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From November 1993 to February 1994 members of the 

Geological Survey of Greenland (GGU) participated in a 

Nordic research effort in Antarctica. The Nordic Antarctic 

Research Programme (NARP) involves Norway, Sweden 

and Finland, which are all Antarctic Treaty Consultative 

Partners; Denmark as an observer has participated only 

since 1992 (Thomsen, 1994; B0ggild et al., 1995). The 

member countries of NARP have traditionally carried out 

research in Dronning Maud Land. This region of Antarctica 

has recently gained new research interest, including sur­

vey for a joint European deep drilling programme 

planned for 1995/96. Future Norwegian climate studies 

on blue ice will therefore be closely related to the joint 

European deep drilling programme. 

Of the two ice sheets in the world, Greenland and Ant­

arctica, only the Greenland ice sheet displays significant 

surface melting, since the climate in Antarctica is generally 

too cold for large scale melting. However, different types 

of melt phenomena have been observed in blue ice fields in 

Antarctica. GGU was invited to participate in the Norwe­

gian Antarctic Research Expedition 1993/94 in order to 

study physical melt processes in Dronning Maud Land in 

an environment which is similar to near equilibrium areas 

in the high Arctic regions of the Greenland ice sheet. Only 

sparse information on such areas exists from the Green­

land ice sheet. 

To the best of our knowledge the first recorded sub­

surface melt phenomenon within clear blue ice was dis­

covered during the 1993/94 expedition; numerical model­

ling shows this to be a consequence of solar radiation 

penetration and absorption, i.e. the 'solid-state greenhouse 

effect'. This discovery may contribute to the understand­

ing of runoff from high polar regions of both the Antarctic 

and Greenland ice sheets. 

The Jutulgryta blue ice area 

Occurrences of blue ice in Jutulgryta, Dronning Maud 

Land, are primarly restricted to isolated areas which are 

intersected by snow fields (Fig. 1 ). They are often related 

to convex surface shapes where exposure to wind is most 

prominent (Takahashi et al., 1988). The surface topography 

undulates along the gentle north-westerly slope that leads 
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down to the J utulgryta depression, and blue ice fields 

are common and constitute about 70% of the slope 

region. The present studies were restricted to an area 

about 3 km in radius at an altitude of approximately 

140m a.s.l.(Fig.1). 

Sub-surface melting 

Since average air temperatures in Antarctica are well 

below freezing point, past observations of melting have 

been reported only in nunatak areas where blue ice is in 

contact with bedrock, rocks in the ice, or with other mat­

erial which increases heat absorption (Autenboer, 1962; 

Paige, 1968). However, the sub-surface melting observed 

in the Jutulgryta depression cannot be explained by these 

processes in as much as local climatic conditions related to 

nunataks can be discounted; the nearest nunatak is more 

than 50 km away. Moreover, no impurities were found 

which could lead to internal melting (B0ggild et al., 1995). 

Brandt & Warren (1993) summarise studies of snow 

temperatures with special emphasis on the occurrence of a 

maximum temperature below the surface (the 'solid-state 

greenhouse effect') that results from solar radiation pene­

tration and absorption inside the snow, and the fact that 

long-wave radiative cooling is restricted to the surface. 

Factors such as radiative heating of sensors, dirt inside ice 

or a dark layer beneath the snow are reasons for the past 

reportings of this 'solid state greenhouse effect' in snow 

(Brandt & Warren, 1993). Although the idea of a 'solid 

state greenhouse effect' is attractive, and has been described 

theoretically by several authors (e.g. Schlatter, 1972; 

Brandt & Warren, 1993), Brandt & Warren state that it is 

rather questionable within snow, but may in theory occur 

within blue ice due to the lower extinction coefficient and 

albedo values compared to those for snow. 

The studies in the Jutulgryta area show that observed 

melting is confined to a zone between 0.5 and 1 m depth 

below the blue ice surface, and that this melt layer was 

consistent throughout the one month of observations (B0g­

gild et al., 1995). Measurements of sub-surface tempera­

tures in exposed as well as snow-covered blue ice, clearly 

documents that a melting zone is only present below the 

surface where blue ice is exposed. Ice temperatures are 
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generally 6° C higher than temperatures in snow covered 

profi Jes (Fig. 2). 

Modelling experiments 

A number of numerical modelling experiments have 

been caJTied out in order to reconstruct the sub-surface 

melt phenomenon and, when positive, sensitivity experi­

ments have been performed to find the parameters which 

control the formation of a sub-surface melt layer. 

The sensitivity studies mainly rely on input parameters 

Fig. I. Part of a satellite enhanced 
map covering the blue ice region in 

Jutulgryia. The dark areas are blue ice 
fields which are intersected by bright 

snow fields. The darkest spots are 
lakes. The location of the camp was 
71 °23'55"S. 0°29'55"E. altitude 140 111 
a.s.l., indicated with an arrow.

and data measured in Jutulgryta during the I 993/94 expe­

dition. When not available, they were obtained from pub­

lished observations closely matching the Jutulgryta condi­

tions. The theory and numerical scheme behind this 

non-stationary, combined radiative and thermodynamic 

model is described in detail by Beggild (1990, 1991) and 

B0ggi Id er al. ( 1995). 

Numerical modelling shows development of a sub­

surface meltlayer (a 0° C zone) in blue ice after only live 

days of ice exposure (Fig. 3). The solid black line refers to 

a situation where the snow cover has remained and would 
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Fig. 2. Suh-surface temperaturt:s recorded on 8 January. 1994. 
Measurement, from stake 50 and 53 arc from exposed blue ice. 
Srake 3. 12 and the climate ,tation arc from similar. but snow 
cov.:red profiles. 

disable radiative penetration. The maximum just helow 

surface stems cmircly from diurnal fluctuations nf surface 

temperatures. The formation of a melt layer is strongly 

controlled by penetration and absorption of radiation, 

which in turn is governed by the surface reflectance 

(albedo) a. the transmittance P and the extinction roeffa:ient 

K (Fig. 3). 

The development of qeady stale temperature� below 1hc 

rnell layer take� longer lo estahlish with increasing dis­

tance from the �urface. TCl simulate temperature evolution 

over periods or �everal years it has been necessary to mod-

·c

0 

·5

-10 

-15 

0 2 4 
depth (m) 

K:2.Q 

p = 0.6 

CJ.=0.51 

6 

Fig. 3. Simulated temperature profile, based on 5 day runs. a is 
surface reflectance. P is radiation transmittance and K is extinc­
tion coefficient. From the figure it appears that all the three 
parameters a. p and K can independently cause lhe formation 
or a sub-surface melt layer. The adju�tment of a is based on own 
observation�. whereas Kand P arc adjusted within observed 
limits suggested by Grenfell & Maykut ( 1977). The three curves 
show that a sub-�urfoce meltlayer can develop by adjusting one 
parameter within natural limits and keeping the others constant. 
A detailed discussion of parameters is found in B0ggild et al. 

t 1995). 
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ify the exisring model by coarsening the grid resolution to 

0.5 m (lo overcome the demand for computer time). 

Figure 4 shows how temperatures develop wirhin blue ice 

after simulation runs of 1, 2. 4 and 8 years duration, respec­

tively. The snow profile temperatures from stake 3 (Fig. 2) 

have been used as inilial condi1ions. alrhough witl1 thermal 

and optical properties as for blue ice. Air temperalures and 

global radiation arc monthly mean values over JO years 

measured al the German Georg von Neumayer ( GvN} �ta­

tion (Hcl mes, 1989). From 927 air temperature time series. 

Fonuin ( 1992) concludes that air temperarures in Ant­

arctica arc only significantly dependenl on elevation and 

latitude. The GvN research station is located al approxi­

mately the same elevation and latitude as lhe Jutulgryia 

area. bur some 250 km to the west. The annual cycle of air 

temperatures in Jutulgryta can therefore be assumed to be 

similar LO observalions from GvN, omitting the need for 

1he complex transfer function necessary in Greenland 

when extrapolating a temperawre signal over a similar 

distance (Bpggild er ol., 1994). 

The simulations in Fig. 4 illustrate that several years of 

exposed blue ice are needeu Lo produce the parallel rise of 

ice temperatures from the ·cold' snow covered prolile 10 

lhe ·warm· ice temperatures of expo,ed blue ice (Fig. 2). 

The !rend is clear. but interpretation cannot be canied l'ur­

lhcr due Lo lack of observations rrom winter-time. h can be 

slated. however. thal sub-surface melting in hlue ice must 

have occurred over many years in order to r.:iise the temper­

ature by 6QC in blue ice. and it probably occurs every 

austral summer. 

Summary and outlook 

The existence of a persistam sub-surface melt layer dur­

ing the melt season means that runoff is not res1ricted to 

occasional events each year when air remperatures are near 

or above the melting point. Contributions to sea level rise 

are quite likely to come from Jutulgryta and similar areas. 

because rhe grounding line of 1he adjat:cnt ice-shelf is 

highly crevassed with hydraulic contact to the ea water 

below the ice shelf. ft should be noted. however, that the 

contribution from this melt phenomenon is rather small in 

relation to the toral annual mass balance turnover of Ant­

arctica. 

The 'invisible' nature of the sub-surface melting and 

runoff phenomena are generally confined to a narrow 

range of $Ummer mean air temperatures. An increase of air 

tempera1t1re will result in ·classical' surface melting. 

whereas a cooling will strongly reduce the formal ion or a 

sub-surl·ace melt layer. Thus. the confined air temperature 

range under which sub-surface melting can occur makes 

this phenomenon a good potential indicator for detecting 

possible future climate changes. 
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Fig. 4. Evolved temperature profiles nfter I, 2. 4 and 8 years of 
simulations. 

The effect of the reported ozone hole over Antarctica on 

sub-surface melting is not yet known. It is likely that in­

creased penetration of ultraviolet (UV) radiation through the 

atmosphere will also enhance radiative absorption in blue 

ice. since the ice is most transparent to . olar radiation 

penetration in the short wave UV range and becomes more 

opaque with increasing wavelength (Grenfell & Maykut, 

1977). Once the sub-surface meltlaycr is established. it is 

likely to remain due to radiative scatter at interface1, inside 

the ice. New efforts should therefore be devoted to analy$­

ing the effect of the ozone hole over Antarctica on the 

formation of sub-surfal.:c melting antl runoff. This will be 

possible by further development of the existing model to 

include spectral solar radiation and scarter properties. 

Our discovery of a widespread 'solid-state greenhouse· 

melt layer in blue ice in Antarctica may also contribute to 

the understanding or runoff from the Greenland ice $heel. 

since similar surface features, i.e. frozen lakes and blue ice 

fields intersected with snow fields. have been documented 

near the equilibrium line in both East and West Greenland 

(Echelmeyer el al.,1991; Rech et a/.,1991). 
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