂ-_? 1 T T T T T T T =
; 0F 4 modell El/&/g 4
E =  model2 =
g 1 [+ model3 s

5 & o  model 4 | 'g/ﬂy,/g’/ =
= L o s =
L R

g 2 el fa i
= 6 - "
”3 7 == 1 L L 1 L I 1

E =7 -6 5 -4 -3 -2 -1 0 1

observed mass balance (m w.e.)

a
A e o ) = e e e e e e e Ty
model 1 | model 2 | model 3 | modeld 1
=~ 15f¢eq line N\ eq line T eq. line - eq. line 5|
T [, el SO
._-.:E 1.0 [ - -+ - E
&
g (0570 o i =1 = I ~
a

PR [ IS SO T S s o b g il
3 -2 -1 0 -3-2-10 3210 -3 -2-10
modelled mass balance - observed mass balance (m w.e. year"]

Fig. 6. Comparisons between the (a) observed (mean of
1990-94) and the (b) calculated mass balance in the
reference experiment for all four models: (a) the modelled
mass balance plotted against the observalions; (b)
elevation  dependence of the differences between  the
modelled and the observed mass balance.

The transect balance (N; Equation (1)) computed by
means of all the models is compatible with the obsery-
ations (Np: Fig. 3). The difference between N and Np; in
all cases is less than 3%. Obviously it is possible to fit the
measured transect balance quite well by tuning the model
parameters regardless of the model schemes. However,
how well can the models reproduce the temporal var-
iations of the meldng observed in the field? Are the
models capable of predicting the albedo variations seen
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along the transect? Figure 7 illustrates the computed and
the measured time dependence of the melting at site 4
during the summer period for all the models. Of the four
models, model 4 (the meltwater model) apparently does
the best job. It should be realized that fitting the transect
balance well alone is not very meaningful if the observed
temporal and spatial variations of the ablation cannot he
correctly simulated.

8 T T T
Y |
3 6
B
R *
=
=
® 2 1
o
5
0 o
1 1 L 1 1 1 |
135 150 165 180 195 210 225 240 255
a
5 T T
a | —
g wemecmeas bserved
= 4 | = — -model 1 1
é [ |=-—-----model 2 o
& 3| |-r=r~model3d W 5
2 —— model 4 | e
= L 4
g 2}
7]
=
= 1F 1
=
| -
= 0 ablation from 1 June |
L&)
| 1 | 1 | | 1
135 150 165 180 195 210 225 240 255
jun jul aug sep
b time (Julian day)

Fig. 7. Comparisons between the measured and the
modelled time dependence of the melting at site 4
(337 masd.. GIMEX-91) during the summer period
Jorall the models: (a) daily ablation: (b) cumulative
ablation.

Figure 8 presents a comparison between the observed
(GIMEX-91) and the calculated surface albedo for model
4. It appears that a better simulation of observed albedo
can indeed be obtained if water at the surface is explicitly
included in the model. There is still a significant dis-
crepancy between the calculated and the observed
albedo, however, especially at sites 5 and 6. It should
be mentioned that, when GIMEX-91 was being set up in
early June 1991, there was still some snow cover around
site 6. However, the mast was eventually put up on bare
ice instead of snow, because the task was simpler. This
partly explains the discrepancy between the observed and
the calculated albedo for site 6 during the onset of the
ablation season. The difference between the calculated
and the observed albedo at site 9 can be explained by the
fact that a mean value (0.75, on the basis of the albedo
observations at site 9) was taken as the snow albedo in the
model, and that the eflect of snow ageing was not
included in the calculation. The calculated albedo at site
9 thus cannot depict the particular variations due to those
precipitation events and the snow-ageing effect. Never-
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Fig. 8. Temporal variation of surface albedo at (a) sites 4
and 5, (b) sites 6 and 9 along the Sondre Stromfjord
transecl. Lines are the model resulls: symbols are lhe
observed data collected during GIMEX-91.

theless, the model is able to reproduce the major char-
acteristics of the albedo pattern in the melting zone along
the Sendre Stromfjord transect. On the other hand, the
simulated albedo variation derived from models 1, 2 and
3 could in no way compare with the observations. The
reason is clear. In model 1, only two values are assigned to
the albedo, no allowance being made for spatial and
temporal variation. There is simply a switch from one
value to the other. In models 2 and 3, the effect of
meltwater is not considered in the scheme.

To find out how realistically model 4 performs, the
simulated temporal variation in various quantities during
the melting season for the Sendre Stromfjord transect is
plotted in Figure 9. As seen in the figure, the melting
period (B > 0), at the grid point at 200m a.s.l., starts in
late May and lasts for about 3.5 months, whereas higher
up on the ice sheet, near the equilibrium line, melting
does not occur until the end of June and lasts for approx-
imately 1 month (Fig. 9f). As soon as the ablation begins,
the snow layer is heated up to melting point in a matter of
days (2-6d; Fig. 9¢), and the mean density of the
snowpack increases rapidly (Fig. 9b). As melting
progresses, runoff begins; water starts to accumulate on
the surface; a slush layer builds up and snow gradually
melts away. At the ice margin, the whole process of
snowpack elimination (for example, snow depth of
0.12mw.e.) takes about 10d, whereas high up on the
ice, 25d are needed to melt away a snowpack of
0.16 mw.e. (Fig. 9d). This is reasonable and is supported
by field observations (Henneken and others, 1994).
Therefore, it can be concluded that the surface
conditions and transect balance along the Sendre
Stromfjord transect have been simulated satisfactorily,
and a set of sensitivity tests can now be attempted.

CLIMATE SENSITIVITY

In this section we investigate the implications of the
various models for the sensitivity of specific balance to
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Fig. 9. (a) Energy budget B, (b) mean snow density p,
(¢) mean snow temperature Ty, (d) snow depth dg,, (e)
slush depth dgy and (f) ablation as a function of lime for
three different grid points along the Sendre Stramfijord
transect.

changes in air temperature and precipitation,

First, we made calculations for perturbations of +1K
in air temperature. [t has been suggested, however, that
increasing temperature on the Greenland ice sheet also
involves somewhat higher precipitation rates (e.g.
Huybrechts and others, 1991). Therefore we also carried
out model runs with combined perturbations in air
temperature and precipitation (a + 1K temperature
change with a +5% change in precipitation). Changes
in transect balance (AN) and in ELA (AE) for all the
models are summarised in Figure 10,

It is clear that values of AN are not very different (the
increased ablation ranging from 40% to 45% for a 1 K
warming); in the case of combined perturbations, the
differences in AN are slightly larger (the increased
ablation ranging from 31% to 39%; Fig. 10a). For
changes in ELA, model 1 appears to be the most sensitive
(Fig. 10b). This is probably due to the discontinuity in
the albedo transition between snow and ice.

With regard to changes in mass-balance profiles,
however, the picture looks different (Fig. 11). There are
large differences between the models. The change in mass
balance in model 1 shows a sharp peak around 1400 m
a.s.l. elevation. This is obviously caused by the jump in
albedo as discussed previously. The largest change at
mid-elevation seen in model 2 can be explained by the
albedo feedback. A lifting of the ELA due to a 1K
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Fig. 10. Changes in (a) transect balance and (h)
equilibrium-line altitude for perturbations in air temper-
ature and precipitation for all the models.
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Fig. 11 Sensitivity of the mass-balance profile lo changes
i air temperalure for all the model versions.

warming reduces the albedo significantly, thus reducing
the surface albedo and enhancing the melting. Model 3
behaves similarly but with a less pronounced mid-
elevation maximum because of the eflect of refreezing.
With the meltwater albedo coupling in model 4, the
changes in specific balance reach a maximum just below
the equilibrium line. On the lower part of the ice sheet,
however, the change in mass balance tends 1o become
independent of elevation. On the basis of estimates made
with the meltwater model, a 1 K increase in the annual
mean air temperature leads to a change of 161 m in the
1.22 10
(the mean ablation increases by 0.5 m

ELA, and the transect balance changes from
!
—1.72 m w.e. year
|
w.e. year ).
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It should also be noted that a change in precipitation
has only a slight effect. A very large change in precip-
itation would be needed to cancel out the temperature
effect.

CONCLUSIONS

Four energy-balance models have been presented.
Although all are capable of predicting the transect
balance reasonably well, only the meltwater model is
able to reproduce the albedo pattern and the mass-
balance profile which were observed along the Sondre
Stromfjord transect in central West Greenland. When
meltwater and its effect on albedo are included in the
model, the simulation of albedo and mass balance
improves considerably.

Sensitivity tests show that the largest response of the
specific balance to temperature and precipitation changes
occurs just below the equilibrium line. This is in contrast
to findings for mountain glaciers (where sensitivity
decreases with increasing altitude; Greuell and Oerle-
mans, 1986; Oerlemans and Hoogendoorn, 1989). In case
of climate warming, low-albedo zones may become
widespread and lead to significant additional runoff
from the ice sheet.

We have modelled the densification of the upper
snowpack and the amount of meltwater contributing to a
lowering of the surface albedo with a simple approach. It
should be possible to refine the model considerably. but
this will be worthwhile only if more extensive data
become available. Such data must be derived from
carefully calibrated and validated remote-sensing pro-
ducts and must have sufficient spatial and temporal
resolution.

Lt is not clear how widespread the occurrence of “low-
albedo zones™ over the Greenland ice sheet is. Also, at this
stage it is not possible to identily arcas having the char-
acteristics that will turn them into low-albedo zones if
there is significant climate warming. However, the large
increase in ablation rates when the meltwater—albedo
feedback is included implies a potentially important
mechanism that may affect the balance of the whole ice
sheet. Further study of this topic is needed.
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APPENDIX
ESTIMATE OF THE EXCHANGE COEFFICIENT

So far, direct observations of turbulent fluxes on glaciers
(hy eddy-correlation techniques) have been very limited
(e.g. Munro, 1989; Henneken and others, 1994, and data
sets are not yet adequate for a thorough verification of
existing theoretical schemes (the profile method, in
particular). Therefore, it seems worthwhile to use
alternative methods to estimate exchange coeflicients.

One such method is to calculate the total turbulent
exchange as a residual in the energy balance. This
requires accurate measurements of the radiation balance,
the sub-surface energy flux and the amount of energy
used for melting. In practice, sufficient accuracy can only
be obtained over longer periods of time during which the
melt process is simple (negligible sub-surface heat flux, no
internal accumulation, air temperature above the melting
point most of the time).

These conditions are met for three sites (4, 5 and 6; Fig.
1) along the GIMEX transect, and an attempt has heen
made to estimate the turbulent exchange by closing the
energy budget. The period considered is 10 June-25 July
1991. Data available are measured ablation, air tempera-
ture, wind speed, absorbed solar radiation, and humidity
at site 4. Some other quantities were not used because the
measurement errors were considered too large.

The long-wave radiation balance is calculated using
the parameterization developed by Konzelmann and
others (1994). First of all, cloudiness is estimated from the
difference between theoretical clear-sky global radiation
and the actually observed global radiation (the result for
site 5 is shown in Figure 12). Estimated cloudiness,
measured air temperature and vapour pressure are then
used to calculate the long-wave balance. Humidity was
measured only at sites 4 and 9. Values for sites 5 and 6
were obtained by interpolation.

Now the exchange coeflicient €' is defined in:

B= R4-4HT —T)

ol o, @y

Cp
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Fig. 12. Theoretical clear-sky global radiation (including
the effect of waler vapour and variations in surface albedo
through multiple reflection between surface and atmos-
phere) and measured global radiation at site 5.
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Here B is the energy available for melting per unit of time
and area, R is the net radiation, and the last two terms
are the turbulent flux of enthalpy and latent heat,
respectively. C' is the exchange coefficient (taken equal
for sensible and for latent heat), T}, is air temperature, T}
is surface temperature (melting point), Ly is latent heat of
vaporization, ¢, is specific heat, and ¢ is specific humidity.
At the same time the mass budget is (Ly, is the heat of
melting and M the rate of change of mass per unit area in

kg m *g g
.

, o B )
M = melting—deposition —— = M +—(q — gua) -
m Cp

(A2)

Eliminating B now vields:

ﬂler = R + C(T:l == T:«) + EL\(Q - qﬁi-ll) .

Cp

(A3)

Taking the mean value over the entire period and solving
for C' gives:
MLy, — R
C" = m ) (A4)

— .
Ta o Tu +C—‘((1 o qﬁﬂt)
P

Figure 13 shows the values for €' obtained in this way. In
spite of the large error bars, the data suggest that the
exchange coeflicient decreases significantly with increas-
ing distance from the edge of the ice sheet.
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% I
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Fig. 13. Exchange coefficients caleulated by closing the
energy balance for sites 4, 5 and 6. The error bars resull
when the uncerlainly in the energy balance is assumed to be
6% . This yields a very large error for site 6, because the
turbulent fluxes are small there.
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