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Abstract

This study presents the variation in the accumulated heat content of the alpine-type lake Morskie Oko
in the highest mountain range of the Carpathians — the Tatras. The analysis was based on detailed water tem-
perature measurements carried out in 2007 at the deepest site of the lake. Additionally, the changeability of
heat content in 1973-2012 was assessed using measurements performed at one site near the shore at a depth
of 0.4 m. The highest and the lowest values of accumulated heat content were recorded in August and
February, which is typical for lakes in intermediate latitudes. The monthly average accumulated heat content
in the studied year amounted to 186,830 GJ. Long-term dynamics of heat content indicated an upward trend,
particularly from the late 1990s, which was closely connected with an increase in air temperature. This inves-
tigation indicated that mountain lakes — commonly regarded as cool — may be a potential source of “clean”

energy in hard-to-reach terrain (e.g., for the needs of mountain refuges, holiday camps, etc.).
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Introduction

Considerable accumulation of matter and energy is one
of the features of lakes distinctive among various compo-
nents of the natural environment. The energy accumulated
in a lake can be expressed as the accumulated heat content.
Its amount depends mainly on the climatic zone a water
body is located in as well as on local conditions, morpho-
metric features of a lake basin, the presence of contami-
nants, etc. Alpine lakes are a specific group of mountain
lakes and their distinctiveness — particularly compared to
lowland lakes located in the same latitude — has been stud-
ied by researchers of many scientific fields [1-5]. The com-
monly reported increasing trend in water temperature [6-9],
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being the consequence of global climate warming, also
concerns mountain lakes. As a result, they will undergo a
considerable evolution [10].

The rising temperature contributes to the increase in the
accumulated heat content observed in lake water and thus
may alter physical, chemical, and biological processes.
This has been underlined for example by [11], who con-
firmed that the course of some physical processes is close-
ly dependent on the heat content accumulated in a lake.
As aresult, the transformations of mostly cool alpine aquat-
ic ecosystems are highly probable [12] and will concern the
changes in species composition of flora and fauna, the
course of water overturn, the range of epilimnion, etc.
The issue of observable and potential changes in respect to
ichthyofauna have been discussed by [13, 14]. The aim of
this study was to assess the amount of heat content accu-
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mulated in an alpine-type lake — Morskie Oko (Tatra
Mountains, Carpathians, Fig. 1) — and to analyse its
changes over a yearly and longer-term time period.

Experimental Procedures

The amount of accumulated heat content can be
assessed base on the investigation of water temperature ver-
tical profile combined with information on the lake mor-
phometric parameters. Water temperature in this study was
measured in 2007 using an A-STER temperature sonde
RTWS8 (Fig. 2) located at the deepest site in the centre of the
lake (51.8 m).

Temperature data were saved automatically every
30 minutes at five depths: 1 m, 5 m, 10 m, 20 m, and 50 m.
As a result, the whole dataset included 84,000 cases.
Due to the considerable thickness of ice cover [15] there
was a danger of sensor damage in the near surface water
layer, therefore it was placed at a depth of 1 m.
Temperature sensors (type Pt-100, class 1/5B) were con-
nected to the recorder with cables in a polyurethane isola-
tion characterized by considerable resistance to environ-
mental conditions. Data were transferred to a computer
through a wireless connection using the RasterR program
(dedicated to A-STER loggers).

The morphometric features of Morskie Oko are pre-
sented in Table 1.

Apart from the one-year study, long-term standardized
observations (1973-2012) of water temperature in the near-
surface zone (0.4 m depth) were included in the investiga-
tion. They were conducted by the Polish National Institute
of Meteorology and Water Management (IMGiW).
Additionally, the air temperatures (average for 24 hours cal-
culated from three measurements at 6 a.m., noon, and
6 p.m.) and the course of ice phenomena observed in 2007
were included in the analyses.
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Fig. 1. Tatra Mountains in the Carpathians.

Table 1. Morphometric parameters of Lake Morskie Oko [16].

Parameter Value
Area [ha] 33.39
Maximum depth [m] 51.8
Average depth [m] 29.7
Water volume [dam’] 9,904.3
Altitude [m a.s.L.] 1,394.6

According to [17] the heat content accumulated in a
lake can be calculated as the sum of heat contents in con-
secutive layers (e.g., zones between isobaths):

¢, = tepv [call (1)

...where:
q,, — accumulated heat content
t — average water temperature of a layer of v volume
¢ — specific heat capacity of water
p — water density
v — volume of water layer

Assuming that c=1 and p=1, the equation can be written
as follows:

q,, = tv]cal] )

Therefore, the total accumulated heat content can be
determined according to the formula:

0 =3tv [cal] (3)
Results

The daily values of water temperature in Morskie Oko
recorded in 2007 are presented in Fig. 3. It clearly shows
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Fig. 2. Temperature sonde RTW 8 at the surface of Lake Morskie Oko: a) in summer, b) in winter, ¢) download of data in winter.

both seasonal and vertical dichotomy. After long-duration
ice cover (it disappeared on 15 April), water gradually heat-
ed up and reached homothermy around 9 May. However,
this state lasted for only a short time — until 14 May.
Next, the typical stratification was observed, with the high-
est water temperature on 21 July at a depth of 1 m (15.2°C).
After that, the gradual decrease in water temperature (with
minor oscillations) was recorded leading to a period of
homothermy (4-9 November) and followed by catothermy.
Then on 9 November the ice cover formed and isolated
water from external factors. It should be noted that distinct
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vertical changes in water temperature were observed down
to a depth of 10 m. The lower volume of water was isolat-
ed from the influence of external factors, mainly wind.

The monthly average values of water temperature in
Morskie Oko were compared with air temperatures record-
ed at the IMiGW station located several dozen meters from
the lake (Fig. 4). In turn, Fig. 5 shows the accumulated heat
content.

The annual mean water temperature in Morskie Oko
(calculated from all the depths studied) amounted to 4.7°C.
The monthly average water temperatures, except for the

= = = = = 5
=] =] <Q =] =] A
@0 [=2] o - o~ T
o o -— - -— E

=—20m ==50m average

Fig. 3. Daily course of water temperature in Lake Morskie Oko in 2007 at consecutive depths.
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Fig. 4. Monthly average values of Lake Morskie Oko water temperature compared with air temperature recorded in the vicinity of the
lake in 2007 (4.7°C — average value of water temperature for the whole year).

period between the disappearance of ice cover and middle
August, were higher than air temperatures recorded only
several dozen meters from the lake shore (Fig. 4).

Taking into account that water density and its specific
heat capacity are constant values, the heat content accumu-
lated in water is directly proportionate to water temperature.
Thus, the highest accumulated heat content in Morskie Oko
fell on August and amounted to 339,340 GJ. The difference
between the highest and the lowest heat contents was
almost 250,000 GJ. The amount of accumulated heat in
August was over three-fold higher compared to the months
when ice cover was present (January-April), with the low-
est accumulation in February (99,380 GJ). The annual aver-
age accumulated heat content in 2007 was 186,830 GJ,
which corresponded to 8,497 tons of carbon with calorific
value of 0.022 GJ-kg"'. The analysis of consecutive zones of
Morskie Oko water volume allowed us to indicate that the
annual average heat content accumulated in epilimnion
(30% of the whole lake basin) was higher than in the
remaining water volume by over 53,000 GJ. The biggest
difference between epilimnion and the rest of the lake fell
on August and amounted to 285,000 GJ.

At the next stage of the study, the long-term changes in
the temperature of water in Morskie Oko were investigated
(Fig. 6). The analysis unambiguously indicated the upward
trend in the subsurface water temperature. The highest
increase started in the 1990s, when the annual average water
temperature exceeded the long-term mean value (5.1°C).
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Discussion of Results

Water is characterized by low thermal conductivity.
The increase of water temperature is mainly the result of
convection or mixing (waves, water currents). Morskie
Oko, investigated in this study, has a considerable depth
and is shielded by the high surrounding peaks of the Tatra
Mountains. Therefore, that water body is an example of a
meromictic lake, where only the subsurface water layer
undergoes mixing during spring and autumn circulation.
The influence of the lake surrounding heat accumulation
has been discussed in the example of a water body in
Florida [18]. The observations showed that the heat was not
transferred to the deepest zones during thermal stratifica-
tion as a result of the orographic barrier (vegetation around
the lake) hampering wind circulation. The influence of oro-
graphic conditions on heat accumulation also has been thor-
oughly described for Lake Tekapo in New Zealand’s south-
ern alps [19].

The lack of a temperature sensor in the subsurface layer
of the lake in this study might raise reservations. However,
the temperature of epilimnion was measured at three
depths: 1 m, 5 m, and 10 m [20], based on the example of
alpine lakes in Switzerland, where the temperature record-
ed at 5 m is representative of the whole epilimnion. In this
context, the accumulated heat content for the epilimnion
estimated in this study for three depths can be considered as
reliable.
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Fig. 5. Heat content accumulated in Lake Morskie Oko in 2007 (186,830 GJ — average value for the whole year).
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The highest and the lowest heat contents accumulated in
Morskie Oko were recorded in August and February, con-
secutively. This is in accordance with the results obtained
for other lakes located in middle latitude — both lowland
[21, 22] and mountain water bodies [23].

Estimation of lake hydrologic budgets is essential for
sustainable water management due to increasing water
demand and uncertainties related to climate change [24].
Heat accumulated in lakes can be an alternative source of
energy, which is particularly important against the back-
ground of decreasing fossil fuel supplies. Kanikowski [25]
created a model that assessed the influence of heat con-
sumption on the functioning of Zamkowe Lake (northern
Poland). It turned out that the heat consumption at a level of
2 MW would cool water by 0.07°C in one year. That value
is considerably lower than the natural, annual oscillations in
lake water temperature. However, some disturbances such
as the lack of ice phenomena or rapid changes in thermal
stratification can be observed at the sites of water intake and
discharge. Taking into account that Morskie Oko is located
within Tatra National Park and is therefore is under strict
protection, the potential generation of power for economic
purposes is out of the question. However, in the case of other
mountain lakes located outside national parks, such a possi-
bility should be considered as a source of “clean” energy, for
example to supply mountain refuges or holiday camps.

Long-term observations of water temperature in the
subsurface zone of Morskie Oko (Fig. 6) indicate an
upward trend, which is consistent with observations from
other regions of the world (as described in our introduc-
tion). The state of lakes is a good indicator of global climate
change [26]. Forecasts concerning changes occurring in
those water bodies indicate considerable changes in the
functioning of alpine lakes [27]. Long-term changes in the
heat content accumulated in Morskie Oko confirm those
prognoses. The variations in the overall accumulated heat
content over the years 1973-2012 can be assessed based on
the average water temperature in 2007 (at the deepest site)
and the long-term course of subsurface water temperature
(recorded several meters from the lake shore). The highest
accumulated heat content fell on year 2011 (around
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195,000 GJ) and the lowest in 1982 (around 125,000 GJ).
The difference between those two values is considerable
and amounts to 70,000 GJ. It should be noted that since the
late *90s the annual average heat contents were never below
160,000 GJ. Changes in the thermal dynamic of lake water
volume, for instance, result in the shorter duration of ice
cover or changes in water circulation [28]. The increasing
heat accumulated in the water of Morskie Oko has also
resulted in shorter ice cover duration — [29] assessed as hav-
ing decreased by 10 days-dec’. The relationship between
heat content and ice cover has been described in the exam-
ple of Lake Paijarvi in southern Finland [30]. Those data
might be useful for further studies on processes determin-
ing lake dynamics. Such information is crucial for water
management [31].

Phenomena and processes occurring in mountain lakes
are specific compared to other lakes located at similar lati-
tudes. They mainly depend on climate conditions and sec-
ondarily on individual features of water bodies as well as on
the local environment. The fact that Morskie Oko is locat-
ed on granite bedrock is crucial for its thermal conditions.
This was visible in the comparison of water and air tem-
peratures (Fig. 4). The summer period showed some anom-
aly since water temperature then was equal to — not lower
than — air temperature.

The heating of granite rocks forming the lake bottom
and shore causes an increase in water temperature even if
there is no direct solar radiation at a given time. The rocks
play the role of “storage” for heat. This is shown in the ther-
mal photograph of Morskie Oko’s surface (Fig. 7a).

The further from shore toward the deeper lake zone, the
lower the role of heated rocks as water temperature consid-
erably decreases at a short distance (Fig. 7b). Therefore,
one can conclude that the distribution of isotherms in the
central part of the lake was mainly influenced by wind con-
ditions. That situation shows that individual features of
alpine lakes may influence processes occurring in them
more than global climate change. Moreover, there are also
other important factors such as sunlight exposure and the
shadowing of different parts of mountain water bodies,
which have been reported by [15, 33, 34].
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Fig. 6. The course of annual average water temperature in Lake Morskie Oko at a depth of 0.4 m under the lake surface, 1973-2012

(5.1°C — long-term mean value).
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Fig. 7. Thermal characteristics of the northern part of Lake Morskie Oko's surface: a) thermal photograph taken at 4 pm on 11.1X.2012,
b) distribution of water temperature along the Lil profile [32].

Conclusions

Results presented in this study show that the heat accu-

mulated in Morskie Oko is closely connected with the vari-
ation in water temperature (both seasonal and long-term),
as well as with the morphometry of the lake:

1.

Morskie Oko shows the most distinct dynamics of heat
content in the epilimnion zone (down to around 10 m
below surface).

One year’s investigation indicated that the highest and
lowest accumulated heat content occurred in August
and February, respectively, which is typical of lakes
(both mountain and lowland) located at middle lati-
tudes.

The commonly observed global temperature increase
seems to be confirmed by the case of Morskie Oko.
In 1973-2012 an increase in surface water temperature
was observed (0.4°C-dec™). The lake water temperature
has risen particularly since the 1990s and has never
been lower than the multiannual average (5.11°C).

The further increase in heat accumulated in the lake
may alter the course of physico-chemical processes as
well as biotic conditions. This investigation indicates
that alpine lakes (commonly regarded as cool) may be
an inexpensive source of clean energy — particularly
useful in hard-to-reach terrain not affected by anthro-
popression.

5.

Single thermal measurements of Morskie Oko lake
waters indicate that the heat given back from rocks cov-
ering the lake bottom should be further investigated.
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