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Abstract: The ablation of glaciers is an important factor in energy exchange between the at-
mosphere and land ice masses. The dynamics of ablation closely reflects climate changes
and is important for the estimation of the outflow of meltwater, which, having penetrated a
glacier to bedrock, stimulates its velocity by increasing basal sliding. More detailed studies
using automatic weather stations (AWS) and the calculation of the energy budget are rarely
conducted on small glaciers. The mass balance of the Hans Glacier has been monitored
since 1989. Its intensified monitoring using AWS began in 2003. The results show that ab-
lation depends more evidently on the daily mean and maximum air temperature and wind
speed than on total and net radiation. Ablation, both that controlled by sonic height ranger
and that measured manually on stakes, was compared with the values calculated on the basis
of energy flux formulas applied by Oerlemans (2000). The statistical results allowed us to
construct empirical equations, which in turn enabled us to compute the course and total ab-
lation during the summer seasons. It can be described on the basis of two primary meteoro-
logical elements (air temperature and wind speed), as recorded in the station representing
the regional area (Hornsund) or measured in situ on the glacier. Standard measurements of
ablation from the years 1989-2004 were used to verify empirical model. The computed
mean value of summer ablation for 1989-2004 was calculated at 1.35 m, differing from real
measurements by only 10% (with SD = 0.18). The results obtained illustrate that an empiri-
cal equation can be applied in time series analyses. A regional ablation model enables us to
investigate the mass-balance history of glaciers on the basis of meteorological data.

Key words: Arctic, Spitsbergen, Hans Glacier, energy budget of ablation.

Introduction

Ablation and accumulation occur with variable intensity during the whole bal-
ance year and also in multi-annual periods. The relation between ablation and clima-
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tic factors depends on the meteorological conditions above the glacier and the physi-
cal conditions of the ice (Rothlisberger and Lang 1987; Oerlemans 1988; Braith-
waite and Olesen 1989; Laumann and Reeh 1993; Braithwaite 1995; Johannesson et
al. 1995; Hock 1998, 1999). The importance of these processes is different in rela-
tion to different glaciers. Baranowski (1977) showed that in South Spitsbergen the
ablation process is mainly determined by positive air temperatures, whereas the pro-
cesses of condensation and evaporation are least important. The transport of heat by
turbulence exchange depends on the wind speed. The influence of individual meteo-
rological parameters on ablation is variable and depends not only on weather condi-
tions in a given season, but also on the topoclimatic changes of a given area. A
proper evaluation of ablation is the basis for estimating the amount of meltwater
which reaches the glacier’s substratum, affecting the speed of basal slip and influ-
encing the release of the active phase of a glacier surge. These processes are fa-
voured by the thermal structure of a glacier, which enables meltwater to penetrate
glacier shafts in the ablation zone (Jania et al. 1996; Jania 1997).

The main aim of this research was to determine daily and seasonal ablation using
certain empirical formulas. Secondly, to verify the usefulness of individual meteoro-
logical parameters obtained from two meteorological stations (one located in a tun-
dra area in Hornsund, and one AWS located on the glacier) for ablation estimating.
Other tasks included the evaluation and comparison of the ablation data so-obtained
with that derived from direct measurements.

Study area

Research was carried out on the Hans Glacier and near the Polish Polar Station
(PPS) of the Polish Academy of Sciences, located in South Spitsbergen, on Wedel
Jarlsberg Land (Fig. 1). Hans Glacier (Hansbreen) is a typical valley glacier, which
terminates in a 50 m-high cliff in the sea. It is 16 km long and on average 2.5-3 km
wide. Its area is ¢. 56 km?2 and its thickness reaches c¢. 400 m (Jania e al. 1996; Moore
etal. 1999). The mean slope angle of the glacier is 1.5°. The lateral parts of the glacier
snout terminate on land. Hans Glacier is a polythermal glacier, i.e. it has a complex
thermal structure. The upper part of the glacier’s tongue in the ablation zone contains
alayer of cold ice which is 40—100 m thick (i.e. ice at a temperature clearly below the
pressure melting point). For the glaciers of South Spitsbergen, the thickness of this
layer varies over a range of 80—100 m (Jania ez al. 1996).

Methods

Meteorological measurements on the glacier, together with the ablation dy-
namics were carried out during two seasons; from 19 July to 15 October 2003 and
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Fig. 1. Location of the Polish Polar Station (PPS) of the Polish Academy of Sciences in Hornsund and
the automatic weather station (AWS) on Hans Glacier (Hansbreen).

from 8 May to 28 September 2004. An AWS with Campbell CR7 (Fig. 2a) was
placed at the height of 201 m a.s.1. to record hourly values of surface ablation, air
temperature and humidity, wind speed and direction, total short-wave radiation,
and the balance of net radiation including long-wave radiation. The comparison
data comes from the coastal meteorological synoptic station of the PPS, at
Hornsund (international code 01003).

In this paper, the terms “surface ablation” and “real ablation” are used. Surface
ablation shows a change of the thickness of snow/ice layer and it is measured by a
sonic height ranger with sensor type Campbell SR50 (Fig. 2b). Real ablation shows
the water equivalent (w.e.) of the melted layer of snow/ice (height of water column).
This value represents surface ablation rectified by a value of snow/ice density.
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Fig. 2. The automatic weather station (AWS) with Campbell CR7 on Hans Glacier (a) and sonic
height ranger with a sensor type Campbell SR50 (b).

Real ablation was calculated using two methods. The first was a correction of
daily values of surface ablation by snow and ice thickness. It was assumed that
melting snow cover has a density of 500 kg m=3, representing a “mature” state of a
temperature of 0°C and has a supplied deficit of liquid water (Eagleson 1978). For
melting glacier ice, a mean density of 900 kg m~3 was assumed.

In the second method a formula of energy balance (F) was applied:

F= Qnet + Hse + Hla
where,
Q. — net radiation,
H,, — turbulent sensible heat flux,
H,, — turbulent latent heat flux.

The values H,, and H,, were approximated using thermodynamic formulas and
meteorological values recorded on the glacier. This made it possible to estimate
the contribution of the constituents of energy balance and the final calculation of
the water equivalent of ablation using a mass balance formula (M) (Oerlemans
2000):
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where,

F — energy balance,
H,, — turbulent latent heat flux,
L., L, — potential heat of melting and evaporation/condensation process.

Results

M=-FL ! +H,L,!

Relationship between surface ablation and meteorological conditions. —
Table 1 shows general characteristics of meteorological conditions in both abla-
tion seasons. In the first season 2003, the mean daily ablation rate was 2.0 cm per
day. The largest ablation rate, from 5.2 to 6.7 cm per day, was recorded from 28 to
31 July. This was a period when the area of SW Spitsbergen was influenced by the
advection of warm air masses with intensive precipitation (from 3.7 to 8.2 mm)
and strong wind. Maximum ablation (6.7 cm per day) was observed on 28 July,

Table 1

Weather conditions on Hans Glacier (AWS) and Polish Polar Station (PPS) in both ablation
seasons

Location AWS, 200 m a.s.L. PPS, 10 m a.s.L.
Parameter [cﬁ};d] [E/i] [°TC] T‘gnél]x [nvljs] [WI/§n2] [\8755] [°TC] ng}x [gi] [ rl:lm]
Meteorological data from the period 20" July to 10" September 2003 (days 201-253)
Total 106.7 219.1 | 113.5
Mean 20 [ 88| 19 | 33 23 | 1189 | 470 | 45 6.6 | 4.1
Maximum | 6.7 | 984 | 47 | 6.7 | 57 | 2985 | 847 | 63 | 11.0 | 194 | 142
Minimum | 0.0 | 743 | 2.0 | =02 | 1.1 15.5 2.4 1.1 33 | 0.0
Meteorological data from the period 13% June to 61 September 2004 (days 165-250)
Total 278.8 339.1 | 247.8
Mean 32 1904 | 25 | 45 27 | 1472 | 50.5 37 | 60 | 39
Maximum | 14.6 | 99.0 | 6.6 | 122 | 7.5 | 34677 | 1247 | 74 | 12.1 | 164 | 324
Minimum | 0.0 | 72.1 | -1.3 | -0.1 | 04 95 | -132 | 09 1.9 0.0

ADb — daily mean of surface ablation
U — daily mean of relative humidity
T — daily mean of air temperature

T hax — daily maximum of air temperature
W — daily mean of wind speed
It — daily mean intensity of total radiation
Q¢ — daily mean of net balance radiation

SS — daily sum of sunshine duration

R — daily sum of precipitation
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Fig. 3. Daily ablation and meteorological elements on Hans Glacier for two periods: (a) 20 July to 10

September 2003 (days 201-253) and (b) 13 June to 6 September 2004 (days 165-250). Abbrevia-

tions: Ab — ablation, R — precipitation, H — humidity at 2 m height above surface, T — air temperature
at 2 m, W — wind speed at 2.5 m, It — total radiation and Q. — net balance radiation at 1.5 m.

when the daily precipitation total was 7.2 mm. It was the warmest and the windiest
day in the whole period, with a mean daily air temperature of 4.7°C and mean daily
wind speed of 5.7 m/s. It should be emphasised that on 21 July, when the intensity
of solar radiation was greatest (298.5 W/m?) and with the largest duration of inso-
lation recorded in the PPS (19.4 hours), the daily surface ablation was very close to
average and amounted to 2.6 cm per day (Fig. 3a).

In 2004, the ablation was recorded over the whole season (13 June to 6 Sep-
tember 2004), the mean value being 3.2 cm per day. The largest rate of ablation
(11.4-14.6 cm per day) was recorded on 1 and 2 July, when the strongest wind ve-
locities were recorded. The second peak of daily ablation in this season was 9.9
cm, on the warmest day (15 July), when the mean daily air temperature at PPS was
7.4°C, whereas, on the glacier at AWS, the temperature reached 6.1°C. It was the
warmest day in the whole region. On the glacier, the warmest day was 27 July,
when owing to a thermal inversion it was colder at PPS by 1.7°C. The ablation rate
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Table 2
Statistical relationship between ablation and some meteorological parameters
Parameters Peazz(;gisc?;giﬁ)t ion Significance level (p)

Daily mean of air temperature (at AWS) 0.58 0.000

Daily maximum air temperature (at AWS) 0.59 0.000

Daily mean of wind speed (at AWS) 0.56 0.000

Daily mean intensity of total radiation (at AWS) 0.29 0.001

Daily mean of net radiation (at AWS) 0.28 0.001

Daily mean of relative humidity (at AWS) -0.15 0.075

Daily mean of air temperature (at PPS) 0.36 0.000

Daily maximum air temperature (at PPS) 0.42 0.000

Daily sum of sunshine duration (at PPS) 0.09 0.309

Daily sum of precipitation (at PPS) 0.11 0.208

was only modest at that time, reaching a value of 4.4 cm per day. On the day with
the greatest intensity of solar radiation (346.7 W/m?) and the longest sunshine
duration (16.4 hours), the daily surface ablation was 3.5 cm i.e. close to the mean
values, similarly as in the previous season. A clear reaction to energy influx from
solar radiation was observed only between 10 and 15 July and then, again on 25
July and 28 August (Fig. 3b).

Statistical analysis showed a significant correlation between ablation and air
temperature on AWS (especially maximum daily temperature) and mean daily
wind velocity (Table 2). Also, the relationship with the maximum air temperature
recorded at the PPS is significant. The influence of radiation balance and precipita-
tion on the average seasonal ablation is less important; however, these values are
quite significant in episodes of an extreme nature. The weak correlation between
ablation and net radiation displays the considerable role of other contributions to
the ablation energy balance, i.e. turbulent sensible and latent heat flux. Their influ-
ence is indirectly shown by the clear correlation between temperature and air tem-
perature as well as wind velocity, which can be explained by detailed structure of
energy balance. In the case of precipitation as a result of advection melting, the
amount of heat proportional to the mass of rain precipitation and supplied to snow
should be taken into account.

Real ablation and energy balance. — Using measurements carried out in
2004 for the whole ablation period, daily values of measured ablation and ablation
estimated from the surface energy balance were compared, according to the
method proposed by Oerlemens (2000). The results are shown in Fig. 4. It should
be emphasised that the cumulative (seasonal) value of real ablation, corrected by
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Fig. 4. Surface ablation, calculated and measured on Hans Glacier for the period 13 June to 6 Septem-
ber 2004 (days 165-250).

snow and ice density (a), is similar to the value calculated from energy balance
data (b) by choosing an optimal value of the turbulent exchange coefficient.

The water equivalent of ablation for the whole season using both methods was
1.56 m w.e. and 1.49 m w.e. respectively. The results obtained are very similar to a
value obtained using traditional means (direct measurement of ablation stick), ac-
cording to which the ablation value was 1.49 m w.e.

The accuracy of the applied methods makes it possible to evaluate daily mass
loss and the increase of meltwater penetrating the glacial shafts in the ablation
zone. In 2004, the melting of glacier mass occurred at an average rate of 1.8 cm
w.e. per day. However, changing weather conditions caused five major episodes
with daily ablation from 4.1 to 7.3 cm per day resulting in a water discharge of
40-701from each square meter of the surface of the ablation zone during 24 hours.
In the energy balance of ablation, the heat resulting from the radiation balance of
the surface contributed on average 76% (from 100% to losses in over 90%). The
turbulent sensible heat flux represented on average 18.2% of energy (from income
in 67% to losses in about 60%). The contribution of the latent heat flux was only
5.7% fluctuating from 26% of income to 58% of losses (Table 3, Fig. 5).

The relationship between air temperature and ablation. — A correct eval-
uation of the ablation rate is often problematic because of the paucity of meteoro-
logical measurements on a glacier. Therefore, an evaluation in five-day periods is
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Table 3
The energy balance of ablation (F) in the year 2004
F Qnet Hse Hla
Mean [Wm2| 66.5 50.5 12.1 3.8
Energy flux  |[Maximum [Wm] 178.4 124.7 59.7 29.1
Minimum [Wm™ -14.2 -13.2 -1.2 -16.4
Mean [%] 76.1 18.2 5.7
Percentage = |Maximum share [%)] 100.0 67.0 26.0
Maximum waste [%] -93.0 -60.0 -58.0

F=Que + Hee + Hyy

where,

Q,e¢ — Det balance radiation,
H,, — sensible heat flux,

H,, — turbulent latent heat flux.

usually used and also a method based on the model, which includes totals of posi-
tive daily air temperatures (Krenke and Khodakov 1966; Braithwaite 1995).

The relationship between ablation and meteorological parameters in five-day
periods was studied. For the whole series of data (two seasons), it was found that
the relation between ablation and five-day period totals of air temperature revealed
a more significant relation than in the case of daily values, especially in the case of
maximum temperatures (Table 2). This enabled to construct an empirical formula
(equation 1), which requires only information about air temperature from the AWS
and makes it possible to estimate five-day period values of surface ablation on gla-
cier (Fig. 6).

(1) Abs =0.764 2T, .5 — 1.296

with R = 0.697, F (1.25) = 23.625, p < 0.00005; error of standard estimation at
6.5610

where,

Abs — five-day period values of surface ablation,

2T haxs — five-day periods total of daily maximum air temperatures from the AWS.

The use of cumulative values for the whole ablation season (daily ablation and
totals of positive air temperature) gives satisfactory results, even if only data from
the PPS are included. This station is located in an area of maritime tundra, where
the correlation coefficient (R) between the values of mean daily temperature and
maximum temperature on AWS and PPS was 0.80 and 0.74 respectively. As a re-
sult, differences between cumulative values of ablation and air temperature totals
for the whole season are very high. They were described using a second degree
polynomial formulas (equations 2-5) and defined by a correlation coefficient
close to 1 (Fig. 7).
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Fig. 5. (a) Daily ablation, (b) components of energy balance (Q, — net balance radiation, Hy, — sensi-
ble heat flux, Hy, — turbulent latent heat flux) and (c) air temperature (T) and wind speed (W) for the

period 13 June to 6 September 2004 (days 165-250).
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Fig. 6. Five-day and cumulative values of measured and calculated ablation, according to equation 1,
in 2003 (a) and 2004 (b).

(2) Aby =-0.0032 (XT,AWS)? + 1.911 ZT,AWS + 9.1976, with R = 0.99
(3) Aby =-0.0019 (XT,PPS)? + 1.477 XT,PPS — 2.5045, with R = 0.99
(4) Abr=-0.001 (ZT ;,.,xAWS)? + 1.0996 =T, ,AWS — 0.8796, with R =0.99
(5) Aby =-0.0006 (£T,,.xPPS)? + 0.8788 XT,,..PPS — 5.7278, with R = 0.99
where,
Abry — total ablation of a season [cm],
XT, — sums of positive values of mean daily air temperature on AWS or PPS,

2T, .x — sums of positive values of daily maximum air temperature on AWS or
PPS.
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Fig. 7. Cumulative values of daily measured ablation as a function depend on sum of positive values
of mean daily air temperature on AWS (2) or PPS (3) and the maximum daily air temperature on
AWS (4) or PPS (5).

By taking into account the time of melting of the snow cover and ice and their
densities (500 kg m—3 and 900 kg m—3) in cumulative values, it was possible finally
to verify the relationship between cumulative values of ablation water equivalent
and air temperature totals for the whole season and to compare them with tradi-
tional measurements from the period 1989-2004 (Figs 8 and 9). In comparison
with multi-annual data obtained by traditional means, a formulas was applied
which takes into account the cumulative totals of daily values of maximum air
temperatures from AWS (equation 6) or PPS (equation 7).

(6) Aby,, . =—0.0002 (XT,,, AWS)2+0.4791 =T, AWS +2.1723, with R =0.99
(7) Aby, . =-0.0002 (XT,,, PPS)2 + 0.3873 =T, PPS — 0.2698, with R = 0.99

where,
Abr , . — cumulative values daily ablation expressed in water equivalent.

It should be noted that the time changeability of ablation values measured by
traditional means and that calculated from the applied method shows a similar
character. The decrease in values for some years (e.g. 1991, 1993, 1999) may indi-
cate the influence of precipitation on ablation in these seasons.



I

www.czasopisma.pan.pl w www.journals.pan.pl

POLSKA AKADEMIA NAUK

A meteorological study of the ablation process on Hans Glacier 255
0
(6) Ab,,.=—0.0002 (XT, ws) +0.4791 T, s +2.1723
20 ANCY R=0.99
0 (7) Ab,. =—0.0002 (ST, ) > +0.3873 ST, .. — 0.2698
o
o\ o R=0.99
_ 40 oo% 05 3
5 [e] o

; % N °%
5 601
=l o (&)
-2 ) o
% Oo Oo
; 80 1 % 2 o, >
5
E 00 ° (o]
£ 100 ° oy
= Q0
g X °°o°
Q

120 %%% NG

(6) o o
Q)
140 o o
Qﬂb c,°°°o
[e] (e
O
160 . . . . . . . . .
0 50 100 150 200 250 300 350 400 450 500

cumulative daily maximum air temperature [°C]

Fig. 8. Cumulative values daily ablation expresses in water equivalent as a function of daily maxi-
mum air temperature on AWS (6) and PPS (7).

Summary and conclusions

The investigations carried out in 2003 and 2004 made it possible to (i) evaluate
weather conditions/complexes which influence ablation rate; (ii) determine, in de-
tail, daily values of surface ablation, which show the loss of the snow/ice layer
thickness and real (effective) ablation, which is shown in water equivalent per sur-
face unit; (iii) estimate the share of constituents of energy balance in the ablation
process based on thermodynamic formulas; (iv) construct empirical formulas,
which make it possible to determine ablation dynamics based on daily values of air
temperature and wind velocities; and (v) evaluate ablation size in the period
1989-2004.

Radiation balance, despite the large contribution of energy income, does not
appear to have a direct influence on ablation dynamics. These dynamics depend
mainly on anemological conditions, which indicate simultaneously the signifi-
cant role of the other constituents of ablation energy balance i.e. turbulent sensi-
ble heat flux, and potential heat of evaporation and condensation. Their contribu-



www.czasopisma.pan.pl P N www journals.pan.pl

POLSKA AKADEMLA NAUK

256 K. Migata, B.A. Piwowar and D. Puczko

2.0

0.8

ablation [cm w.e.]
=

0.6

0.4

0.2 A

0.0 —
1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004

@ measured O computed

Fig. 9. Computed and measured ablation in the zone of 200-220 m a.s.1. between 1989 and 2004.

tion may be indirectly shown by the clear relation of ablation with air tempera-
ture and wind velocity. In the case of precipitation as a result of advection melt-
ing, the amount of heat proportional to the mass of rain precipitation and the
amount of heat supplied to snow should be also considered. Warm advections
with fronts, precipitation and an increase of wind velocity represent episodes of
increased ablation with large contribution of perceptible heat that is carried with
precipitation mass.

The applied methods of real ablation calculation are assumed to be equally
reliable. They are based on surface ablation, corrected by snow and ice density,
and according to energy balance. The accuracy of the methods makes it possible
to evaluate mass loss and increase of meltwater in the ablation zone. In 2004, the
melting of glacier mass took place at an average rate of 1.8 cm w.e. per day, but
with occasional weather conditions causing water discharge in the range from
40-70 1 from each square meter of the ablation zone surface over a 24 hour-pe-
riod.

In the energy balance, ablation heat resulting from surface radiation balance
represented on average 76%. The turbulent sensible heat flux was 18.2% of en-
ergy, whereas the contribution of the latent heat flux was only 5.7%. A significant
statistical relationship between ablation and basic values has made it possible to
construct formula which describe a daily value of the process or its distribution in
five-day periods. This formula (Abs =0.764 XT.s — 1.296) require only informa-
tion about daily maximum air temperature from AWS.
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The application of cumulative values of daily ablation and totals of positive air
temperature for the whole ablation season revealed a significant correlation be-
tween both values even in case of data from PPS. This relationship was described
by a second degree polynomial function, which made it possible to compare the
calculations with manual measurements of ablation for the period 1989-2004. The
calculation for this period mean value of ablation is 1.35 m and it is different by
10% (standard deviation 0.18) from the result obtained from traditional methods,
with a character similar to the intra-seasonal changes.

The results obtained illustrate that a regional ablation model can both be used
to investigate mass-balance history of glaciers and also may be applied in future
studies of climate — glacier interactions.
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