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In the near coastal regions of Dronning Maud Land, Antarctica, below-surface ice- 
melt in blue-ice areas has been observed. The low scattering coefficients of the large- 
grained blue-ice allow penetration of solar radiation, thus providing an energy source 
below the ice surface. The sub-surface meltwater is significant enough to show up on 
remote-sensing imagery in the form of ice-covered lakes. Adjacent snow-accumula- 
tion areas have much higher scattering coefficients and consequently limit solar 
radiation penetration in these regions. These snow and ice surfaces are generally 
below freezing, and little surface melting occurs. To assess the response of these melt 
features to changes in atmospheric forcings such as cloudiness, air temperature, and 
snow accumulation, a physically-based model of the coupled atmosphere, radiation, 
snow, and blue-ice system has been developed. The model consists of a heat transfer 
equation with a spectrally-dependent solar-radiation source term. The penetration of 
radiation into the snow and blue-ice depends on the surface albedo, and the snow and 
blue-ice grain size and density. Model simulations show that ice melt occurring in this 
area is sensitive to potential variations in atmospheric forcing. Under certain 
conditions more traditional surface melting occurs and, under other conditions, the 
existing melt processes can be shut down completely. In light of the sensitivity of this 
system to variations in atmospheric forcing, and the ability to view melt-related 
features using remote sensing, a tool exists to efficiently monitor variations in 
Antarctic coastal climate. 

G. E. Liston, Dept. of Atmospheric Science, Colorado State University, Fort Collins. CO, 80.523 USA; 0. 
Bruland & K. Sand, SINTEF Norwegian Hydrotechnical Laboratory, N-7034 Trondheim, Norway; .I.& 
Winther? Norwegian Polar Institute, Polar Environmental Centre, N-9296 Trams@, Norway; H. Elvehgy, 
Norwegian Wuter Resources mid Energy Administration, N-0301 Oslo, Norwuy. 

Introduction 

In the near coastal blue-ice regions of Dronning 
Maud Land, Antarctica, below-surface ice-melt 
features have been regularly observed during 
recent Norwegian Antarctic Research Expeditions 
(NARE) to an area called Jutulgryta, located at 
7 1 “24’S, O”3 l’E, at an elevation of approximately 
150m (Fig. 1) (Winther et al. 1996). The 
Jutulgryta area consists of gently rolling ice 
topography having ridge-to-valley distances of 1 
to 4 km, with ridge-to-valley heights of approxi- 
mately 100 m. The region experiences strong and 
persistent easterly winds that generally keep the 
blue-ice surfaces swept free of winter snow 
accumulations (Takahashi et al. 1988; van den 

Broeke & Bintanja 1995a; Liston et al. in press). 
These blue-ice areas have important physical 
characteristics that influence the local surface 
energy balance, meteorology and climate (Bintan- 
ja  & van den Broeke 1994; van den Broeke & 
Bintanja 1995b; Bintanja et al. 1997). The 
combination of easterly winds and rolling ice 
surface topography leads to snowdrift accumula- 
tion zones that form in the lee of the ice hills 
during winter. These snow-covered regions are 
found adjacent to the blue-ice fields in the form of 
bands 500 to 1000 m wide and several kilometres 
long, and cover about 30% of the area (Winther et 
al. 1996; Liston et al. 1999). 

The blue-ice areas of this region continually 
experience below-surface melting during the 
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Fig. 1. Location of the Norwegian Antarctic Research Expedi- 
tion (NARE) study area in Jutulgryta. Dronning Maud Land, 
Antarctica. 

summer months; this generally occurs while the 
air, snow and ice surface temperatures are below 
freezing. The sub-surface melting can be ex- 
plained largely by the interactions between the 
snow-ice-water matrix and the near surface 
radiation and energy balances. The low scattering 
produced by the relatively large-grained blue-ice 
allows short-wave solar radiation to penetrate the 
ice, thus providing a heat source below the ice 
surface that is sufficient to warm and melt the ice. 
The meltwater produced by this mechanism drains 
within the blue-ice matrix and accumulates in 
lakes which drain both from distinct discharge 
channels and through the ice below. These melt- 
water accumulation lakes can be a few kilometres 
across and are of sufficient size to show up on 
LANDSAT and ERS imagery (Winther 1993; 
Winther et al. 1996). Nearly all of the observed 
melting activity in the blue-ice areas occurs at least 
15 cm below the typically frozen upper surfaces. 
Adjacent snow accumulation areas have much 
higher scattering coefficients and consequently 
limit solar radiation penetration and sub-surface 
melt. 

To help describe and explain the differences in 
melt-related features observed in the blue-ice and 
snow-covered areas of Jutulgryta, a physically 
based numerical model of the coupled atmosphere, 
radiation, snow, and blue-ice system was devel- 
oped (Liston et al. 1999). The model consists of a 
one-dimensional time-varying heat transfer equa- 
tion that includes a spectrally dependent solar 
radiation source term. The penetration of radiation 
into snow and blue-ice depends on the solar 
radiation spectrum, the surface albedo, and the 
snow and blue-ice grain sizes and densities. The 
model is run over the full annual cycle, simulating 
temperature profiles and melting and freezing 

quantities throughout the summer and winter 
seasons. In this paper, the model is used to address 
the sensitivity of this below-surface melt to 
variations in atmospheric forcing. 

Model description 

A detailed description of the model equations and 
the solution procedures can be found in Liston et 
al. (1999). The physically based model has been 
formulated to describe the one-dimensional, time 
dependent temperature and melting distributions 
within a snow or ice cover that allows solar 
radiation penetrating into its upper layers. The 
formulation relies heavily on the methods of 
Schlatter (1972), who developed a model to study 
the sub-surface temperature and melt profiles in 
Antarctica using a broad-band (spectrally inde- 
pendent, and constant with depth) solar radiation 
extinction coefficient. In addition, the formulation 
makes strong use of the techniques developed by 
Brandt & Warren (1993), who modified Schlat- 
ter's methodology to include the spectral depen- 
dence of solar radiation penetrating snow and ice. 

Energy is transferred through the snow-ice- 
water matrix by conduction along grain bound- 
aries, and by vapor diffusion along pore spaces. In 
addition, this problem requires a solar radiative 
energy source term that varies with depth. The 
general ice temperature distribution and temporal 
evolution is described by the following one- 
dimensional heat transfer equation: 

where Ti is the snow-ice temperature, 2 is the 
vertical coordinate, t is time, pz is the snow-ice 
density, C, is the specific heat of the snow-ice, and 
q is the solar radiative flux. The thermal 
conductivity of the snow-ice matrix, k;, is given 
by (Sturm et al. 1997), and the latent heat flux 
coefficient, k,,. that accounts for water-vapor 
diffusion within the air passageways, is defined 
following Schlatter (1972). The radiation flux 
penetrating the snow or ice, q, is computed using a 
two-stream approximation, as does Schlatter 
(1972). The dependence of this radiation flux on 
the solar radiation spectrum and the snow-ice 
density and grain size, is defined following Brandt 
& Warren (1993). 

The solution of Equation (1)  requires upper and 
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Fig. 2. Observed air temperature forcing used in the model simulations. Dard collected at the Neumayer Antarctic research station 
and made available as part of the World Meteorological 0rganiz.ation (WMO) World Weather Watch Program. 

lower boundary conditions, and initial conditions. 
The upper boundary condition is determined by 
performing a full energy balance at the surface, 
and for the lower boundary a zero temperature 
gradient condition is imposed at a depth of 15 m 
(Liston et al. 1999). For each of the simulations 
considered in this paper. initial conditions 
throughout the profile are given by imposing a 
constant profile equal to the mean annual air 
temperature, and then integrating the model, 
starting on 1 July, for five years; by this time the 
deepest ice temperatures have reached eyuili- 
briurn. The model integration is then continued 
for one additional year, and those results are 
presented herein. 

Model simulations 

In what follows, the general solution of the model 
equations will be described, and the model results 
will be validated against observations collected 
during NARE 1996/97. The first two simulations 
will be referred to as "control" simulations, where 
one control simulation is performed for blue-ice 
conditions and the other is performed for snow 
conditions. Then the model will be used to assess 
the sensitivity of the melt features to variations in 
atmospheric forcing. A more complete discussion 
of the model validation can be found in Liston et 
al. (1999). 

Validclriori sirmilations 

property data, and the distributions of parameters 
describing the interaction between snow and ice 
grains and solar radiation. The distributions of sub- 
surface solar radiation scattering parameters vary 
according to wavelength and snowhce grain size 
(Wiscombe & Warren 1980). In addition, the 
downward solar radiation spectrum reaching the 
surface must be known, and is defined by output 
from the Stackhouse & Stephens (1991) two- 
stream. 256 spectral-band, atmospheric radiation 
model. 

Atmospheric forcing data of air temperature, 
relative humidity and wind speed are also required 
to complete the full annual integrations. These 
were obtained from the relatively nearby Neu- 
mayer (German) research station, located at 
70"40'S, 8'15'W, at an elevation of approximately 
40 m (the Jutulgryta research site is approximately 
85 km north, 3 15 km east. and 110 m higher than 
the Neumayer station). Comparison of 1994-95 
data from this station with the limited summer 
meteorological data collected at Jutulgryta sug- 
gests that the Neumayer data set is fairly 
representative of Jutulgryta's atmospheric condi- 
tions (Liston et al. 1999). The only adjustment 
made to the Neumayer data was to reduce the air 
temperatures by 1°C to account for the elevation 
difference. The 365-day, daily averaged screen- 
height air temperature record used to drive the 
model simulations is provided in Fig. 2 (for 
relative humidity and wind speed data, see Liston 
et al. 1999). In this record, the air temperature and 
wind speed show a strong seasonal cycle and the 
air temperatures are continuously below freezing. 
To solve the surface energy balance, the cloud 

To solve the model's system of equations, cover fraction is also required as input. Since this 
additional information is required in the form of input was unknown, it was used as a parameter that 
atmospheric forcing data, snow and blue-ice could be modified to vary the amount of solar 
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T d l e  1. Snow and ice property data used in the model Table 2 .  Atmospheric values used in  model sensitivity 
simulations. simulations. 

Snow Blue-ice 

Broad-band albedo 0.75 0.65 
Grain radius (mm) 0.35 5.00 
Density (kg km-') 550 800 

radiation reaching the snowhce surface. In the 
control simulations a temporally constant cloud 
fraction of 0.5 was used. 

Snow and ice property values of albedo, density 
and grain size are also required by the model. Field 
observations during NARE 1996197 are used to 
supply this information; the values used in the 
model simulations are summarized in Table 1. 
Applying these different values of density. grain 
radii, and albedo for snow and blue-ice is the only 
difference between the snow and blue-ice control 
simulations. Inputs of surface albedo, density and 
grain radii for snow and blue-ice allow computa- 
tion of the solar energy flux variation with depth 
within the snow and blue-ice (see figure 10 in 
Liston et al. 1999). 

Solution of Equation ( 1) produces temperature 
and water fraction distributions within the snow 
and blue-ice mediums. See figure 12 in Liston et 
al. (1999) for a comparison of mid-January snow 
and blue-ice observations and model simulated 
temperature profiles. In addition, as part of the 
model solution the fraction of water contained 
within each computational grid cell is accounted 
for. For the control simulations, maximum water 
fractions of 0.25 and 0.03 are simulated for blue- 
ice and snow, respectively (see figure 13 in Liston 
et al. 1999). 

Sensitivity simulations 

Using the same snow and ice property values used 
in the validation (control) simulations (Table I), 
eight additional sensitivity simulations were 
performed. Four of these were for changes to the 
observed air temperature given in Fig. 2, and the 
other four were for changes to the control cloud 
fraction. In the model, increasing (decreasing) the 
cloud fraction leads to decreases (increases) in 
solar and increases (decreases) in longwave 
radiation reaching the surface. These changes in 
atmospheric conditions are summarized in Table 
2. The temperature changes were applied while 
using the control cloud fraction ( O S ) ,  and the 

Temperature 
change ( 'C) 

Cloud 
fraction 

+6.0 0. I 
+3.0 0.3 

0.0 (control) 0.5 (control) 
-3.0 0.7 
-6.0 0.9 

cloud fraction changes were applied while using 
the observed air temperature given in Fig. 2.  Under 
current climate conditions (the control simula- 
tions), the majority of the sub-surface melting 
occurs in the blue-ice areas, with only minimal 
melting found in the snow areas. In the discussions 
that follow, both snow and blue-ice sensitivities 
will be presented. This is done under the assump- 
tion that the snow case represents conditions that 
would occur if snow accumulation were to 
increase and cover portions of the blue-ice areas. 

The variation in snow and ice temperatures in 
the top 3 m of the domain, in response to the 
changes in air temperature, are given in Fig. 3. 
This is the 16 January profile, chosen because the 
middle of January yields the maximum snow and 
ice temperatures. The thick line is the control 
simulation and the two lines on the right and left 
sides of it correspond to the air temperature 
increases and decreases, respectively (for all 
subsequent figures the thick line in the plots will 
correspond to the control simulation). For the case 
of the +6"C air temperature change, both the snow 
and blue-ice become isothermal (0°C) at the 
surface, indicating the potential for traditional 
surface melting, in addition to the sub-surface 
melting. The thickness of the isothermal zone has 
increased with the increasing temperature and 
decreased for the case of decreasing air tempera- 
ture. For the snow, the decrease of 3 and 6°C has 
led to the disappearance of the isothermal zone 
and, for blue-ice, the decrease of 6°C has nearly 
eliminated the isothermal zone. The 16 January 
meltwater, produced by the air temperature 
increases, are large for both the snow and blue- 
ice, although at its maximum, the depth of 
meltwater production for the blue-ice is twice that 
of snow (Fig. 4). For both snow and blue-ice, the 
6°C temperature increase has produced water 
fractions of around 0.5. Such high water fractions 
are expected to produce collapsing of the snow and 
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ice surfaces. For the snow case, the 3 and 6°C 
temperature reductions have shut down the 
production of meltwater. For blue-ice, the 6°C 
air-temperature reduction also produces no melt- 
water. As another measure of the meltwater 
variations produced in response to the air tem- 
perature changes, the thickness of liquid water, 
over the total snow or ice column, can be 
quantified and plotted as it varies over the melt 
and freeze-up seasons (Fig. 5). The temperature 
changes modify both the initial water production 
date and final freeze-up date, leading to a change 
in “melt season” length of nearly one month per 
3°C air temperature change. This holds for both 
snow and blue-ice. In addition, Fig. 5 shows nearly 
a doubling (halving) of water thickness for every 
3°C air temperature increase (decrease) for the 
ranges of temperature variation considered. 

For the case of modifying the cloud fraction, the 
resulting changes in snow and ice temperatures for 
January 16 are given in Fig. 6. In these simula- 
tions, the changes in solar and longwave radiation 
reaching the surface have roughly balanced, and 
thus have had little influence on the surface 
temperature boundary condition. But the change 
in solar radiation reaching and penetrating the 
surface does strongly influence the below-surface 
temperature regimes. The 16 January water 
fraction variations resulting from cloud fraction 
changes are given in Fig. 7. For the case of snow, 
the higher cloud fractions led to no meltwater 
production, while in blue-ice, even the maximum 
cloud fraction of 0.9 produces some sub-surface 
melting. Figure 8 highlights the sensitivity of 
liquid water thickness to cloud fraction changes. 
Similar to the air temperature change simulations, 
the duration of “melt season” can be lengthened or 
shortened by several weeks in response to the 
cloud cover changes considered herein. In addi- 
tion, the water thickness is found to increase 
(decrease) by a factor of about 0.5 for a cloud 
cover decrease (increase) of 0.2. 

A unique aspect of this system is production of 
meltwater within the snow and ice. As shown in 
the sensitivity simulations, below-surface melting 
in the blue-ice requires air temperatures within 
several degrees of freezing. For the snow, below- 
surface melting occurs for temperatures within a 
few degrees of freezing. This meltwater is 
bounded by sub-freezing layers above and below. 
In the preceding analyses the below-surface melt 
has been found to be quite sensitive to the imposed 
air temperature changes, and less sensitive to the 

cloud cover changes. The fundamental reason for 
this sensitivity is that the system is so close to the 
melvfreeze threshold. Through the surface energy 
balance, the air temperature has a direct influence 
on the snow and ice surface temperatures. This is 
highlighted in Fig. 3, where the surface tempera- 
tures show distinct changes for each sensitivity 
test. In contrast, the temperatures shown in Fig. 6 
show that the primary influence of cloud fraction 
changes are to modify the solar radiation penetrat- 
ing the surface. This influences the strength of the 
below-surface solar radiation source term, but has 
little effect on the snowhce surface temperatures. 
In contrast to the simple cloud radiation model 
used in this study (Liston et al. 1999), the influence 
of clouds on the surface radiation budget over 
snow and blue-ice have been found to be complex 
and depend strongly on the cloud optical proper- 
ties (Bintanja & van den Broeke 1996). Unfortu- 
nately, the required inputs to drive a more complex 
cloud radiation model for the region of interest are 
not available. 

Conclusions 

In the near coastal regions of Dronning Maud 
Land, below-surface ice melting occurs in blue-ice 
areas that experience strong and persistent winds 
that generally keep the ice surface swept free of 
winter snow accumulations. The low scattering 
coefficients that exist in the relatively large- 
grained blue ice allow solar radiation to penetrate 
the ice, thus providing a heat source below the ice 
surface. Adjacent snow accumulation areas have 
much higher scattering coefficients and conse- 
quently limited solar radiation penetration in these 
regions. The surface energy balance keeps the 
surface generally below freezing and little surface 
melting occurs. In the blue-ice areas, below- 
surface meltwater is produced throughout the 
summer months, while in the nearby snow areas 
below-surface melting is minimal. The resulting 
meltwater is significant enough to show up on 
LANDSAT and ERS remote sensing imagery in 
the form of ice-covered lakes that develop in 
relatively low areas of the coastal Antarctic Ice 
Sheet. 

To assess the response of these melt features and 
processes to changes in important forcings such as 
cloudiness, air temperature, and snow accumula- 
tion, a physically based numerical model of the 
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coupled atmosphere, radiation, snow, and blue-ice 
system has been developed. The model consists of 
a heat transfer equation which includes a spectrally 
dependent solar radiation source term. The pene- 
tration of radiation into the snowhlue-ice depends 
on the solar radiation spectral bands and on the 
snowhlue-ice grain size and density. In addition, 
the model uses a complete surface energy balance 
to define the snowhlue-ice surface boundary 
conditions. This surface energy balance account- 
ing includes the effects of air temperature and 
humidity, wind speed, incoming solar and long- 
wave radiation, surface albedo, outgoing longwave 
radiation, cloudiness, sensible and latent energy 
fluxes, and conductive energy transport into and 
out of the snowhlue-ice. The model is run over the 
full annual cycle, simulating temperature profiles 
and melt quantities throughout the summer and 
winter seasons. 

The ice melt occurring in this area is sensitive to 
potential variations in atmospheric forcing. Under 
certain conditions more traditional surface melting 
occurs and, under other conditions, the existing 
melt processes can be dramatically reduced or shut 
down completely. While it is not clear at this time 
how much of the Antarctic Ice Sheet and ice 
shelves experience this kind of melting, our 
findings suggest that conditions are appropriate 
for it to occur in nearly all Antarctic blue-ice areas 
where the summer air temperatures are generally 
within several degrees of freezing. In light of the 
sensitivity of this system to variations in atmo- 
spheric forcing, coupled with the ability to view 
associated melt-related features using remote 
sensing imagery, a potential tool exists to monitor 
efficiently variations in Antarctic coastal climate. 
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