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ABSTRACT. Radio-echo soundings in four different frequency bands ranging from 
30 to 1000 MHz were compared with temperature measurements in boreholes in the 
accumulation area and ablation area of Finsterwalderbreen (77°26' N, 15°15' E ), southern 
Spitsberge n. Finsterwalderbreen is a poly thermal surge-type glacier in the quiescent 
phase after its last surge a round AD 1900. The objective of the study was to investigate the 
relation between interna l echos and the g lacier ice temperature to map the overall 
thermal structure of the glacier. The thermal structure is important for ice flow velocities 
and hydrology of glaciers, and it a lso affects their ability to surge. At the borehole site in 
the accumulation area (three boreholes within a range of 60 m ), a change in the relative 
amplitude of the reflected signal is detected in the 320- 370 and 600- 650 MHz bands at 
52-55 m depth. The high-resolution temperature measurements with 2 m intervals show 
that the transition zone between cold and temperate ice corresponds to the change in the 
relative a mplitude on the 320- 370 and 600-650 MHz bandwidth da ta. The overa ll 
thermal structure of the glacier was mapped based on the radar sounding. The radar 
res ults show (a ) that the glacier is at the pressure-melting point over most of its bed except 
within 500- 700 m of the terminus, and (b) that there is an upper cold ice layer of variable 
thickness (25- 170 m ) underlain by temperate ice. This thermal structure is confirmed by 
the thermistor-instrumented access holes to the bed in both the accumulation and abla­
tion zones of the glacier. The variations in the thermal structure in lower parts of the 
acc umul ation area are explained by superimposed ice and ice layers that cause variations 
in the downward heat transfer by refreezing of meltwater. 

INTRODUCTION surface layer (cf. Nixon and others, 1985). Deep boreholes 
in the ablation areas have documented a cold surface layer 
overlaying a temperate laye r (Glazovskiy and Moskalevskiy, 
1989; Bjornsson and others, 1996). This confirms the early 
statement by Schytt (1969) on the poly thermal nature of 

Svalbard glaciers, and the general description of the 
thermal regime given by Liest01 (1977). The cold surface 
laye r extends into the lower parts of the accumulation a rea 
(Schytt, 1969; 0degard and others, 1992) because the acc u­
mulation of superimposed ice or thi ck ice layers makes the 
firn impermeable to percolating meltwater, and hence there 

is no downward heat transfer by refreezing of meltwater. On 
small low-altitude glaciers like Austre Bf0ggerbreen nea r 
Ny-Al esund, the winter cold wave is not eliminated even in 
the upper pa rts of the accumulation a rea (Bjornsson and 
others, 1996), which cause net accumulation of cold ice. 

Water inclusions are known to have a strong influence on the 
absorption and scattering of radio waves, depending on 
frequency and bandwidth (Smith and Evans, 1972). An 

internal refl ection horizon is common on Svalbard glaciers, 
and has been interpreted as being the boundary between 
surface cold ice and deeper ice containing liquid water 
(Dowdeswell and others 1984a, b; Bamber 1987a, b; 
Kotlyakov and Macheret 1987; Bjornsson and others, 1996). 

The thermal structure is important for ice flow veloci­

ties, hydrology and surging behaviour of glaciers. The main 
thermal characteri stics of Svalbard glaciers a re known, but 
there are sti ll many unanswered questions with respect to 
the significance of the thermal regime, especially regarding 
the surge mechanism (Liest01, 1969; Schytt, 1969; H agen, 
1987,1988). Cold urn with minimal influence from percolat­
ing meltwater might exist locally on small ice caps at high 
altitude in Svalbard (1200- 1600 m a.s.l.), but generally the 
large ice fi elds are known to be in the percolation or wet­
snow zone in the altitude range 600- 1200 m. a.s.l. (Sverdrup, 
1935; Schytt, 1969; Liest01, 1977, 1988; Hagen and Liest01, 
1990; 0degard a nd others, 1992; Kameda and others, 1993; 
Bjornsson and others, 1996). Previous measurements of 
glacier ice temperatures in the ablation zones show a cold 
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The objective of the study was to investigate the relation 
between internal echoes and the glacier ice temperature to 
map the overall thermal structure of Finsterwalderbrecn 
(Fig. I), Svalbard. Three thermistor-instrumented access 
holes to the glacier bed were used to calibrate the radio-echo 
sounding (30- 1000 MHz) relative to the thermal structure 
in both the accumulation and ablation zones of the glacier. 
Based on this calibration, the overall thermal structure of 
the glacier can be mapped from the radar soundings. 
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Fig. 1. Map if Finsterwalderbreen showing stake positions, 
radar profiles and driLL sites. 

DESCRIPTION OF FINSTERWALDERBREEN 

Finsterwalderbreen (77 °26' N, 15°15' E; Fig. 1) is an 11 km long, 
land- terminating g lacier with an a reaof35 km2 which surged 
between 1898 and 1910 (Liest01, 1969). The glacier is now in a 
quiescent phase (H agen and others, 1993). The average ELA 
is 500 m a.s. L (Nuttall and others, 1997). M ass-balance mea­
surements were m ade by Norsk Pola rinstitut t on Finsterwal­
derbreen every second year from 1950 to 1968, showing a total 
m ass loss of 4.55 m w.e. during this period (res ults sum­

m arised in Hagen and Liest01, 1990). Mean annual net m ass 
ba lance from five ice cores in the acc umulation a rea showed 
values of less than 0.25 m w.e. a- I for the period 1962- 63 to 
1993 (Pinglot a nd others, 1997). T hese res ults indicate a nega­
tive mass balance in this centu ry similar to that at Austre 
Bmggerbreen (Lefauconnier and H agen, 1990). 

RADAR SYSTEM 

T he rada r system used is a time-gated synthetic pul se radar 
(H am ran 1989; H amran and Aarholt, 1993; H amran and 
others, 1995). The radar and antennae were mounted on a 

sledge pulled by a snowmobil e. The hori zontal distance 
between each measurement, controll ed by a wheel on the 
sledge, was 4.2 m . 

The frequency bandwidth of the system is 0.1 MHz-
3 GHz. The antennae a re the band-limiting factor for the 
sounding equipment. Three antennae are used to cover four 

frequency bands. An end-fed broad-bandwidth dipole is 
used from 30 to 80 MHz and a six-element yagi from 320 
to 370 MHz. The two higher frequencies, 600- 650 and 
950- 1000 MHz, a re cove red using a small log-periodic an­
tenna having a bandwidth of 0.5- 10 GHz. As the antenna 
gain-and- transfer function into the ice is not known fo r the 
antennae, absolu te received power cannot be determi ned. 
T herefore, comparison of the ampli tude between the differ­
ent frequency ba nds is not possible, and only rela tive varia­
tions within the different frequency bands can be used. In 

the data reduction the dielect ric constant of ice was assumed 
to be 3.2, g iving a phase velocity of 168 mM- I S- I. The accu­
racy of estimated thickness of the cold surface layer is con­
sidered to be better than ± 4 m. T he resolution of the 
meas urements is 2 m . The zero reference altitude for the 
radio-echo sounding a nd the temperature measurements is 
the snow surface in late April 1994. 

METHODS OF TEMPERATURE MEASUREMENT 

Thermistor measurements were m ade in four access holes, 
two in the accumulation zone just 5 m apart (stake 12) and 

two in the ablation zone (stake 4 and at one site between 
stakes I and 2 at 108 m a.s. L). This paper presents results from 
stakes 12 and 4 (Fig. 1). T he res ults from the borehole 
between stakes I and 2 are not p rocessed. The thermisto r 
cable at sta ke 4 was installed on 23 April 1994 (198 m depth), 
and at stake 12 on 28 April 1994 and 2 Apri l 1995 (100 a nd 
52 m depth, 5 m apa r t). 

Temperature measurements at stakes 12 (1994 borehole) 
and 4 were made with Fenwal Uni-curve thermistors with a 
resistance of 3.000 n a t 25°C, T he thermistors were indivi­
dually calibrated at 5- 6 points on the range from 0° to 

- 20°C (including one calibration in an ice/water bath ). The 
accuracy of the measurements is approximately ± 0.05°C, 
Temperature measurements at stake 12 (1995 borehole) were 
made with Fenwal Uni-curve thermistors with a resistance of 
5.000 n at 25°c' T he therm istors were precision-calibrated 
in the laborato ry in a di stilled-water/ice bath and the read­
ings were made in a full bridge configuration using Camp­
bell CR-IO data loggers. In the presentation a maximum 
er ror estimate of ± O.03°C is used, including possible time­
dependent d rift in the fi xed resistors, errors in the slope of 
the calibration curve and errors caused by the data loggers 
operating for short periods at ambient temperatu res calder 
than the reference temperature of - 25°c' Since measure­

ments a re made on the mV range they are subj ect to noise. 
Periods of noisy measurements are obtained on a ll channels, 
p robably due to strain on the cable or vibration of the cable 
above the ice surface. 

RESULTS 

At stake 12 a change in the relative amplitude is detected at 
52-55 m depth with the 320- 370 and 600- 650 MHz band­
wid ths, but a stronger signal is detected at greater depth 
(Fig. 2b and c). The radar-sounding results from the drill site 

at stake 12 (Fig. 2) were obtained by averaging the res ults 
within a range of21m from the borehole (42 m leng th, ten 
measurements ). At 30- 80 MHz frequencies a more diffuse 
increase in the relative amplitude is detected from 52 to 
65 m depth (Fig. 2a). The results from the 950- 1000 MHz 
bandwidth at stake 12 are noisy a nd difficult to interpret 
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Fig. 2. Variations in relative radar amjJLitude at Jour different 
frequencies at the drill site at stake 12. The curves show the 
average rif ten measurements within 21 m rif the borehoLe. 

(Fig. 2d). The radar profil es are presented in Figures 3 and 
4, showing the position of stake 12. At the cross-profil es the 
internal echo can be detected on a ll frequencies (Fig. 3a- d ). 
It is not possibl e from these results to detect any frequcncy­
dependent changes in the depth of the internal echo, but 
pa rticularly on the 30- 80 MHz data the internal echo is lost 
along most of the profile (Fig. 3a). The most di stinct internal 
echoes are detected in the 320- 370 and 600- 650 MHz 
bands (Fig. 3b and c). Close to the margins of the glacier 
through the cross-profile at stake 12 the internal echo is 
missing except for a small zone of approximately 100 m at 

the eastern part of the profile (left part of Figure 3c). In the 
950- 1000 MHz band the internal echo can be detected 
along the central and eastern part of the profil e (Fig. 3d ). 
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Fig. 3. ResuLts rif radar measurements at Jour different fre­
quencies, (a) 3O-80MH;;:, (b) 320- 370MH ;;:, (c) 600-
650 MHz and (d) 950-1000 MHz, in a cross-jmfzle at 

stake 12 (see Fig. 1). Vertical lines show drill site at stake 12 
(100 m depth). 

The results of the temperature m easurements at stakes 
12 and 4 are shown in Figures 5 and 6. Both borehole sites 
have a two-l aye red thermal structure with a surface layer of 

cold ice underlain by a layer of ice at pressure-melting poi nt 
(temperate ice ). Based on the temperature measurements, 
the cold surface layer is 52- 55 m thick at stake 12 in the 
accumulation area and 90- 100 m thick a t stake 4 in the ab­
lation area (Figs 5 and 6). The internal echo is detected at 
corresponding depths (Figs 3 and 4). Exact extrapolation 

of the temperature measurements at stake 4 is difficult be­
cause there are no thermistors at 70- 110 m depth. 

An internal echo is detected along the whole profile ex-
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Fig. 4. Long profile of the glacier at 320- 370 MHz, showing the internal echo and stake positions. Vertical lines show drill sites at 
stakes 4 (198 m depth) and 12 (100 m depth ). 

cept in a region near the front. In the abla ti on area, approxi­
mately 50% of the g lacier ice is temperate along the centre 
fl owline (Fig. 4). At a d istance of 500- 700 m from the front, 

the internal echo is difficult to distingui sh from the bottom 
echo (left pa rt of Figure 4). The interna l echo is a lso d iffi cult 
to di stinguish from the botlom echo at two small spots nea r 
stakes 9 and 10 (Fig. 4). The depth of the interna l echo ranges 
from 25 to 170 m. Large va ri a ti ons in the depth of the 
internal echo a re detected both in the 1650 m long cross­

profile at stake 12 and in the profi le a long the centre flow­
line. The la rgest gradient of the internal echo is detected 
be tween sta kes 6 and 7, where the interna l echo ri ses from 
125 m depth to 25 m depth over a di sta nce of 95 100 m. 

INTERPRETATION AND DISCUSSION 

Based on the high-resolution temperature measurements 
obtained from the borehole a t stake 12 (Fig. 5) and the rada r 
measurements at the same site (Figs 2- 4), it has been shown 

tha t the internal echo represents the upper boundary of the 
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Fig. 5. Results of temperature measurements .Fom two bore­
holes 5 m apart near stake 12 (see Fig. 1) in the accumulation 
area at 580 m a.s.L. 

o 

temperate ice. At the boreholc site a n increase in relative 
amplitude of the 320- 370 and 600- 650 MH z measurements 
corresponds to the pressure-melting point isotherm within an 

error range of ± 2- 4 m. Care should be taken, however, in 
the interpretation of the internal echo. The pressure-melting 
point isotherm corresponds to t he first increase in relative 
amplitude (Fig. 2). St ronger signa ls a re detected a t g reater 
depth at stake 12 (Fig. 2b and c). The interpretation of the 
internal echo as an indicator of the thermal structure of the 

g lacier is in agreement with the interpretation ofHolmlund 
and Eriksson (1989), 0degard a nd others (1992) and Bjorns­
son and others (1996) using the same or a simil a r radar. The 
depth to the glacier bed co rresponds to the peak signa l in 
relative amplitude at stake 12. 

The results from the temperature and radar measure­
ments a t sta ke 12 show that an extensive cold surface laye r 
can exist even at high altitude in the acc umulation a rea of 
medium-size Sva lbard glaciers. A la rge pa rt of the accumu­
lation a rea is dominated by the acc umulation of superim­
posed ice, and there the surface melt water does not 

perco late through the level of the winter cold wave. In Fig-
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Fig. 7 Map qf the accumulation area qf Finsterwalderbreen and the interpretation qf the cross-prqfile at stake 12. See text for 
discussion. 

ure 7 the snowline is interpreted as an approximate border 

of the wet-snow zone. The snowline was ta ken from the 
Norsk Pola rinstitutt m ap compiled from air photos taken 
in 1970 (Norsk Pola rinstitutt, 1973). A simil ar distribution of 
the snowline is observed on a ir photos ta ken in autumn 1995. 

The large lateral variations in the thermal structure of 

the glacier at the cross-profile at stake 12 (Figs 3 and 7) can 

be explained by the vari ations in the snowline. Different 
thermal cha racteristics can be identifi ed depending on the 
altitude of the snowline (Fig. 7). The results show how sensi­
tive the thermal structure is to local va riations in the snow 
accumul ation pattern . The marginal zones of the cross­
profile appear to be composed of mostly temperate ice, be­
cause there is a large scatter in the rada r measurements 
from the surface to approximately 20 m depth and no 
internal echo except over a distance of about 100 m at the 
western pa rt. In these areas the snowline from the 1970 a ir 
photos is down-glacier from the profile. However, the 

internal echo could not be followed to the surface in the 
marginal zones, but di sappears abruptly at 40- 60 m depth. 
This problem of the interpretation was di scussed by Bjorns­
son and others (1996), and needs furth er attention. A very 
steep interface between cold and temperate ice is one possi­
ble interpretation. 

At stake 12 the temperature gradient in the cold surface 
layer can be calculated from the measurements at 27 and 
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40 m depth to be 0.084°C m- I. A similar calculation in the 

ablation a rea shows a gradient of 0.034°C m - I based on the 
measurements a t 30 and 70 m depth a t stake 4. A more ac­
curate estimate of the temperature g l-adients at the base of 
the cold surface layer can be obtained from the thermistor 
cable at stake 12 install ed in 1995, where the temperature 

g radient from the four lower thermistors range from 0.021 ° 
to 0.030°C m- I. Assuming a thermal conductivity of 
2.1 W K 1 m I, a latent heat of fusion of 3.0 x 108 J m - 3 and 
a )- 2% water content in the ice, the conductive heat trans­
fer in the ice corres ponds to a freezing rate of 0.2- 0.6 m a 1 at 
the base of the cold surface layer. An accumulation rate of 
0.2- 0.3 m w.e. a- I in the superimposed ice zone (Pinglot and 

others, 1997) gives a typical increase in the thickness of the 
cold surface layer within the range 0.4- 0.9 m a 1 at ta ke 12. 
The latera l vari ations in the depth of cold surface layer in 
the cross-profil e near stake 12 m ake it difficult to estimate 
an increase in the cold surface layer from the radio-echo 

sounding. However, the thickest cold surface layer is clearly 
detected in the lower parts of the accumulation area and in 
the upper pa rts of the ablation a rea (Fig. 4). 

The temperature measurements at sta ke 4 in the abla­
tion a rea show a cold surface layer of 90- 100 m, which is in 
accordance with earli er measurements on surge-type 
glaciers in the Ny-Alesund area. The calculated temper­
ature gradient is 0.034°C m 1 at 30- 70 m depth, which gives 
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a small upward heat flux ofless than 0.1 W m - 2 at the base of 
the cold surface layer. This calculation indicates that the 
freezing of the temperate ice at the base of the cold surface 
layer is not in equilibrium with the surface melt in the abla­
tion area. The emergence velocity in the lower ablation area 
is more than 1 m a I. A thinning of the cold surface layer is 
detected towards the front of the glacier (Fig. 4). The extent 
of the temperate ice layer relative to the cold surface layer of 

Finsterwalderbreen suggests that the poly thermal nature of 

the glacier does not have a strong influence on the deform­
ation velocities in the ablation area. The cold surface layer is 
probably of more significance to the hydrology by reducing 
the amount of water reaching the glacier a nd influencing 
the spatial distribution of water reaching the glacier bed. 
This coupling to the hydrological system could be highly 
signi fi cant to the surge mechanism and needs furth er attention. 

CONCLUSIONS 

Comparison of radio-echo sounding (30-1000 MHz) and 
high-resolution borehole-temperature measurements at a 
drill site in lower parts of the accumulation area shows that 
the first change in the relative amplitude detected in the 
320- 370 and 600- 650 MHz signals corresponds to the 
pressure-melting point isotherm at 52- 55 m depth within 
an error range of ± 2- 4 m. A stronger signal is detected at 
greater depth, particularly at the 320-370 MHz signa ls. 

The overall thermal structure of the glacier was mapped 
based on an interpre tation of the internal echo as the top of 
the temperate ice layer. The radar results show (a ) that the 
glacier is at the pressure-melting point over most of its bed 
except within 500- 700 m of the terminus and (b) that there 
is an upper cold ice layer of variable thickness underlain by 

temperate ice. The thickness of the cold surface layer ranges 
from 25 to 170 m. In a 1650 m long cross-profile in the accu­
mulation area, entirely temperate ice and ice with a cold 
surface layer with a maximum thickness of more than 90 m 
are found (Figs 3 and 7). Variations in the thermal structure 
in the lower parts of the accumulation a rea are mainly ex­
plained by superimposed ice and ice layers that cause varia­
tions in the downward heat transfer by refreezing of 
meltwater. Superimposed ice and ice layers are mainly con­
trolled by local variations in snow accumulation. 

Based on the temperature measurements, the freezing 

rate at the base of the cold surface layer could be estimated 
to be more than 0.2 m a- I at stake 12. When the net surface 
mass balance is taken into account this shows the general 
pattern of increasing thickness of the cold layer in the lower 
accumulation area and upper ablation area, while a thin­
ning occurs in the lower ablation area of the glacier. This is 

confirmed by the radio-echo soundings, showing thickest 
cold ice layers in the lower accumulation area and upper 
ablation area, and a gradual thinning downstream. 
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