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Ablation and discharge of the Waldemar Glacier,
north-western Spitsbergen in summer 1998

ABSTRACT: In summer 1998 detailed measurements of ablation were carried out on the
Waldemar Glacier in order to determine its spatial and time variation. Five-days’ average abla-
tion was equal to 14.7 cm water equivalent (w.e.), with maximum total ablation of 160-180 cm
w.e. at 200 m a.s.1., and the lowest ablation of 106 cm w.e. at 350 m a.s.1. Total ablation for the
whole glacier was estimated at 120.5 cm w.e. Simplified scheme of changes of summer ablation
with altitude was exampled by this glacier. Relation between discharge from individual frag-
ments of the Waldemar Glacier and their ablation was examined. Discharge of the Waldemar
River was analysed: from about 4,800,000 m® of water in the stream, 67% came from surface ab-

lation of the Waldemar Glacier.
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Introduction

Ablation and snow accumulation are the basic processes that influence balance
of a glacier. Their relation allows estimation of changes in a glacier i.e. mass bala-
nce of its body. Ablation is more or less responsible for ice mass decrement. This
process is a main glaciological problem, which has been dealt with by many au-
thors (Sugden and John 1976; John 1977; Jania 1993, 1994; Jania and Hagen 1996;
Dowdeswell et al. 1997). Ablation is more and more often considered in mathe-
matical and statistical formula, aiming to forecasting its occurrence in time (Kono-
valov 1987, Krenke and Menshutin 1987, Pelto 1988, Hagen ez al. 1993, Vincent

and Vallon 1997). Many of the issues connected with the problem have not been,

however, well recognised so far.
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Fig. 1. Map of the Waldemar Glacier. 1 - glacier border, 2 — border of glacier drainage basin, 3 — me-

dian and surface moraine, 4 — gaps, 5 — supraglacial and proglacial streams, 6 — lake, 7 — icing, 8 —

contour line, 9 — altitude point, 10 — ablation stakes, 11 — gauge station, 12 — glaciological observa-
tory, 13 — meteorological station.

Studies of ablation should focus not only on a glacier surface but also on analy-
sis of water conditions in a glacier catchment basin. Simultaneous measurements
on surface and forefield of a glacier essentially increase accuracy of research
(Sobota 1998).

In summer 1998 detailed measurements of ablation on the Waldemar Glacier
were carried out in order to define its spatial and time variation (Fig. 1). Water dis-
charge was measured in streams that drained individual parts of a glacier. Thus, it
was possible to compare ablation of a glacier fragment with volume of outflowing
water. Investigations included also the Waldemar River, which flows out from the
glacier. The research focused mainly on correlation between intensity of water dis-
charge and glacial ablation. An attempt to estimate ablation and outflow was done
on the basis of temperature measurements in the Waldemar River. In order to carry
out such research (which is a part of a program on ice mass balance of the
Waldemar Glacier), the automatic gauging station “Davis” was used for the first
time. It enabled to measure temperatures every 15 minutes.

Ablation of glaciers in Spitsbergen was discussed in numerous papers (Bara-
nowski 1977; Leszkiewicz 1982, 1987; Haeberli, Hoelze and Bosch 1991, 1994,
1996; Jania 1993, 1994; Jania and Hagen 1996; Bartoszewski 1998). In spite of
many expeditions to Kaffigyra since 1975, glaciological research has concerned
rarely ablation of glaciers in this area. Since 1995 systematic research has been a
part of ice mass balance estimation of the Waldemar Glacier (Grzes 1997; Grzes
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and Sobota 1997, 1998; Sobota 1997). However, water conditions in Kaffigyra
have been widely discussed in literature, among others by Szczepanik (1977),
Pietrucieni (1977), Marszelewski (1987), Pietruciefi, Skowron and Lankauf (1987),
Skowron (1995), Sobota (1997, 1998) and Brykala (unpubl.).

Study area

The Waldemar Glacier is located in the northern Oscar II Land, northwestern
Spitsbergen (Fig. 1). It is the alpine glacier and flows down a valley to the Kaffi-
gyra Plain. With the area of 2.66 km?, the Waldemar Glacier occupies 61% of
a catchment basin, closed by ice-cored moraines at the water gap. The firn field oc-
curs at 380490 m a.s.l. and the snout at 130 m a.s.l. The glacier is composed of
two parts, separated by a median moraine, 1600 m long (Fig. 1). Its foreland occu-
pies 0.44 km?. A small ice-dam lake has been observed on the glacier since 1995,
tightly related to the glacier retreat, resulting in ice melting and outflow blocking.
The catchment basin of the Waldemar River occupies 16.5 km? and its surface has
been shaped mainly by meltwaters from the Waldemar Glacier. Within the catch-
ment basin there are streams fed by ablation, rainfall and melting of the morainal
ice-cores. A river mouth is influenced by sea tides.

Location of the glacier snout is also significant for regime of the glacial stream.
The Waldemar Glacier has been retreating intensively lately and the glacier sur-
face lowered 1% every year (Lankauf and Preisner 1982; Lankauf 1989, 1993,
1995). This process undoubtedly influences considerably the outflow from the
catchment basin of the Waldemar Glacier.

Ablation of the Waldemar Glacier

Similarly as in previous years, measurements of summer ablation in 1998 were
carried out in 5 days’ intervals at 30 sites on the glacier (Fig. 1). Aluminium poles
were installed at depth 1.5 m in April and May 1998. In result, total surface abla-
tion could be estimated for the whole summer. Investigations aimed to determine
ablation in time and its variation with altitude, as well as to estimate average abla-
tion in summer. Finally, ablation could be compared with runoff from a given part
of the glacier.

Many agents, both morphological (morainal cover, slope, density of supra-
glacial streams, shielding) and meteorological (mainly air temperature) influence
the ablation. High cloudiness occurred in summer 1998. As far as average air tempe-
ratures are concerned, they were also high and equal to 5°C on surface of the
Waldemar Glacier, 5.7°C at the snout and 4.2°C at the firn field (according to mea-
surements at the automatic meteorological gauging station “Davis”). Meteorologi-
cal measurements enabled evaluation of tangible relation between air temperature
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Fig. 2. Penta-ablation in individual parts of the Waldemar Glacier related to average air temperature

in summer 1998.
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Table 1
Ablation (in cm of water equivalent) at different altitudes on the Waldemar Glacier in
summer 1996, 1997 and 1998.

1996 1997 1998
Altitude ) - ]
(mas.l] Ablation ﬁlszelr:tril;; Ablation Ellifg:ggz Ablation gi%{:g:ﬁ
150 93, 94, 120, 132 39 97, 126, 133 36 153, 159 6
200 60,75 15 91, 109 18 108, 166 58
220 - - 75, 83 8 130, 182 52
250 51,64 13 51,81 30 118, 140 22
300 48, 59, 61 13 46, 51 5 - -
350 30, 41 1 53 - 109, 118 9
400 - - 19,24 5 125 _
450 - - - - 131 -

and ablation (Fig. 2). Regardless the glacier part, ablation increases distinctly with
rising temperature. Air temperature, often modified by local conditions on a gla-
cier, is the most important factor for the ablation.

High intensity of ablation and lack of this phenomenon are observed on the
Waldemar Glacier irrespectively of altitude. Unlike the previous summers, abla-
tion was relatively constant. The highest ablation was noted at the beginning of the
analysed period. Afterwards, decreasing ablation followed by its slight increase at
the end of the examined period was observed. The lowest ablation, both at the
snout and in the firn field, was ascertained between 29th July and 2nd August 1998
(10.6 cm w.e. and 9.0 cm w.e., accordingly). The highest ablation in these parts of
the glacier was noted at the beginning of the analysed season (20.7 and 20.1 cm
w.e.). The five-days’ average ablation for the entire glacier was equal to 14.7 cm
w.e. Contrary to the previous summers, ablation started nearly at the same time on
the whole glacier and lasted for nearly the same period. It results from similar trend
in temperature variation at individual parts of the glacier.

Ablation is dependent also on the so-called ablation layer. Ice melting occurs
on ice crystals too, and white colour of glacier surface is due to this process. In
summer 1998 the ice layer was to 20 cm thick. It disappeared completely during
rain and its thickness was generally considerably varying. Real surface of ablation
occurs only in case of absence of ablation. Both the Waldemar Glacier and altitude
difference between the firn field and the snout (365 m) are relatively small. Never-
theless, spatial variation of ablation is observed. Besides the altitude gradient, vari-
ation was caused by local conditions including exposition, selective melting, slope
and pattern of supraglacial streams.
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Fig. 3. Ablation map of the Waldemar Glacier in 1998. 1 — ablation (water equivalent in cm), 2 — con-
tour line, 3 — median and surface moraine, 4 — lake.

The map of ablation of the Waldemar Glacier presents decreasing ablation
with increasing altitude (Fig. 3). The highest ablation was noted at the glacier snout
up to 250 m a.s.l.. The maximum total ablation was equal to 160180 cm w.e. at
200 m a.s.l., whereas the lowest one to 106 cm w.e. at 350 m a.s.1. The gradient of
ablation for the whole research period was only 10 cm w.e. at 100 m a.s.1., it was 22
cm w.e. at the same altitude in summer 1997. The lowest total ablation was not
noted at the highest point of the firn field but a bit lower (Fig. 4). Ablation on the
firn field was observed from the beginning of the ablation season. This process was
so intensive that dense network of supraglacial channels developed together with a
few ice crevasses, influencing a considerably varied ablation. Distribution and
variability of glacial zones, characteristic for the previous seasons, could not be ob-
served. Throughout the whole summer, the glacier occurred within the ablation
zone. Additionally, small patches of water-ice pulp were formed but disappeared
very quickly.

In summer 1998 the altitude did not influence much a spatial variation of abla-
tion. Local conditions, mainly air temperature and foehn winds played much greater
role, especially in the glacier firn field. This conclusion is based on total ablation in
the firn field, equal to 122 cm w.e., and was higher than the average total ablation for
the whole glacier (120.5 cm w.e.). The correlation coefficient between altitude and
ablation during the analysed period was equal to 0.53 only, whereas it was .93 dur-
ing the previous summer. It confirms much lower spatial variation of ablation.
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Fig. 4. Vertical variation of ablation on the Waldemar Glacier in summers 1996-1998.

Varying ablation with the altitude, dissimilar to the previous seasons, was a
reason for detailed analysis of the Waldemar Glacier. It seems characteristic that
ablation indicates strong diversity at the same altitude (Table 1). Sometimes these
differences are significant as e.g. in summer 1998 when ablation was equal to 58
cm w.e. at 200 m a.s.1. In accordance with a general trend towards ablation getting
lower with altitude, the ablation diversity increases. This situation is tightly conne-
cted with local conditions on the Waldemar Glacier. Its lower part, showing the
most intensive ablation, stretches up to about 300 m a.s.l. It is generally covered
with surface moraine. The fact that at different altitudes similar features exist
makes altitude gradient insignificant for ablation. Participation of different frag-
ments of the glacier in total ablation gives similar results to the quoted above. The
whole central part of the Waldemar Glacier, irrespectively of its altitude, is sub-
jected to similar ablation. These observations, however, do not exclude general de-
crease of ablation with altitude.
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Fig. 5. Simplifed scheme of summer ablation against altitude. Type of summer: A — cold, B - aver-

age, C — warm; ablation gradients during: GB — average, GA - cold, and GC — warm summer; more
comments in text.

The estimated ablation for the Waldemar Glacier resulted in a simplified
scheme of glacier ablation variability with altitude (Fig. 5). Weather conditions
and particularly air temperature during summer were accepted as the most impor-
tant factor for ablation distribution. Meteorological factors were treated together.
Summers were divided into three types including cold summer with average tempe-
rature lower than a multi-annual average one, average summer with average tem-
perature similar to a multi-annual one, and warm summer with average tempera-
ture higher than a multi-annual one.

The second examined factor included local glacier conditions that more or less
influenced variability of ablation with altitude. Snow accumulation in winter does
not play any significant role and ablation is more or less intensive, depending on me-
teorological conditions in summer. Ablation drops with air temperature decreasing
with altitude. Thus, air temperature is so low during a cold summer that from certain
altitude melting does not occur on a glacier surface. The presented scheme shows
three variants of altitudinal distribution of ablation (Fig. 5). During a cold summer
ablation decreases distinctly up to certain altitude (in most cases to a firn field),
above which it does not take place at all. The ablation gradient is quite high, but not
the highest one. During an average summer ablation decreases considerably with
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Fig. 6. Balance areas on the Waldemar Glacier in summer 1998. 1 — glacier areas drained by individ-
ual streams, 2 — outflow measurements points, 3 —ice-free area, 4 — surface and median moraines, 5 —
supraglacial streams, 6 — ice-dam lake, 7 — limits of balance areas.
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altitude, its values are big and the gradient is the biggest. Warm summer is characte-
rised by most intensive ablation, taking place on the whole glacier but its variability
is smaller with increasing altitude and the ablation gradient is the lowest one. Thus,
as far as other glaciers similar to the Waldemar Glacier are concerned, various
courses of ablation changing with altitude are expected in accordance with thermal
conditions in summer. Such variability can be expressed by the ablation gradients
GB > GA > GC, where GB is typical for average, GA - cold, and GC — warm sum-
mer.

The scheme presented above is modified slightly if completed with local con-
ditions on a glacier. The lines for individual summers (A, B and C) are similarly in-
clined. Additionally, relations of their ablation gradients do not change, but their
values are lower. Up to certain altitude, ablation does not change and its values are
similar. The zone of similar ablation stretches up highest during a warm summer
while lowest during a cold one. The presented scheme was based on detailed mea-
surements of ablation on the Waldemar Glacier. Small size of the glacier plays sig-
nificant role, as the whole glacier is located in similar weather conditions. The
other glaciers in Spitsbergen, size and altitude of which are similar to those of the
Waldemar Glacier, present similar distribution of ablation with altitude.

During the whole period of examination (last measurements taken on August
31) ablation of the Waldemar Glacier was equal to 120.5 cm w.e., and was much
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Fig. 7. Participation of surface runoff against ablation in total discharge from particular areas of the
Waldemar Glacier in summer 1998. 1 — ice-dam lake, 2 — median and surface moraine, 3 — ice-free
area, 4 — limits of drainage areas.
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higher than during the two previous summers. Variation of ablation was also lower
with time. The cumulated ablation of the Waldemar Glacier during the last three
years was about 280 cm w.e., half of which occurred during the analysed season.

Outflow from the Waldemar Glacier

Supraglacial streams are the main morphological elements on a glacier surface
in summer, especially in a frontal part. Intensified ablation creates or renews net-
work of meltwater streams. Pattern of streams, their number, depth and time varia-
tion reflect the ablation rate. This paper focuses predominantly on volume of water
transported in selected streams on the Waldemar Glacier and their relation to the
outflow from individual parts of a glacier. The ablation based on the runoff
hydrogram was estimated due to analysis of discharge from individual fragments
of the catchment basin. Such approach enables determination of relation between
ablation and partial outflow. This issue is very complicated and it allows only for
rough comparison of the above parameters. Discharge from a given part of a gla-
cier may indicate the ablation rate as well as its share in feeding the supraglacial
streams with meltwater (Sobota 1998). Moreover, knowledge of partial outflow of
streams directly at water outbursts from a glacier allows estimating share of sur-
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Fig. 8. Discharge of the Waldemar River in summer 1998,

face ablation in total outflow from a drainage area. It also enables to assess share of
melting icings, which seems to be quite large. Precise estimation of volume of en-
glacial water seems also possible.

In order to estimate outflow of streams the glacier was divided into characteristic
balance areas (Fig. 6), limits of which follow roughly the watersheds on the glacier.
Not only ablation for each fragment of the glacier was assessed within a research pe-
riod but also outflow of streams draining those areas. Distinct relation between time
variation of ablation in the defined areas and outflow rate of streams draining those
areas was ascertained. This relation, however, was ambiguous. In some areas abla-
tion was higher than outflow (Fig. 7) but opposite relation occurred occasionally too.
For instance, share of ablation in outflow from the area BA was equal to 19% only
while in the area A —as much as 134%. Similar analysis was carried out for the previ-
ous season (Sobota 1998). All these differences are tightly correlated with local con-
ditions of individual catchment basins and have their justification. The above rela-
tion can create the basis for estimating the outflow from the glacier as well as the en-
glacial outflow. This issue, however, is very complicated.

In summer 1998 standard measurements of discharge in the Waldemar River
were taken, and relation of river outflow to glacial ablation was determined. Addi-
tionally, several physico-chemical properties of river water were examined. The
investigations also included the ice-dam lake, outflow from which plays signifi-
cant role in total outflow from the Waldemar Glacier and in feeding the analysed
river. The “Davis” measuring equipment enabled very detailed water temperature
measurements that were taken for the first time and every quarter of an hour. Such
frequency allowed drawing conclusions on relation between river water and air
temperature, and ablation.

Considerable time variation in discharge, especially up-stream, is characteris-
tic for glacial rivers and the same is typical for the Waldemar River (Fig. 8). There
were several alternate periods with high and low discharge. The course was tightly
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ablation of the Waldemar Glacier in summer 1998.
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Fig. 10. Water temperature in the Waldemar River against discharge (Q) in summer 1998.

related to ablation, which is particularly visible in relation to the average 5-days’
discharge and ablation (Fig. 9). High variability of discharge causes great morpho-
metric changes of the riverbed and difficulties in measurements. Changeability of
discharge of the Waldemar River is similar to the ones during the previous sum-
mers. Ablation is the main factor responsible for discharge. Strict dependence be-
tween ablation and discharge allows determining share of surface ablation in total
runoff from a glacier. Significantly, the river reacts very quickly to all hydrological
changes on the glacier: small distance results in slight delay only between maxi-
mum discharge and maximum ablation.

Distinct relation between water temperature in the Waldemar River and air
temperature, and their relation to water discharge and ablation could be deter-
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mined. The greatest discharge occurred when water temperature was the highest
(Fig. 10) and this relation allows for treating water temperature as an indicator of
ablation and time variation in its intensity.

Feeding and outflow from the ice-dam lake on a glacier plays significant role in
regime of the Waldemar River. Ice-dam lakes influence much a runoff from the
glacial catchment basin. They are water reservoirs, mainly with seasonal runoff
(Grze$ and Banach 1974). The lake on the Waldemar Glacier is located at the foot
of a median moraine and its area is about 0.5 hectares. The lake is fed directly by
meltwaters flowing out from the western, mainly frozen part of the glacier. As
much as 38% of discharge from the Waldemar Glacier was estimated to come from
the lake in summer 1998. This fact stresses arole of the ice-dam lake in feeding and
shaping the Waldemar River.

From about 4,800,000 m> of water flowing out through the Waldemar River,
67% was estimated to come from surface ablation of the Waldemar Glacier, compar-
ing with 60% during the previous summer. The other 33% means feeding with rain
as well as with water from melting icings. The latter, thanks to detailed analysis of
the runoff from the glacier, was assessed to 250,000 m®, which makes up about 6%
of outflow. Rainfall feeding in 1998 was 133,000 m? (about 3% of the outflow). Cir-
culating englacial water seems to play an important role in river feeding. A discharge
from the Waldemar River can be expressed with the following equation:

Q=A+W+H+N+R

where: Q —river discharge, A — surface ablation, W — englacial water, H — precipi-
tation, N — water from melting of icings, R — local sources of feeding (e.g. water
from streams on valley slopes). These relations indicate an important role of
ablational feeding in regime of a glacial river.

Conclusions

There is tight correlation between river water temperature, discharge and abla-
tion. During the analysed season a high average air temperature was observed. It
resulted in increased ablation if compared to the previous seasons. The ablation is
not greatly varied in time. Maximum total ablation reached 160-180 cm w.e. at
200 m a.s.l., and the lowest total ablation equal to 106 cm w.e. occurred at 350 m
a.s.l. Ablation changeability with altitude enabled to present a scheme of ablation
for three types of summer. Average air temperature and local glacier conditions
were accepted as the main factors of ablation. The described scheme can be used
for the other glaciers in Spitsbergen, having similar area and altitude.

Taking into account the whole research period, ablation of the Waldemar Gla-
cier accounted for 120.5 cm w.e. in 1998 and was nearly two times higher than du-
ring the previous season. Basing on detailed analysis of ablation and discharge,
similar time variation of both was observed. Catchment basins with ablation higher
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than discharge and the ones with discharge much higher than ablation were deter-
mined. This analysis allows therefore for estimating the englacial flow.

From about 4,800,000 m® in the Waldemar River in 1998, 67% comes from
surface ablation on the Waldemar Glacier. During the previous summer this share
was similar and accounted for 60%. The other most important sources of river
feeding comprise melting of icings, precipitation and water runoff down the sur-
rounding slopes.
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Streszczenie

Badania ablacji i doptywu prowadzono latem 1998 roku na lodowcu Waldemara na Réwninie
Kaffigyra w péinocno-zachodniej czesci Spitsbergenu (fig. 1). Analizowany sezon charakteryzowat
si¢ wysokq Srednig temperaturg powietrza, co przyczynilo si¢ do wigkszej w poréwnaniu z poprzed-
nimi sezonami ablacji. Ablacja wykazywala niewielka zmiennoscia w czasie (fig. 2). Maksymalna
wartos¢ catkowitej ablacji wyniosta 160-180 cm réwnowaznika wodnego na wysokosci 200 m
n.p.m., a najnizszg calkowita warto$¢ ablacji odnotowano na wysokogci 350 m n.p.m. (106 cm r.w.),
(fig. 3, tab. 1). Gradient ablacji dla catego okresu badar wynosil tylko 10 cmr.w. na 100 m (fig. 4). Na
podstawie szczegétowej analizy zmiennosci ablacji wraz ze wzrostem wysokosci przedstawiono
schemat tego zjawiska dla trzech typéw sezonéw letnich (fig. 5). Za czynnik majacy najwigkszy
wplyw na rozktad ablacji przyjeto warunki pogodowe w danym sezonie letnim, a w szczegélnosci
temperaturg powietrza. Biorac pod uwage caly okres badar ablacja lodowca Waldemara wyniosta
120,5 cm r.w. i byta okolo dwa razy wigksza od sezonu poprzedniego.

W celu okreslenia odptywu ciekéw odwadniajacych poszczegélne czesci lodowca, podzielono
g0 na charakterystyczne powierzchnie bilansowe (fig. 6). Na podstawie szczeg6lowej analizy ablacji
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tych powierzchni i odplywu ciekéw je odwadniajacych stwierdzono podobna zmienno$¢ czasows
obu zjawisk. Wydzielono zlewnie, na ktérych ablacja byla wigksza anizeli odplyw ciekéw oraz takie,
gdzie odplyw ciek6w byl znacznie wigkszy anizeli wskazywalaby na to wielko$¢ ablacji (fig. 7).
Analiza ta pozwala szacowa¢ wielkos§¢ przeplywu inglacjalnego.

Rzeka Waldemara wykazywala w czasie duza zmiennos¢ nat¢zenia przeplywu (fig. 8), scisle
zwigzang z wielkoscia ablacji lodowcowej, co szczeg6lnie widoczne jest w odniesieniu do srednich
wartosci pigciodniowych przeptywu i ablacji (fig. 9). Stwierdzono, Ze na okolo 4,8 tys. m> wody,
jaka odptyneta rzeka Waldemara, 67% pochodzi z ablacji powierzchniowej lodowca Waldemara. Po-
zostale najwazniejsze Zr6dla zasilania rzeki to: wytapianie naledzi, opady deszczu i sptyw wody ze
stokéw otaczajacych lodowiec.

Istnieje duza zalezno$¢ pomigdzy temperaturg wody w rzece a wielkoscia przeplywu. W okre-
sach najwyzszej temperatury wody stwierdzano réwniez najwigksze natgzenie przeptywu (fig. 10).



